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ABSTRACT 

 
 
 

CLINICAL IMPORTANCE OF AUTOPHAGY DEPENDENCY AND INHIBITION IN 

CANCER TREATMENT 

 

 Autophagy, a lysosomal degradation recycling process, has a complex and 

context-dependent role in cancer. Certain cancers have been found to be inherently 

dependent on autophagy for survival regardless of the environment. Autophagy is also 

implicated as a mechanism of resistance to many chemotherapies. More autophagy 

dependent tumors are generally more sensitive to autophagy inhibition genetically and 

pharmacologically. Therefore, determining what tumors are autophagy dependent is 

important for selecting patients that are viable candidates for autophagy inhibition. 

Currently, autophagy inhibition is being tested in over 90 clinical trials using FDA-

approved hydroxychloroquine (HCQ) alone or in combination with other therapies. 

However, responses have been variable, especially in trials where HCQ is used as a 

monotherapy. Further, the relationship between HCQ pharmacokinetics and 

pharmacodynamics is not well understood in patients. Pharmacokinetics of HCQ and one 

of its active metabolites DHCQ was assessed in non-tumor bearing mice. Both parent 

and metabolite were observed at clinically relevant concentrations after 72 hr and this 

corresponded with evident autophagy inhibition in various tissues, although autophagy 

inhibition was inconsistent across the mice. The pharmacokinetic data established 60 

mg/kg as the human equivalent dose observed in patients based on HCQ exposure. 

Cellular responses to HCQ were assessed in 2D cell culture, 3D tumor organoids, and in 
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vivo tumor xenografts using autophagy dependent and autophagy independent tumors. 

Overall, cellular responses were similar across the in vitro and in vivo methods. 

Autophagy was inhibited regardless of autophagy status, but autophagy dependent 

tumors had increased cell death and decreased cell proliferation at earlier time points and 

lower doses of HCQ, suggesting autophagy dependency matters for optimal results. 

Since autophagy inhibition was inconsistent in vivo, it is still important to determine better 

biomarkers and possibly consider using more potent autophagy inhibitors in the clinic. 

Since there have not been any major advancements in osteosarcoma survival over 

the past four decades, autophagy dependency was assessed in osteosarcoma. 

Osteosarcoma was found to be intermediately to very dependent on autophagy following 

a genetic screen. Further, initially autophagy dependent tumor cells were able to survive 

and adapt to autophagy loss. Not all tumor cells adapted in the same way nor were these 

autophagy deficient tumor cells more sensitive to standard osteosarcoma chemotherapy, 

highlighting the difficulty of determining what context autophagy inhibition should be used 

in the clinic. Since some autophagy inhibitors like HCQ are lysosomal inhibitors and do 

not specifically target autophagy alone, the results of these studies also emphasized the 

importance of understanding whether autophagy inhibition via lysosomal degradation or 

autophagy inhibition of the autophagic pathway itself is superior. Overall, these results 

indicate targeting autophagy in osteosarcoma is a promising therapy.  
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Chapter One 

 

Literature Review and Project Rationale 

 

Molecular Mechanisms and Regulation of Autophagy 

Overview 

Autophagy, meaning “self-eating” in Greek, is a catabolic process by which cellular 

components are recycled via lysosomes for energy to help maintain homeostasis [1]. The 

term autophagy was coined by Nobel Prize winner Christian de Duve in the 1960s [2, 3]. 

Autophagy is an evolutionarily conserved pathway from yeast to humans, induced by 

environmental stressors including nutrient deprivation, insufficient oxygen, pathogen 

infection, and oxidative stress due to reactive oxygen species [3]. Cells undergoing 

remodeling or differentiation also upregulate autophagy [1, 2]. Therefore, it has 

implications in growth and development as well as many diseases including cancer, 

neurodegeneration, and infectious diseases [1, 3, 4]. 

There are three types of autophagy: macroautophagy, chaperone-mediated 

autophagy, and microautophagy. Macroautophagy, the most studied form, is the process 

by which organelles, proteins, and other cytoplasmic components are encircled by a 

double membrane vesicle called an autophagosome that eventually fuses with a 

lysosome. Mitophagy, pexophagy, and xenophagy are special types of macroautophagy 

involved in the breakdown of specific intracellular components including mitochondria, 

peroxisomes, and intracellular bacteria, respectively [5]. During chaperone-mediated 

autophagy, soluble substrate proteins are selectively targeted to lysosomes via the 
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cytosolic chaperone heat-shock cognate of 70 kDA (HSC70), translocating the substrate 

proteins across the lysosomal membrane by binding to the lysosomal-associated 

membrane protein type 2A (LAMP-2A) [6, 7]. Microautophagy, the most poorly 

understood form of autophagy in higher eukaryotes, refers to the direct engulfment of 

cytosolic components by lysosomes through invaginations in their limiting membrane [3, 

4, 7].  

Regulation of the Pathway 

Macroautophagy, hereafter referred to as autophagy in all following instances, 

requires four major steps: membrane initiation, membrane elongation, substrate 

sequestration, and fusion of the autophagosome with a lysosome (Figure 1.1). 

Phagophores, also known as pre-autophagosomal structures, are the beginning 

structures of autophagosomes thought to arise from the endoplasmic reticulum (ER) [3]. 

They elongate and fuse together while encapsulating cellular components targeted for 

autophagy degradation. Autophagosomes then fuse with lysosomes to form 

autolysosomes. The autophagosome content is degraded and recycled by acid 

hydrolases located in lysosomes [8].  

 

 

Figure 1.1 Process of autophagy. Steps of autophagy include membrane initiation, 
membrane elongation, formation of a full autophagosome that sequesters cellular 
contents, and fusion of the autophagosome to a lysosome with acid hydrolases to 

form an autolysosome where the contents of the autophagosome are broken down. 
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Autophagy is one of two mechanisms cells use for degrading proteins. The other 

pathway used to recycle proteins is the ubiquitin-proteasome system (UPS). The UPS 

typically degrades short-lived proteins while autophagy is responsible for degrading long-

lived proteins [7]. Ultimately, the UPS tags a protein or a protein complex with the co-

factor ubiquitin (Ub) which is recognized by catalytic protease complexes that break down 

proteins to peptides. The UPS uses three enzymatic components to Ub-tag proteins. The 

first enzyme component, E1, is the Ub-activating enzyme. The second, E2, is the Ub-

carrier or conjugating protein that prepares Ub for conjugation to proteins. The third and 

most important enzymatic component is the E3, which is the Ub-protein ligase that 

recognizes a specific protein substrate and catalyzes the transfer of activated Ub to it. 

The Ub linked on proteins is recognized by the 26S proteasome, a catalytic protease 

complex that completes the degradation process [9]. The UPS shares some 

characteristics with autophagy. Autophagy contains two ubiquitin-like reactions during 

membrane elongation [3]. The other big commonality is the use of a Ub-binding protein. 

Autophagy uses p62, also known as sequestosome 1 (SQSTM1), a substrate that acts 

similarly to Ub by specifically targeting protein aggregates to autophagosomes for 

breakdown [3, 10].  

More than 30 autophagy-related genes (ATGs) were first discovered in yeast. 

Since then, homologs have been found in eukaryotic cells [3]. Various autophagy proteins 

have different functions including interacting proteins, phosphatidylinositol 3-kinases 

(PI3Ks), serine/threonine kinases (STKs), and BH3-only proteins. PI3Ks are enzymes 

that positively regulate the PI3K pathway by phosphorylating other players in the pathway 

which helps control cellular processes such as metabolism, survival, proliferation, 
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apoptosis, growth, and migration [11]. STKs are enzymes that phosphorylate serine or 

threonine on transcription factors, cell cycle regulators, and various cytoplasmic and 

nuclear effectors, thereby functioning as homeostasis regulators [12]. BH3 proteins are a 

sub-family of BCL-2 family of proteins which are regulators of apoptosis [13].  

Many of the autophagy proteins function together in complexes throughout the 

autophagic process (Table 1.1 & Figure 1.2). There are two complexes associated with 

membrane initiation. The Class III PI3K complex consists of VPS34, Beclin-1, ATG14L, 

and p150. VPS34 is a PI3K and its activity produces phosphatidylinositol-3-phosphate 

(PI3P) which is essential for the early stages of autophagy, though the precise role of 

PI3P in autophagosome formation is unknown. Beclin-1 has multiple binding proteins 

such as activating molecule in Beclin-1-regulated autophagy protein 1 (AMBRA1), UV 

radiation resistance-associated gene (UVRAG) product, and Bif-1. When all of these 

proteins are bound to Beclin-1, autophagy is induced but when their interaction with 

Beclin-1 is blocked, autophagosome formation is negatively affected. BCL-2, an anti-

apoptotic protein, can also bind Beclin-1, causing inhibition of autophagy by sequestering 

Beclin-1 from the PI3K complex. ATG14L is a Beclin-1 interacting protein required as part 

of the complex to initiate autophagosome formation. p150 is a STK that is a VPS34 

adaptor; the VPS34-p150 subset of the Class III PI3K complex is required for endocytosis. 

The other complex associated with membrane initiation is the ULK complex, comprised 

of ULK1/2, FIP200, and ATG13. ULK1 and ULK2 are STK homologs with redundant 

functions. FIP200 acts as a scaffold for ULK1/2. ATG13 binds ULK1 or ULK2, and this 

interaction mediates their interaction with FIP200. This complex is regulated in a nutrient-

dependent manner. Under nutrient deprivation, ATG13 and ULK1/2 are 
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dephosphorylated which activates ULK1/2 to phosphorylate FIP200 to induce 

autophagosome formation [3, 5, 7, 14].  

 

Table 1.1. ATG complexes and their associated proteins and functions.  

Complex 
ATG Protein 

(Mammalian) 
Features/Functions 

Class III 

PI3K 

(membrane 

initiation) 

VPS34 PI3K*, produces PI3P for early-stage autophagy 

p150 STK**, VPS34 adaptor 

Beclin-1 BCL-2 interacting protein, BH3-only protein 

Atg14L Beclin-1 interacting protein, autophagy inducer 

AMBRA1 Beclin-1 interacting protein, autophagy inducer 

UVRAG Beclin-1 interacting protein, autophagy inducer 

Bif-1 Beclin-1 interacting protein, autophagy inducer 

ULK1/2 

(membrane 

initiation) 

ULK1/2 STK**, homologs that interact with FIP200 

ATG13 Binds ULK1/2 

FIP200 Scaffold for ATG13 and ULK1/2 

ATG5-

ATG12 

(membrane 

elongation) 

ATG7 E1-like Ub activating enzyme, activates ATG12 

ATG12 Ub-like protein, covalently tagged to ATG5 

ATG5 Conjugated to ATG12 

ATG10 
E2-like Ub conjugating enzyme, conjugates ATG5 to 

ATG12 

ATG16L1 Interacts with ATG5 
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LC3-PE 

(membrane 

elongation) 

LC3 

Protein that gets cleaved to form cytosolic LC3-I then 

cleaved again to form autophagosome membrane-

bound LC3-II 

ATG4 Cysteine protease, cleaves LC3 to form cytosolic LC3-I 

ATG7 E1-like Ub activating enzyme, activates LC3-I 

ATG3 
E2-like Ub conjugating enzyme, conjugates LC3 to PE 

to form LC3-II 

Other ATG 

proteins 

ATG9L1 
Transmembrane protein, carries membrane for 

phagophore formation 

WIPI1/WIPI2 
Colocalize with ATG14 and ATG16L during isolation 

membrane formation, bind PI3P 

p62 

Substrate protein for selectively degrading protein 

aggregates via autophagy and mitochondria in 

mitophagy 

VMP1 
Beclin-1 interacting protein, required for autophagosome 

formation 

STX17 Mediates fusion of autophagosome to the lysosome 

LAMP2 
Lysosomal receptor, aids in fusion of autophagosomes 

and lysosomes 

* PI3K = phosphatidylinositol 3-kinase, ** STK = serine/threonine kinase 
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The ATG5-ATG12 complex and the LC3-PE complex are ubiquitin-like conjugation 

systems that have vital roles in membrane elongation. In the ATG5-ATG12 complex, the 

E1 ubiquitin activating enzyme-like ATG7 activates the ubiquitin-like protein ATG12. 

ATG12 is then transferred to the E2 ubiquitin conjugating enzyme-like ATG10 where 

ATG12 is linked to ATG5. The ATG12-ATG5 linked proteins form a complex with 

ATG16L1. This complex aids in the elongation and closure of the autophagosome 

membrane and dissociates from the membrane immediately before or after complete 

autophagosome membrane formation. The formation of this complex occurs irrespective 

of nutrient conditions [3, 5, 7]. ATG5-ATG12-ATG16 is crucial for the in vivo functioning 

of the other ubiquitin-like conjugation system, called ATG8-PE in yeast but known as LC3-

PE in mammalian cells. In yeast, ATG8 is cleaved by the cysteine protease ATG4, 

activated by E1-like ATG7, transferred to E2-like ATG3, and ultimately conjugated to lipid 

Figure 1.2 Proteins in the autophagy pathway. Many proteins in the autophagic 
pathway function together in complexes to ultimately help form an autophagosome 
filled with cargo to be degraded when the autophagosome fuses with an autolysosome. 
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phosphatidylethanolamine (PE). The ATG8 homologs in mammalian cells are Golgi-

associated ATPase enhancer of 16 kDa (GATE-16), g-aminobutyric acid type A receptor-

associated protein (GABARAP), and microtubule-associated protein 1 light chain 3 

(MAP1LC3). Light chain 3 (LC3) is cleaved by ATG4 to form LC3-I then further cleaved 

and conjugated by ATG3 to lipid PE to form LC3-II. LC3-I is a cytosolic soluble protein 

while LC3-II is a protein bound on both the inner and outer autophagosome membranes 

(Figure 1.1). The outer membrane-bound LC3-II is delipidated by ATG4 and recycled 

while the inner membrane-bound LC3-II is degraded following autophagosome-lysosome 

fusion. The ATG5-ATG12-ATG16L1 complex is critical to the LC3-PE functioning since it 

interacts with ATG3 and has been suggested to be involved in determining the site of LC3 

lipidation [3, 5, 7].  

Other ATG proteins important to successful autophagy completion are ATG9L1, 

WD-repeat proteins interacting with phosphoinositides (WIPI1&2) which are mammalian 

homologs to yeast ATG18, vacuole membrane protein 1 (VMP1), STX17, and LAMP2. 

ATG9 is the only known transmembrane protein among the core autophagy proteins. It 

carries membrane for phagophore expansion between the Golgi network and endosomes 

and finally localizes to the outer membrane of the autophagosome [3, 5]. WIPI1 and WIPI2 

colocalize with ATG14 and ATG16L1 on the isolation membrane during autophagosome 

formation to help regulate the autophagy pathway through binding with PI3P [5, 14]. 

VMP1, only found in high eukaryote autophagy, is a transmembrane protein found on the 

ER and the Golgi. It interacts with Beclin-1 and is required for autophagosome formation 

via the recruitment and activation of the Class III PI3K complex. VMP1 expression triggers 

autophagy even in nutrient rich conditions  [5, 15]. STX17 is a protein recruited to mature 
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autophagosomes and mediates their fusion to the lysosome so that incomplete 

membranes untagged with STX17 do not fuse with lysosomes [16]. LAMP2 is a lysosomal 

receptor that aids in the fusion of the autophagosome and the lysosome [3].  

Beyond the ATG proteins involved in canonical autophagy, there are substrate 

proteins or adaptors used in selective autophagy. One of the most well-known autophagy 

substrates is p62. p62 facilitates the autophagic clearance of protein aggregates [3] and 

has been found to tag mitochondria during mitophagy although its use as a required 

adaptor for this process is debated [5]. p62 knockout mice exhibit no defect in bulk 

autophagy, showing that p62 does not seem necessary for the clearance of most 

autophagic substrates [3]. Although p62 is not required for bulk autophagy, its levels are 

elevated in autophagy-deficient or autophagy-suppressed situations while levels tend to 

decrease when autophagy is activated [3, 7]. 

Upstream Regulation 

Multiple upstream proteins and signaling pathways regulate autophagy (Figure 

1.3).  The mammalian target of rapamycin (mTOR) is one of the most important regulators 

of autophagy. mTOR is a PI3K-related STK that controls metabolic stress signals to drive 

cellular growth, development, and proliferation when activated by abundant nutrients, 

growth factors, or hormones such as insulin [7, 17]. Although there are two complexes of 

mTOR, mTORC1 and mTORC2, only mTORC1 directly regulates autophagy [3, 5]. 

mTORC1 and autophagy have opposing roles; when mTORC1 is inhibited under nutrient 

deprivation, autophagy is induced. Autophagy is downregulated when mTORC1 is 

activated because mTORC1 directly interacts with the ULK1/2-ATG13-FIP200 complex 
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and phosphorylates (inactivates) ULK1 which inhibits initiation of autophagosome 

formation [3].  

Upstream of mTOR, elevated levels of the PI3K/AKT and mitogen-activated 

protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathways cause 

autophagy suppression [3, 17, 18]. PIK3K/AKT and MAPK/ERK are stress sensing 

pathways that function in cell growth, differentiation, survival, and proliferation [19, 20, 21, 

22]. PI3K/AKT is a nutrient sensor [22] and MAPK/ERK is a sensor of diverse stimuli such 

as osmotic stress [21]. In the PI3K/AKT pathway, autophagy is suppressed when a PI3K 

activates AKT which in turn phosphorylates the tuberous sclerosis complex (TSC) 2, 

thereby suppressing the repressive action of the TSC complex and allowing mTOR 

activity [19, 23]. AKT has also been reported to inhibit adenosine monophosphate-

activated protein kinase (AMPK) (discussed below), further stimulating mTOR activation 

[24]. The PI3K/AKT pathway can be inhibited by phosphatase and tensin homolog 

(PTEN), a tumor suppressor, which leads to autophagy stimulation [7]. The ERK1/2 

MAPK-dependent pathway suppresses autophagy by the signaling cascade from MEK1/2 

to ERK1/2; phosphorylation of ERK blocks the formation of the TSC1 and TSC2 complex 

due to phosphorylation of TSC2, allowing mTOR activation [3, 24].  

Elevated levels of other upstream mTOR effectors conversely induce autophagy. 

AMPK mediates cellular metabolism in response to energy stress [25]. It negatively 

regulates mTOR by phosphorylating TSC2, thus enhancing the repressive function of 

TSC2 on mTORC1 [7, 25]. Although both AKT and AMPK phosphorylate the TSC 

complex, their phosphorylation statuses have opposing roles in activation or de-activation 

of mTOR due to the function of phosphorylating different sites on TSC2; AKT 
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phosphorylates TSC2 at Ser 939, Ser 1086/Ser 1088, or Thr 1422 which destabilizes 

TSC2 association with TSC1 [26] while AMPK phosphorylates TSC2 at Thr 1227 or Ser 

1387 which enhances TSC2 function [7, 25]. AMPK also negatively regulates mTOR by 

phosphorylating the mTOR binding partner Raptor which results in the inactivation of 

Raptor and mTORC1 [7, 25]. Further, AMPK directly induces autophagy via its ability to 

phosphorylate ULK1 [7]. AMPK is regulated by a couple of tumor suppressors that are 

activated during metabolic stress and deprivation including liver kinase B1 (LKB1) and 

p53 [7, 17, 24]. LKB1 is a STK that phosphorylates AMPK at the activation-loop threonine 

[24, 25]. p53, a transcription factor that activates pro-apoptotic and cell-cycle arresting 

genes, has juxtaposing roles in autophagy modulation that is location dependent; nuclear 

p53 stimulates autophagy by activating autophagy-inducing genes such as damage-

regulated autophagy modulator (DRAM) while cytoplasmic p53 suppresses autophagy in 

a poorly understood cell cycle-dependent manner [7, 17]. 

 

 

Figure 1.3 Pathways upstream of autophagy. Upstream regulators of autophagy 
include nutrient and stress sensing pathways and tumor suppressors, most of which 
act through mTOR to affect autophagic flux. 
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Autophagy is also regulated in a mTOR independent fashion via the cyclic overlap 

of intracytosolic calcium ion (Ca2+) and calpain signaling with cyclic adenosine 

monophosphate (cAMP) and inositol signaling [3, 27]. High intracytosolic Ca2+ levels 

inhibit autophagy by first activating Ca2+-dependent cysteine proteases called calpains. 

Calpains cleave the a-subunit of heterotrimeric G-proteins (Gsa) whose activity ultimately 

leads to cAMP production. Upregulated cAMP signals one its two targets, Epac, to 

activate PLC-e through the small G protein Rap2B which leads to the formation of inositol 

triphosphate (IP3). High cAMP and IP3 levels negatively regulate autophagy [3, 27].  

Autophagy in Cell Death 

Autophagy is somewhat controversially considered a type of cell death, although 

recent work suggests that autophagy itself is not the cause of death but rather necessary 

for cell death in context dependent manners [28, 29]. A few studies demonstrate 

autophagic cell death in a caspase-independent manner by inhibiting autophagy or 

knocking down autophagy genes and observing suppressed cell death [30, 31, 32]. 

However, the evidence of a causal role for autophagy was not established in most of 

these studies. More recent studies reveal that the role of autophagy cell death is 

autophagy-mediated, autophagy-associated, or autophagy-dependent in the absence of 

apoptosis and necrosis [29]. The difficulty of assessing autophagic cell death with respect 

to programmed cell death is particularly evident due to cross talk and sometimes 

contradictory overlap between autophagy and apoptosis [13, 33].  Autophagy proteins 

can regulate apoptosis through direct interaction with proteins in the apoptotic pathway. 

This includes non-conjugated forms of ATG5 and ATG12 which may have roles in the 

initiation of apoptosis that are independent of autophagy, as evidenced by no significant 
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effect on apoptosis following knockdown of essential autophagic genes [34, 35]. Beclin-1 

is constitutively bound to the apoptotic factor BCL2 but dissociates under cell stress, 

suggesting its role in maintaining autophagy at levels appropriate for cell survival [36]. 

Further, apoptotic proteins can also regulate autophagy. Just as Beclin-1 regulates 

apoptosis via BCL2, BCL2 also regulates autophagy. One way this occurs is increased 

autophagy due to JNK1 or ERK phosphorylation of BCL2 [37, 38]. The anti-apoptotic 

protein MCL1 also regulates autophagy because its degradation induces autophagy [39]. 

Another way autophagy and apoptosis are connected is via autophagosome roles in 

apoptosis. Caspase activation occurs by their recruitment to autophagosomes (but not 

autolysosomes) and therefore the depletion of autophagy genes can lead to inhibition of 

caspase 8 activation and apoptosis [40]. It is clear that autophagy has important functions 

in cell death and characterizing its roles in context-dependent manners is vital to a greater 

understanding of this complexity [29]. 

 

Mechanisms of Autophagy in Cancer 

Overall Role in Cancer 

Since autophagy plays a major role in protein and organelle degradation and 

subsequent metabolism, it has been implicated in most cancer types and in cancer 

therapies as a mechanism of therapy resistance [17, 41, 42, 43]. Autophagy is associated 

with several of the hallmarks of cancer including sustained proliferative signaling, inducing 

angiogenesis, tissue invasion and metastasis, resisting cell death, and reprogramming 

energy metabolism [44, 45].  
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As a natural response to cellular stress, autophagy has a paradoxical role in the 

progression of cancer. During the early stages of tumor development and under basal 

conditions, autophagy is a protective mechanism by eliminating reactive oxygen species 

and potentially harmful organelles and misfolded proteins that can lead to genetic 

mutations that could ultimately lead to cancer. However, tumor cells may use autophagy 

to their advantage by providing themselves a means of producing energy to grow, 

proliferate, and eventually metastasize in a tumor environment with limited to no access 

to outside nutrients and oxygen for metabolism. It has been speculated that autophagy is 

a mechanism of tumor cell dormancy, allowing cells to avoid cell death and begin to 

invade and metastasize when the tumor environment is more ideal for them [44, 45]. 

There is a balance between the tumor suppressive and progressive roles of autophagy in 

cancer, but it is still unclear at what disease stage the cells take over autophagy [42, 44, 

46]. Overall, the role of autophagy in cancer is complex and context dependent. 

Tumor Suppression 

Autophagy acts as a tumor suppressor in multiple ways. Directly, autophagy 

reduces DNA and ROS damage as well as removes damaged proteins and organelles  

[47]. Autophagy can also prevent centrosome abnormalities, aneuploidy, and 

chromosomal defects [3]. In one study, it was found that autophagy defective tumors 

accumulated p62, endoplasmic reticulum chaperones, damaged mitochondria, ROS, and 

genome damage but upon suppression of ROS or p62, damage resulting from the 

autophagy deficiency was prevented, suggesting that defective autophagy causing p62 

upregulation contributes to tumorigenesis  [48]. p62 protein levels are also upregulated in 

many human cancers, highlighting the role autophagy plays in degrading p62 through 
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completion of the process since without autophagy, p62 accumulates and contributes to 

tumorigenesis [49]. Another study revealed that p53, which is normally activated during 

stress conditions, is degraded by autophagy when it is mutant, showing that autophagy 

removes oncogenic proteins [50].  

Indirectly, circumstantial evidence supports the ability of autophagy to help 

maintain genomic stability as a tumor suppressive function. This idea is driven by studies 

where  mice with monoallelic loss of Beclin-1 develop spontaneous tumors [51, 52]. 

Others subsequently demonstrated that the mono-allelic deletion of Beclin-1 occurs in 

many types of human cancer including hepatocellular carcinoma, breast, ovarian, and 

prostate [52, 53, 54]. However, there is some doubt that Beclin-1 alone causes this 

phenomenon since the human homolog of the Beclin-1 gene is adjacent to other tumor 

suppressors on the same chromosome and therefore the tumorigenesis may be driven 

by loss of neighboring genes rather than Beclin-1 [55]. Somatic point deletions of ATG5 

are also identified in many gastric, colorectal, and hepatocellular carcinoma patients, 

indicating the importance of autophagy genes in tumor suppression [56]. Frameshift 

mutations with mononucleotide repeats may be involved in cancer development by 

deregulating the autophagy process in gastric and colorectal cancer in genes such as 

ATG2B, ATG9B, ATG12, and ATG16L1 [57].  Further, autophagy attenuates 

inflammation; defects in autophagy are linked to a pro-inflammatory state that results in 

cellular dysfunction and death and creates a cancer-prone environment [58, 59]. 

Autophagy also stimulates anti-tumor immunity by enhancing the processing and 

presentation of tumor antigens [59].  
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Tumor Promotion and Metastasis 

Conversely, autophagy also acts as a tumor promoter during later stages of 

cancer. Many of the explanations that describe the role of autophagy as a tumor promoter 

are opposite from its role as a tumor suppressor. Cancer cells use autophagy to supply 

nutrients and energy to themselves during various stress conditions including nutrient 

deprivation, starvation, hypoxia, damaging stimuli, and proteasome inhibition [3, 47, 60]. 

Knockdown of autophagy in epithelial tumor cells in an ischemic environment sensitized 

cells to metabolic stress [61]. Hypoxia is a characteristic of many advanced solid tumors 

[62] and hypoxia-inducible factors (HIFs) activated in these hypoxic environments have 

been shown to promote autophagy as a survival mechanism [63]. Cancer cells also use 

autophagy to prevent cell damage by removing damaged mitochondria through 

mitophagy which in turn reduces ROS production, allows oxygen and nutrients be 

consumed more efficiently, and promotes tumor cell survival [64]. Further, mice with a 

genetically distinct population of cells with deleted ATG5 or ATG7 form benign lesions in 

the liver but not elsewhere, suggesting that autophagy is important for the suppression of 

spontaneous tumorigenesis in a tissue specific manner [65].  

Another role of autophagy in promoting tumor growth occurs during various stages 

of metastasis. In early stages of metastasis during epithelial-to-mesenchymal transition 

(EMT), in which intercellular adhesion is lost, the basement membrane and extracellular 

matrix are destroyed, the cytoskeleton is reconstructed, and cell motility is enhanced, 

autophagy can be beneficial or unfavorable for the cancer cells. Cells can be dependent 

on autophagy to survive EMT, demonstrated by one study where renal cell carcinoma 

with an EMT-like phenotype corresponded to higher autophagic flux [66]. In other studies, 
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autophagy plays key roles in focal adhesion dynamics, such as one in breast cancer 

where focal adhesions accumulated in autophagy deficient cells, reflecting the role of 

autophagy in focal adhesion disassembly [67]. On the other hand, autophagy also can 

prevent cells from entering EMT, shown in studies such as one in glioblastoma where 

autophagy induction reversed EMT by down-regulating two master regulators of the EMT 

process [68]. Further along in the metastatic process, autophagy enhances colonization 

of detached metastatic cells in destination organs. This was demonstrated in 

hepatocellular carcinoma where autophagy levels were higher in metastases compared 

to primary tumor sites and autophagy was only involved in colonization but not invasion, 

migration, or detachment of cells [69]. Knockdown of ATG12 in glioma cells also 

significantly reduced cellular invasion but did not affect cell viability, proliferation, or 

migration in a three-dimensional model [70]. Autophagy has also been shown to induce 

metastatic cells to enter dormancy to survive the new environment once they arrive [71]. 

For instance, autophagy was a critical mechanism to the survival of disseminated dormant 

breast cancer cells in both in vitro and in vivo models of dormancy [72]. In dormant human 

ovarian xenografts, high autophagy levels contributed to fast growth of tumors, but tumors 

were dormant when autophagy was blocked pharmacologically, indicating that autophagy 

contributed to the survival of dormant cells [73]. 

Within the tumor microenvironment, autophagy contributes to tumor progression 

in multiple ways. Autophagy can promote tumors to develop their own blood and 

lymphatic vessels through the process of angiogenesis to achieve proper oxygenation 

and nutrient supply [60]. This has been shown in renal cell carcinoma where co-culture 

with endothelial cells in the presence of upregulated HMGB1 (a nuclear protein implicated 
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in tumor progression and prognosis) increased autophagic proteins LC3-II and Beclin-1 

and also increased angiogenesis factors VEGF and VEGFR2 in the endothelial cells but 

silencing of HMGB1 in the co-culture downregulated VEGF and VEGFR2, which is in line 

with another study that showed suppression of HMGB1 attenuated autophagy and 

enhanced cell death in bladder cancer  [74]. Inhibition of autophagy in pancreatic ductal 

carcinoma cells increased the amount of intratumoral macrophages associated with pro-

tumor qualities, causing tumor regression which implicates that autophagy partially 

regulates macrophage infiltration [75]. Autophagy is also linked to other non-tumor cells 

that make up the tumor microenvironment. When pancreatic ductal adenocarcinoma cells 

were co-cultured with pancreatic stellate cells, a specialized type of fibroblast, autophagy 

was found to be specifically upregulated in the stellate cells but autophagy was not 

upregulated in the stellate cells when they were co-cultured with normal ductal epithelia 

[76] This study also showed that the stellate cells use autophagy to secrete alanine which 

the tumor cells in turn use as an alternative carbon source to fuel the tricarboxylic acid 

cycle , highlighting the importance of autophagy for tumor cells even in indirect manners 

[76].  

Lastly, autophagy is linked to resistance in tumors. It acts as a protective 

mechanism against cell death during cancer treatment [60]. For example, there is ample 

evidence of this in breast cancer treated with chemotherapies including paclitaxel, 

epirubicin, tamoxifen, and trastuzumab [77, 78, 79, 80]. Further, autophagy has been 

linked to multidrug resistance (MDR). This was shown where the expression level of 

MDR-1, a multidrug resistance gene, positively correlated with the expression of LC3 and 

Beclin-1 and negatively correlated with Raptor, a binding protein in the mTOR pathway, 
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in colorectal tumor samples, indicating that autophagy plays a role in MDR in the clinical 

setting [81].  High expression of ATG5 has also been connected to MDR. In human gastric 

cancer patients, ATG5 was highly expressed, its expression was positively correlated with 

the multidrug resistance-associated protein-1 (MRP-1), and its expression was 

significantly correlated to poor overall survival and disease-free survival, suggesting 

upregulated ATG5 is associated with chemoresistance [82].  

Autophagy Dependency and Genotype Sensitivity 

 Autophagy dependency occurs when some cancer cells are especially dependent 

on autophagy even in the absence of added stress [83]. Many studies have showed that 

some, but not all, cancer cells are dependent on autophagy. This has been shown by 

genetic knockdown of essential autophagy genes as well as by pharmacological inhibition 

of autophagy. One study in pancreatic ductal adenocarcinoma conducted a CRISPR 

knockout screen of ATG5 or ATG7 on 17 cell lines and found some were very dependent 

on autophagy while others were much less dependent on these autophagy genes for 

survival [84]. Another study conducting a CRISPR screen knocking out essential 

autophagy genes in multiple types of cancer including breast, lung, colon, osteosarcoma, 

fibrosarcoma, and central nervous system cancers found that only some cell lines were 

initially dependent on autophagy for survival [85]. Further, studies have suggested that 

pharmacological inhibition of autophagy is only synergistic with other anticancer drugs 

when the cancer cells are autophagy dependent and can actually be antagonistic in 

autophagy independent tumor cells [83]. One study evaluating brain tumors found those 

that have high rates of induced autophagy following starvation were sensitive to genetic 

and pharmacologic inhibition of autophagy but the tumors that did not have highly induced 
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autophagy were not sensitive [86]. In another study of breast cancer, only autophagy 

dependent tumors responded to pharmacological inhibition of autophagy [43].  

 Mutations in multiple oncogenes and tumor suppressors have also been 

suggested to regulate autophagy dependence and cause increased sensitivity to 

autophagy inhibition [87]. For instance, mutations in RAS have been linked to autophagy 

dependency. Three ubiquitously expressed RAS genes HRAS, KRAS, and NRAS help 

control cell proliferation, differentiation and survival, and mutations of RAS that leave the 

protein constitutively active are widely observed in cancer [88]. One in vivo study in non-

small cell lung cancer demonstrated that prior autophagy ablation did not alter the 

efficiency of cancer initiation but acute systemic ablation of autophagy in mice with pre-

existing cancer was selectively destructive to established tumors compared to normal 

tissue and generated more benign disease [89]. RAS-expressing cells upregulate basal 

autophagy, and in human cell lines bearing activating mutations in RAS, down-regulating 

the expression of essential autophagy genes impaired cell growth in multiple cancer types 

including bladder, lung, pancreatic, colorectal, and prostate carcinomas [90]. Autophagy 

has also been shown to be essential for oncogenic KRAS-induced malignant cell 

transformation in human breast epithelial cells where ATG7 mRNA and protein levels 

were increased in cells overexpressing KRAS and autophagy suppression by ATG5 or 

ATG7 knockdown in vitro and in vivo decreased cell growth [91]. With the prevalence of 

autophagy dependency in RAS-activated cancers, subsequent downstream inhibition of 

RAS targets is synergistic with autophagy inhibition [87]. This has been shown in 

pancreatic ductal adenocarcinoma with KRAS activation treated concurrently with 

autophagy inhibitors and MEK1/2 inhibitors [92]. Another study in colorectal and 
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pancreatic cancer cell lines with activating KRAS mutations co-targeted MAPK and 

autophagy inhibition to efficiently eliminate KRAS mutant cells while minimizing toxicity in 

normal cells [93]. Farther down in the RAS pathway, autophagy is implicated in targeted 

therapy resistance in BRAF-mutant cancers, especially BRAFV600E mutated cancers [87]. 

Autophagy is upregulated in BRAF-mutant treatment resistant melanoma cells following 

treatment with BRAF and/or combined BRAF and MEK inhibitors [94]. When BRAF 

mutant melanoma cells lose ATG7, tumor growth decreases following BRAF inhibition 

compared to tumors without the ATG7 deficiency, suggesting autophagy inhibition 

combined with BRAF inhibition may improve therapeutic outcomes in BRAFV600E cancers 

[95]. Further, when BRAF mutant brain tumors are resistant to a BRAF inhibitor, genetic 

and pharmacologic inhibition of autophagy overcomes this resistance [86, 96].  

About 50% of human cancers have mutations in the tumor suppressor p53 and 

p53 modulates autophagy through both its action in the nucleus and the cytoplasm [97]. 

Mutations in p53 can have contrasting roles on the effect of autophagy. For instance, 

mutant p53 proteins can counteract autophagy by localizing in the cytoplasm but not in 

the nucleus [98]. Mutant p53 proteins can also inhibit autophagy by blocking AMPK 

signaling [99, 100, 101], stimulating the AKT/mTOR pathway [100, 102], suppressing 

ATG12 [100], and inhibiting expression of multiple autophagy genes [103]. On the other 

hand, mutant p53 can promote autophagy by certain mutations failing to associate with 

FIP200 causing the loss of the autophagy inhibitory function [104]. Further, in the context 

of proteasomal inhibition, cancer cells with mutant p53 displayed activated autophagy 

[105]. In the presence of mutant p53, KRAS mutated tumors are still addicted to 

autophagy, indicating that mutant p53 does not always inhibit autophagy [106]. Further, 
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another study in pancreatic ductal adenocarcinoma found that all cell lines tested were 

sensitive to genetic and pharmacologic inhibition of autophagy regardless of the differing 

p53 status [107]. Given these studies, caution must be taken when determining which 

p53 mutations inhibit or enhance autophagy since the impact of p53 on autophagy is 

context dependent.  Various genes have been suggested to be predictive of autophagy 

dependency and sensitivity to lysosomal inhibitors. For instance, a nine gene autophagy 

related signature classified high risk of early relapse colon cancer patients [108]. Another 

relapse autophagy score was predicted in colorectal cancer using five autophagy genes, 

suggesting predictivity of patients with high risk can be selected by the signature for more 

aggressive treatment interventions [109]. Lung and colon cancer cells expressing high 

levels of aldehyde dehydrogenase 1A1 (ALDH1A1) and concurrent low levels of helicase-

like transcription factor (HLTF) or low levels of both ALDH1A1 and HLTF were especially 

vulnerable to lysosomal inhibitors [110]. These types of predictive signatures can help 

identify patients that would potentially benefit from autophagy inhibition.  

 There are some studies that challenge the idea of autophagy dependency because 

even autophagy dependent cancer cells can still grow as well as parental cells after 

complete inactivation of ATG7 [111]. This study found that a subset of cancer cell lines 

was sensitive to lysosomal inhibition but that autophagy genes are dispensable for 

growth. Studies like this could have discrepancies from studies that suggest autophagy 

dependency because of the use of short-term 2D assays, reliance on nutrient rich 

conditions, using only immune incompetent models, adaptations during selection of 

knockout clones, or an increased reliance on lysosomal scavenging pathways in adapted 

clones. Some of these discrepancies have recently been studied. For instance, clone 
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adaptation following selection has been shown in cancer cells following ATG7 knockout 

where clones that could not use canonical autophagy upregulated NRF2 [85]. Another 

study in pancreatic ductal adenocarcinoma showed that autophagy inhibition upregulates 

macropinocytosis via NRF2 activation, indicating cancer cells still use the lysosomal 

pathway even after autophagy inhibition [112]. 

 

Preclinical and Clinical Targeting of Autophagy in Cancer 

Pharmacologic Modulation of Autophagy 

Autophagy can be directly or indirectly modulated upstream and at various steps 

along the autophagy pathway using available compounds (Table 1.2). Common inducers 

of autophagy are rapamycin, metformin, lithium, and verapamil [113]. Rapamycin inhibits 

mTORC1 which enhances autophagy since mTOR is a negative regulator of autophagy. 

Rapamycin does not completely inhibit mTORC1 but it can induce autophagy at lower 

concentrations compared to ATP-competitive inhibitors in certain cell types, making it a 

viable option for achieving autophagy enhancement in the clinic [114]. Metformin, an 

antidiabetic agent, upregulates AMPK which induces ULK1 phosphorylation, leading to 

an active autophagic state [113]. Lithium, a mood-stabilizing drug, induces autophagy in 

a mTOR independent manner. It is suggested that it reduces mitochondrial uptake of Ca2+ 

released by the IP3 receptor which causes a slight mitochondrial respiration defect and 

enhanced AMPK activation [115]. Verapamil was found through a large-scale drug screen 

to be a mTOR independent autophagy inducer of autophagy that has protective effects in 

models for Huntington’s disease [116]. It lowers intracytosolic Ca2+ levels, inducing 

autophagy [113].  



 

 24 

Autophagy inhibitors include chloroquine (CQ) and its derivative 

hydroxychloroquine (HCQ), DC661 which is a novel dimeric CQ, bafilomycin A1, spautin-

1, wortmannin, and 3-methyladenine (3-MA) [117]. CQ, HCQ, Lys05, and DC661 are late-

stage autophagy inhibitors. They are lysosomotropic agents that stop the fusion of 

autophagosomes to lysosomes [117]. More recently, it has been found that these drugs 

target palmitoyl-protein thioesterase (PPT1) on lysosomes, causing deacidification of the 

lysosome and inhibition of autophagy [118]. HCQ and Lys05 were able to inhibit PPT1 

activity, but only DC661 maintained activity in the acidic environment, making it a 

promising autophagy inhibitor less prone to pH changes in tumors [118]. Bafilomycin A1 

inhibits lysosomal hydrolases by blocking lysosomal proton transport; this blockage 

causes de-acidification of lysosomes since bafilomycin A1 does not allow the vacuolar-

type H+-ATPases to couple with proton transport with ATP hydrolysis to maintain the 

acidic microenvironment [117]. Spautin-1 inhibits VPS34 by promoting the degradation of 

VPS34 complexes. This is achieved by its ability to inhibit the ubiquitin-specific peptidases 

USP10 and USP13, which are enzymes that deubiquitinate Beclin-1. When Beclin-1 is 

ubiquitinated, proteasomal degradation is activated instead of autophagic degradation 

[117]. Wortmannin and 3-MA are both PI3K inhibitors [117]. Wortmannin exerts effects 

on VPS34 while inhibiting PI3K via irreversible binding [119]. 3-MA targets VPS34 but 

also inhibits PI3K. It does not have high potency and needs to be used at high 

concentrations to prevent autophagy which also causes off-target effects [117]. More 

recent, targeted autophagy inhibitors are SBI-0206965, SAR405, NSC185058, and 

verteporfin [120]. SBI-0206965 is a small molecule inhibitor of ULK1 and has been shown 

to synergize with rapamycin to achieve autophagy inhibition and cell death [121]. SAR405 
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is a VPS34 inhibitor and its use affects vesicle trafficking between late endosomes and 

lysosomes, resulting in lysosomal function impairment [120]. NSC185058 is an ATG4 

inhibitor, causing inhibition of LC3 lipidation and autophagy both in vitro and in vivo [122]. 

Verteporfin inhibits early-stage autophagy by not allowing autophagosome formation and 

does not cause autophagosome accumulation. It is not a potent single agent but has 

shown to be efficacious in dual treatment with gemcitabine and therefore may be a viable 

autophagy inhibitor in pancreatic ductal adenocarcinoma when combined with 

gemcitabine [123].  

 

Table 1.2. Compounds used to modulate autophagy.  

Compound 
Inducer or 

Inhibitor 
Function 

Rapamycin Inducer Inhibits mTORC1 

Metformin Inducer 
Upregulates AMPK which promotes ULK1 

phosphorylation 

Lithium Inducer Decreases IP3 levels 

Verapamil Inducer Decreases intracytosolic Ca2+ levels 

Chloroquine (CQ)/ 

Hydroxychloroquine 

(HCQ) 

Inhibitor Inhibits autophagosome-lysosome fusion 

Lys05 Inhibitor Inhibits autophagosome-lysosome fusion 

DC661 Inhibitor Inhibits autophagosome-lysosome fusion 



 

 26 

Bafilomycin A1 Inhibitor 
Blocks lysosomal proton transport which 

inhibits lysosomal hydrolases 

Spautin-1 Inhibitor VPS34 inhibitor 

Wortmannin Inhibitor PI3K inhibitor 

3-methyladenine (3-MA) Inhibitor PI3K inhibitor 

SBI-0206965 Inhibitor ULK1 inhibitor 

SAR405 Inhibitor VPS34 inhibitor 

NSC185058 Inhibitor ATG4 inhibitor 

Verteporfin Inhibitor Inhibits autophagosome formation 

 

Preclinical Assessment of Autophagy Inhibition 

 To date, extensive preclinical studies support the idea of inhibiting autophagy to 

improve clinical outcomes in cancer patients. This was revealed both in vitro and in vivo 

in cases where chemotherapies cause cancer cells to upregulate autophagy as a survival 

mechanism and combining autophagy inhibition genetically or pharmacologically 

demonstrates anti-tumor effects.  

 One of the first studies that showed autophagy serves as a survival pathway in 

tumor cells treated with apoptosis activators was done in a mouse model of B cell 

lymphoma with a p53-estrogen receptor tamoxifen-induced knockin where p53 can be 

temporally activated in vivo. Treatment with CQ modestly prevented tumor growth in the 

absence of p53 activation and also delayed tumor growth in p53 activated (and therefore 

apoptosis induced) tumors. Further analysis elucidated the p53 activated tumor cells that 

survived induced apoptosis and subsequent autophagy inhibition by CQ or ATG5 



 

 27 

knockdown enhanced tumor cell death, suggesting a rationale for using autophagy 

inhibitors in combination therapies with apoptosis inducers [124]. Following this, many 

other studies have documented the activation of autophagy as a cytoprotective 

mechanism after treatment with other cancer therapies and subsequently show that 

autophagy inhibition promotes tumor cell death including in colorectal cancer following 

treatment with 5-fluorouracil both in vitro and in vivo [125], in prostate cancer cells 

following treatment with proteasome inhibitors such as bortezomib [126] or treatment with 

TKI inhibitors [127], in glioma cells after treatment with dual PI3K-mTOR inhibitors PI-103 

and NVP-BEZ235 [128], and in ovarian cancer cells following paclitaxel [129]. 

Interestingly, some of these types of studies show that CQ or HCQ exhibits this affect but 

not always genetic knockdown or autophagy inhibitors that target other steps of the 

autophagy pathway. For instance, in renal carcinoma cells, HCQ inhibited cell growth and 

promoted apoptosis but ATG7 knockdown alone did not mimic the results of HCQ, 

indicating there are distinctions in autophagy independent functions that may contribute 

to sensitivities to [130]. These types of studies led to many clinical trials targeting 

autophagy in multiple types of cancer.  

Assessing Autophagy in the Clinic 

Currently, the majority of clinical trials target autophagy inhibition instead of 

autophagy induction. The most common autophagy drugs used in clinical trials are CQ 

and HCQ since they are FDA-approved, are low cost, and have a low toxicity profile [41, 

131, 132, 133]. HCQ is used more often since it is less toxic than CQ at peak 

concentrations [120]. There are currently over 90 cancer clinical trials (ClinicalTrials.gov) 

using HCQ alone or in combination with other chemotherapies, radiation, and/or 
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immunotherapies. These trials are assessing the safety and efficacy of repurposing HCQ 

in cancer patients.  

Pharmacokinetics (PK) and pharmacodynamics (PD) are critical elements in drug 

discovery, development, and approval. PK explains what the body does to the drug by 

how it is absorbed, distributed, metabolized, and excreted from the body. PD is what the 

drug does to the body and its mechanism of action. Dose, described by PK, leads to 

certain exposure of the drug throughout the body which in turn elicits a response based 

on that drug, described by PD [134]. Since PK and the subsequent PD are important in 

determining drug efficacy and function in vivo, doing these types of studies is vital to the 

drug development process.  

Since HCQ is the most commonly use autophagy inhibitor in the clinic, its PK and 

tolerability is well-described. HCQ is almost completely and rapidly absorbed in the 

gastrointestinal tract following oral administration with a bioavailability of approximately 

0.75 [135, 136, 137]. HCQ is approximately 50% bound to plasma proteins and it 

extensively sequesters in tissue [135, 138, 139]. It has a high volume of distribution and 

a prolonged half-life of 40-50 days due to its ability to partition into red blood cells and 

strongly bind to heme proteins [138, 139, 140]. HCQ is metabolized into multiple active 

metabolites including desethylhydroxychloroquine (DHCQ), desethylchloroquine (DCQ), 

and bisdesethylchloroquine (BDCQ), where DHCQ is the most abundant metabolite [135, 

139, 141]. HCQ is cleared equally by the kidney and the liver [139].  

In one completed phase II trial (NCT01273805), patients with previously treated 

metastatic pancreatic cancer were treated with either 400 mg or 600 mg of HCQ twice 

daily. Tolerability and efficacy were similar in both cohorts. Two of the 20 patients did not 
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have progressive disease at two months [142]. In another completed phase I trial treating 

non-small cell lung cancer, the safety and tolerability of HCQ with or without erlotinib, an 

epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) [143], was 

assessed in patients that previously responded to EGFR TKIs. Out of the 19 patients in 

the HCQ plus erlotinib cohort, one had partial response and four had stable disease. No 

maximum tolerated dose (MTD) was reached for HCQ and there were no adverse side 

effects. Moving forward, the recommended phase II dose of HCQ was the highest tested 

dose of 1000 mg when given in combination with 150 mg erlotinib [144]. More recent 

clinical trials include a phase II in pancreatic cancer where patients were treated with 

either gemcitabine plus nab-paclitaxel or gemcitabine plus nab-paclitaxel plus 1,200 mg 

HCQ daily prior to resection [145]. Overall, there was no difference in relapse-free survival 

between the two cohorts but there was significant improvement in response rates in the 

HCQ cohort compared to the gemcitabine/nab-paclitaxel only cohort. It was noted that 

this study did not control for adjuvant therapy but there was a trend toward improved 

survival in the group that received HCQ preoperatively suggesting the addition of HCQ 

postoperatively may benefit patients that received it preoperatively. In another phase II 

trial (NCT01227135) in chronic myeloid leukemia, patients were either given standard-of-

care TKI inhibitor imatinib or imatinib plus 400-800 mg HCQ daily based on dose limiting 

toxicity. In this trial, there was no statistical difference in success rates between the two 

groups but there was an increasing trend towards success in the imatinib plus HCQ group 

at 24 months [146]. 

Although PK is well-known, autophagy PD has been harder to assess, especially 

in the clinic. Various preclinical studies and clinical trials have assessed p62 and LC3-II 
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levels in peripheral blood mononuclear cells (PBMCs) and peripheral lymphocytes to 

correlate autophagy inhibition. In the phase II trial (NCT01273805) previously described 

where pancreatic cancer patients were treated with HCQ alone, one of four patients and 

four of nine patients assessable with blood collection in the 400 mg and 600 mg cohorts, 

respectively, showed increased LC3-II levels in peripheral lymphocytes, suggesting 

autophagy inhibition is achievable with HCQ but inconsistent across the patient 

population [142]. Further, a phase I study combining HCQ with vorinostat in patients with 

solid tumors found that PBMCs may not be appropriate for monitoring HCQ-driven 

correlative PD endpoints because the levels of lysosomal protease cathepsin D gene 

expression, which they had previously showed to be a key mediator of HCQ and HCQ 

plus vorinostat-induced apoptosis, were only increased in patients given a combinatorial 

dose higher than the MTD [147]. In the chronic myeloid leukemia clinical trial, LC3-II 

puncta were often undetectable in peripheral blood and ex vivo HCQ treatment was 

required to determine LC3-II expression. This trial concluded that clinically achievable 

doses of HCQ are unlikely to achieve sufficient trough plasma concentration to 

accomplish meaningful autophagy inhibition [146]. One of the more positive trials where 

autophagy biomarkers correlated to HCQ dose was in the phase II trial in pancreatic 

cancer where patients were treated with either gemcitabine plus nab-paclitaxel or 

gemcitabine plus nab-paclitaxel plus high dose HCQ. This trial found a statistically 

significant increase in cytoplasmic p62 accumulation in the resected specimens from 

HCQ-treated patients but no difference in LC3-II staining between the two cohorts [145]. 

Given the large number of clinical trials using HCQ to target cancer, it is important to 

understand how HCQ exposure leads to cellular responses including the inhibition of 
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autophagy. These trials also highlight the potential need for more potent autophagy 

inhibitors to achieve sufficient autophagy inhibition in patients. 

Autophagy in Breast Cancer 

As of the beginning of 2020, breast cancer is the most diagnosed cancer in women 

and the second highest type of cancer-related death, accounting for approximately 15% 

of all cancer deaths in women [148]. Therefore, new therapies in breast cancer are 

important, especially given the number of patients that develop resistance to current 

breast cancer therapies [149]. Targeting autophagy in breast cancer is an encouraging 

prospect in this heterogenous disease given evidence that inhibition of autophagy 

enhances tumor cell death in combination with many anticancer therapies [149].  

There are three major sub-types of breast cancer: 1) luminal which are estrogen 

or progesterone receptor (ER or PR) positive, 2) human epidermal growth factor 2 (HER2) 

enriched which overexpress the Erb-B2 receptor tyrosine kinase 2 (ERBB2), and 3) triple 

negative which do not express ER or PR nor contain HER2 amplification [150]. The 

luminal sub-type can be either HER2 positive (luminal B) or not (luminal A). Approximately 

70% of diagnosed breast cancers are ER or PR positive, 15-20% are HER2 positive, and 

15% are triple negative [150]. Triple negative tumors are characterized by a more 

aggressive phenotype and are most likely to become metastatic and resistant to therapy 

[149]. ER positive breast cancers are typically treated with anti-estrogen therapies such 

as tamoxifen, a selective estrogen receptor modulator. HER2 positive breast cancer is 

typically treated with HER2 directed antibodies such as trastuzumab plus cytotoxic 

chemotherapy. Triple negative breast cancer is typically treated with chemotherapy alone. 
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Cytotoxic chemotherapy options include docetaxel plus cyclophosphamide, Adriamycin 

plus cyclophosphamide, or Adriamycin plus cyclophosphamide plus paclitaxel [150].  

However, it has been found that autophagy is as a mechanism of resistance to 

many of these therapies. For instance, autophagy facilitates resistance to anti-estrogen 

therapy in ER positive breast cancer [151]. It was further shown in vivo that tamoxifen 

plus CQ slowed tumor growth significantly in ER positive, tamoxifen-resistant cells [152]. 

When ER positive MCF7 cells were treated with paclitaxel, autophagy was upregulated 

[77]. HER2 positive SKBR3 cells increased autophagy when treated with the anti-HER2 

monoclonal antibody trastuzumab and subsequent autophagy inhibition or knockdown of 

LC3 resulted in reduced cell proliferation and sensitized cells to trastuzumab treatment 

[80].  Protective autophagy also promotes resistance of HER2 positive cells to lapatinib, 

a chemotherapy sometimes used to treat HER2 positive patients [153]. Other studies 

have analyzed other chemotherapies that are either used as second- or third-line 

treatments or that may have potential usage in breast cancer patients and have also found 

autophagy as a cytoprotective mechanism against these treatments. For instance, 

autophagy was upregulated following camptothecin treatment [154]. In triple negative 

breast cancer cells, endoplasmic reticulum stress aggravators combined with autophagy 

inhibition both in vitro and in vivo caused significant attenuation of tumors [155]. 

Autophagy was also found to be a mechanism of resistance in breast tumor cells following 

ionizing radiation [156]. This evidence indicates the potential benefit of autophagy 

inhibition in all types of breast cancer patients.  

Interestingly, triple negative breast cancers happen to be the ones most dependent 

on autophagy, shown by knockdown of ATG5, ATG7, and Beclin-1 as well as 
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pharmacological inhibition of autophagy using CQ [43]. Other subtypes of breast cancer 

were able to survive despite the loss of essential autophagy genes, indicating they are 

not innately dependent on autophagy for survival. Consequently, triple negative breast 

cancers are more sensitive to autophagy inhibition [43, 157, 158]. On the other hand, 

HER2 positive breast cancers display low levels of basal autophagy and Beclin-1 loss is 

correlated with HER2 amplification [159, 160]. However, these types of breast cancer 

may still benefit from autophagy inhibition when it is combined with other chemotherapies. 

Autophagy inhibition is currently being tested in a handful of clinical trials in breast 

cancer using CQ or HCQ. Results from one clinical where 500 mg CQ daily was given to 

patients two to six weeks prior to breast surgery showed no significant effects on breast 

cancer cell proliferation compared to the placebo cohort while there were issues 

associated with toxicity, potentially demonstrating the limitation of CQ clinically due to 

high inter-subject variability and possibly not targeting autophagy with CQ at the 

achievable doses in patients [161]. Currently, five clinical trials are recruiting or are about 

to start recruiting breast cancer patients for trials involving autophagy inhibition by HCQ 

(clinicaltrials.gov).  

Autophagy in Osteosarcoma 

Osteosarcoma (OSA), a rare type of bone cancer, mostly affects children, 

teenagers, and young adults between the ages of 10 and 30, and elderly adults. Many 

patients present with metastases or multifocal disease when diagnosed, and these 

patients have less than a 25% survival rate. The average three-year event-free survival 

rate in patients with good prognosis is about 75%. Survival rates have not made 

significant improvements in the past 30 years. Standard OSA treatment is neoadjuvant 
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chemotherapy and subsequent surgery which is followed up with adjuvant chemotherapy 

[162, 163]. Chemotherapy regimens for almost all OSA patients includes methotrexate, 

doxorubicin, carboplatin, and ifosfamide [164]. However, 35-45% of patients still have 

recurrent disease within five years of initial treatment [165, 166]. This includes patients 

that either initially responded to chemotherapy but then relapsed or that were 

unresponsive to begin with [22, 162, 163, 166, 167]. It is not known when chemotherapy 

resistance occurs but proposed mechanisms imply changes in signaling transduction 

pathways such as MAPK and PI3K, alterations of topoisomerase II, increased DNA 

damage repair, and chemotherapy-induced autophagy [166]. These indicate potential 

targets that may prevent chemoresistance or that may re-sensitize patients to the current 

standard OSA chemotherapies. 

Recently, autophagy has been implicated as a mechanism of resistance to OSA 

standard of care treatment [22]. In one study, doxorubicin, cisplatin, and methotrexate 

induced HSP90AA1, a heat shock protein that has been found to be expressed 

extracellularly and involved in tumor progression and cancer cell invasion, by promoting 

autophagy in vitro and in vivo [168]. In human OSA cell lines, upregulation of high mobility 

group box 1 (HMGB1) during cisplatin, doxorubicin, and methotrexate promotes 

autophagy and subsequent drug resistance in vitro and in vivo [169, 170]. Human OSA 

cells treated with high dose cisplatin upregulated autophagy and cell proliferation was 

substantially decreased following combination treatment of 3-MA with cisplatin compared 

to those treated with cisplatin alone [171]. A few other studies in OSA have showed that 

combination treatment with an autophagy inhibitor can increase cell death [172, 173, 174, 

175, 176, 177]. Recently, it was shown that overexpression of the oncogene COPS3 
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increases lung metastasis from OSA tumors and that Beclin-1, LC3-I, and LC3-II 

immunoprecipitated with COPS3, indicating that COPS3 overexpression induces 

autophagy. When autophagy was subsequently inhibited in this model, metastasis was 

significantly decreased [178]. Human OSA cells treated with the histone deacetylase 

inhibitor trichostatin A (TSA) induce autophagy as a survival mechanism and autophagy 

inhibition or genetic knockdown of autophagy following TSA treatment enhanced cell 

death [179].  

Conversely, studies in OSA have demonstrated that chemotherapy treatments 

induce autophagy and this leads to cancer cell death. In a human OSA cell line, 

pelargonidin, a type of flavonoid plant product that when rich in the diet can lower risk for 

cancer development, induced cell death through the upregulation of autophagy [180]. 

Autophagy upregulation also accounted for the synergistic cytotoxicity between 

doxorubicin and roscovitine, a cyclin-dependent kinase inhibitor, in sarcoma cell lines 

including a human OSA line [181]. Human OSA cells treated with the mTOR inhibitor 

rapamycin had increased cell death and induced autophagy. Combination treatment of 

mTOR with cisplatin further enhanced cytotoxicity and stimulated autophagy [182]. 

Radiation therapy in combination with arsenic trioxide also induced autophagy and 

increased cytotoxicity in human OSA cells [183]. One study discovered that even though 

autophagy was upregulated in both cisplatin-sensitive and resistant OS cells, autophagy 

inhibition in the sensitive cells was more effective than autophagy inhibition in the 

resistant cells [184]. The conflicting evidence suggests that autophagy modulation in OSA 

is context-dependent, and caution should be taken when determining whether autophagy 

inhibition or enhancement is beneficial [22, 185]. 
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Clinical data of autophagy in OSA is very limited. A recent study showed that high 

heat shock protein 27 (HSP27), which has correlates with chemoresistance and 

cytoprotective autophagy, is associated with poor response to chemotherapy and lower 

overall survival in OSA patients both at diagnosis and after neoadjuvant chemotherapy 

[186]. Further, this study showed that patients with little to no LC3-II puncta at resection 

following neoadjuvant chemotherapy have a poor prognosis. Therefore, the favorable risk 

group was HSP27-/LC3-II+ at resection; however, HSP27 and LC3-II should also be 

considered as independent biomarkers in OSA since there was no correlation between 

the presence of LC3-II puncta and total HSP27 expression. There is currently one clinical 

trial looking at combining HCQ with gemcitabine and paclitaxel in OSA in the clinic 

(NCT03598595). Overall, much more can be elucidated about how autophagy impacts 

OSA and OSA treatment clinically. 

Autophagy in Comparative Oncology 

Although the majority of clinical trials in relation to autophagy have been conducted 

in humans, canine companions are a valuable surrogate model for cancer trials. Dogs get 

naturally occurring OSA just as humans do. They have similar environmental risk factors 

to humans, are a more outbred population than inbred laboratory animals, have faster 

progression of disease compared to human malignancies that allows for more rapid 

collection of data, and are a good clinical model for drug testing and approval due to a 

lack of gold standard treatment regimens and lower research costs [187, 188]. Further, 

when canine cancers are compared to human cancers, many times they are 

indistinguishable from one another. For instance, genome wide studies have shown that 

the dog OSA profile is indistinguishable from the human pediatric osteosarcoma profile, 
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and that dog OSA is more akin to human OSA than any other human cancer to human 

OSA [187]. This is important because it means the dog can be used to study human OSA 

since it is one of the most common cancers in dogs but rare in humans.  

Autophagy in canine cancer has been less extensively studied compared to 

autophagy in human cancer. However, trends of both cytoprotective and cytotoxic 

autophagy exist. One study looking at multidrug analyses in canine soft tissue sarcomas 

used microinjections of multiple drugs to determine patient-specific tumor responses and 

found a subset of doxorubicin resistant tumors in which subsequent treatment of the 

preclinical autophagy inhibitor PS-1001 enhanced antitumor activity, and increased 

macrophage infiltration [189]. Another study of canine OSA cells determined that the 

autophagy inhibitor spautin-1 either alone or combined with doxorubicin treatment 

enhanced cell killing [190]. On the other hand, canine cancer cell lines treated with 

cannabidiol (CBD) had increased autophagy that presumably led to apoptotic cell death, 

indicating that CBD in the cell lines induced cytotoxic autophagy [191]. Another recent 

study found that canine squamous cell carcinomas activate autophagy prior to cell death 

following treatment with the survivin inhibitor YM155 and this toxic effect was diminished 

when autophagy was inhibited with CQ [192]. 

Clinically, even less is known about autophagy in canine cancer. One study 

analyzed Beclin-1 expression in 70 cases of canine mammary tumors and found that low 

cytoplasmic Beclin-1 expression was a poor prognostic factor for overall survival, 

indicating that loss of Beclin-1 is associated with aggressive clinicopathologic features 

[193]. Another retrospective study in canine mammary tumors found that lower p62 levels 

results in high grade carcinomas while high p62 levels were found in normal tissue and 
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adenomas [194]. Both of these studies suggest low autophagy levels results in more 

aggressive tumors. On the contrary, there has been one phase I/II clinical trial in dogs 

with lymphoma analyzing autophagy inhibition. Dogs with lymphoma have similar 

pathogenesis and response to treatment as human lymphoma patients. Patients received 

between 5 mg/kg up to 12.5 mg/kg HCQ daily plus 25 mg/m2 doxorubicin. There was an 

increase in autophagic vesicles after HCQ treatment and a slight but not significant 

increase in LC3-II in patients that received HCQ. Nine of the twelve dogs achieved 

remission and the combination dosing provided superior overall response rates and 

progression-free intervals compared to dogs only receiving doxorubicin alone [195]. 

Overall, more studies would help elucidate the fate of cancer in response to autophagy 

inhibition or enhancement in canine cancer. 

 

Summary 

Autophagy plays important and context-dependent roles in many types of cancer 

and is therefore a promising target in cancer patients [55, 60]. However, it is important to 

understand which patients will benefit from autophagy manipulation and when this 

manipulation is beneficial. The following chapters explore some of this complexity and 

attempt to clarify a few aspects of autophagy inhibition as it relates to HCQ dosing in 

breast cancer as well as explore autophagy dependency in OSA. First, since HCQ is 

being used in many clinical trials but the PD is difficult to evaluate, PK/PD was assessed 

in vivo in non-tumor bearing mice to establish exposure observed in the clinic and 

determine if that exposure leads to consistent autophagy inhibition. PD including cell 

death, cell cycle, and autophagic flux following clinically achievable HCQ treatment was 
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also assessed in vitro in both 2D cell culture and 3D tumor organoids and in vivo in tumor-

bearing mice to demonstrate that in vitro studies are a surrogate for what is observed in 

vivo. Secondly, autophagy dependency was determined by gene knockouts in canine 

OSA. Clones deficient in autophagy from OSA cell lines that were differentially dependent 

on autophagy were then explored. All of these findings highlight the variable roles 

autophagy plays in patients even with the same type of cancer and the need to determine 

which patients will benefit the most from autophagy inhibition clinically.  
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Chapter Two 

 

PK/PD Assessment of HCQ in Breast Cancer 

 

Summary 

  

Hydroxychloroquine (HCQ) is being tested in a number of human clinical trials to 

determine the role of autophagy in response to standard anticancer therapies. However, 

HCQ pharmacodynamic responses are difficult to assess in patients and preclinical 

studies in mouse models are equivocal with regard to HCQ exposure and inhibition of 

autophagy. Here, pharmacokinetic (PK) assessment of HCQ in non-tumor bearing mice 

established 60 mg/kg as the human equivalent dose of HCQ in mice. Autophagy 

inhibition, cell proliferation, and cell death were assessed in 2D cell culture and 3D tumor 

organoids in breast cancer. Mice challenged with breast cancer xenografts were then 

treated with 60 mg/kg HCQ and subsequent PK and pharmacodynamic (PD) responses 

were assessed. Although autophagic flux was significantly inhibited in cells irrespective 

of autophagy dependency status, autophagy dependent tumors had decreased cell 

proliferation and increased cell death at earlier time points compared to autophagy 

independent tumors. Understanding HCQ PK and PD in mice as well as the 

corresponding correlation to cell culture models allows for a comparison to human PK as 

reported in recent trials and as such the subsequent PD associated with autophagy 

inhibition in tissues. 
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Introduction/Motivation 

 

Macroautophagy (“autophagy”) is a normal cellular process in which cell 

components are taken up by vesicles called autophagosomes that fuse with lysosomes 

where the components are degraded and recycled. Autophagy is induced by metabolic 

stress and in cells undergoing remodeling or differentiation [1, 2]. It plays important roles 

in many diseases including cancer by enhancing survival and therapy resistance [3]. 

Hydroxychloroquine (HCQ) is a lipophilic weak base that prevents lysosomal acidification 

by sequestering in lysosomes and raising their pH, which in turn blocks the fusion of 

autophagosomes to lysosomes [4]. HCQ is commonly used as an autophagy inhibitor in 

cancer clinical trials because it is already FDA approved, has a low toxicity profile, and is 

inexpensive [5, 6, 7, 8].  

HCQ pharmacokinetic (PK) parameters have been well characterized in humans. 

Following oral administration, HCQ is almost completely and rapidly absorbed in the 

gastrointestinal tract and is about 75% bioavailable [9, 10, 11]. Approximately 50% of 

HCQ is bound to plasma proteins and extensively sequesters in tissue [9, 12, 13]. It 

partitions into red blood cells and binds strongly to heme proteins, leading to a high 

volume of distribution and a prolonged half-life of 40-50 days [12, 13, 14]. HCQ is 

dealkylated in the liver by cytochrome P450 enzymes into active metabolites including 

desethylhydroxychloroquine (DHCQ) [9, 13, 15]. HCQ clearance is divided nearly equally 

between hepatic and renal mechanisms [13].  

While HCQ PK is well described in humans, the pharmacodynamics (PD) 

associated with HCQ exposure is difficult to assess. There are over 90 cancer clinical 
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trials (ClinicalTrials.gov) that currently or have previously investigated the effects of HCQ 

alone and in combination with chemo-, immuno-, and/or radiation therapies. Trials use 

between 200 and 1200 mg of HCQ daily but the number of patients with partial or stable 

responses is variable [16, 17, 18, 19]. Further, when assessing patients for LC3-II or p62 

accumulation as markers for autophagy inhibition, studies have found that autophagy 

inhibition is achievable with HCQ but inconsistent across patient populations [16, 19, 20]. 

Monitoring HCQ-driven correlative PD endpoints also has not been successful at doses 

less than the maximum tolerated dose [21]. Given the large number of clinical trials using 

HCQ to target cancer, it is important to understand how HCQ exposure modulates cellular 

responses. 

Mice are a widely used pre-clinical cancer research model system and have been 

used in numerous autophagy-modulation studies [22, 23, 24, 25, 26]. However, many 

human tumors do not grow in immunodeficient mouse models which makes it impossible 

to study certain cancers using this model. For instance, triple negative breast cancers 

grow in immunodeficient mouse models, but most luminal estrogen receptor positive and 

human epidermal growth factor receptor 2 positive breast xenografts cannot grow [27, 

28]. However, there are reports of growing these subtypes in three-dimensional cell 

culture as organoids [29, 30] which is important since organoids have been shown to 

more closely mimic in vivo responses compared to 2D cell culture [31, 32]. In addition, 

tumor organoids can accurately recapitulate in vivo drug responses, simplify experiments, 

and save time and money [31, 33, 34].  

Although HCQ is used clinically as an autophagy inhibitor to prevent cancer cell 

survival and therapy resistance, the efficacy of HCQ is not known in humans and has not 
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been established in mouse models. Here, the human equivalent dose (HED) of HCQ 

reflected in human clinical trial data was determined in non-tumor bearing mice and the 

response to autophagy inhibition was assessed. Cell proliferation, death, and autophagic 

flux following HCQ were then evaluated in breast cancer in vitro. Mice with human breast 

xenografts were treated with the HED to characterize pharmacodynamic responses in 

vivo. Understanding HCQ PK and PD allows for comparison to human PK reported in 

recent trials and subsequently the PD associated with autophagy inhibition.  

 

Materials and Methods 

 

Mouse treatments 

 Protocols for the mouse studies were approved by the Institutional Animal Care 

and Use Committee at Colorado State University. Six- to eight-week-old non tumor-

bearing female BALB/c mice (Charles River NCI, Frederick, MD) were treated with a 

single intraperitoneal dose (IP) of 20, 40, or 80 mg/kg HCQ (Sigma-Aldrich, H0915). 

Tissues and whole blood were collected at 3, 6, 12, 24, 48 and 72 hours. For tumor-

bearing mice, MDA-MB-231 and MDA-MB-468 breast cancer cell lines were implanted in 

the third mammary fat pads of 6- to 8-week-old female athymic nude mice (Charles River 

NCI, Frederick, MD). MCF7 breast cancer cells were implanted in the third mammary fat 

pads of 6- to 8-week-old ovariectomized female athymic nude mice (Charles River NCI, 

Wilmington, MA) and supplemented with 0.18 mg 17b-estradiol 60 day slow release 

tablets (Innovative Research of America, SE-121). Tumors were grown to between 150 

and 400 mm3 then treated with a single IP dose of 60 mg/kg HCQ or once daily with a 60 
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mg/kg HCQ IP dose for one week. Tissues, tumors, and whole blood were collected at 3, 

6, 12, 24, 48, and 72 hours following the single dose or 24 hours following the last daily 

dose.  

 

Drug Measurements 

Levels of HCQ and DHCQ in whole blood and tissues were determined via a 

validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay. Briefly, 

tissues and tumors were prepared in milli-Q and homogenized using a large tissue 

homogenizer or a sonic dismembranator on ice with several pulses. HCQ standards were 

prepared in milli-Q and DHCQ standards were prepared from a 1 mg/mL stock in DMSO 

then diluted in 50/50 acetonitrile/milli-Q. Standards and samples were vortexed and 

centrifuged prior to analysis. Samples were analyzed on a C18 5 µm, 4.6 x 150 mm 

column in a Shimadzu HPLC system coupled to a 3200 Q-TRAP triple quadrupole mass 

spectrometer (Applied Biosystems) using chloroquine as an internal standard. Non-

compartmental analysis (NCA) measured exposure, as determined by area under the 

drug concentration versus time curve (AUC0-inf), to both HCQ and DHCQ.   

 

Western blot analysis 

 Tissues and tumors were flash frozen in lysis buffer (1% Triton X-100, 150 mM 

NaCl, 10 mM Tris pH 7.5, 100 mM Na-orthovanadate [Alexis Biochemicals, 400-032-

G025], 34.8 µg/mL PMSF [Fluka Biochemica, 78830], and 1x protease inhibitor cocktail 

[Roche, 11836153001]). Samples were homogenized for 20 s and sonicated with three 3 

second bursts on ice then centrifuged at 14,000 rpm for 10 min at 4°C. Supernatant was 
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collected and protein concentration was determined using the Pierce BCA Protein Assay 

Kit (Thermo Scientific, 23225). Twenty µg of protein was resolved on a 4-20% SDS-

polyacrylamide gel (Bio Rad, 4568095) and transferred onto PVDF membranes (Bio Rad, 

1704272). Membranes were blocked in 2.5% nonfat dry milk in tris-buffered saline/Tween 

80 (TBST) (10 mM Tris pH 7.5, 100 mM NaCl, and 0.1% Tween 80 [Fisher Chemicals, 

BP338-500]) for 1 hour at room temperature. Blots were probed with polyclonal anti-LC3B 

antibody (Novus Biologicals, NB100-2220) at 1:1,000, monoclonal anti-a-tubulin antibody 

(Sigma-Aldrich, T5168) at 1:5,000, monoclonal anti-p62/SQSTM1 antibody (Novus 

Biologicals, H00008878-M01) at 1:1,000, or monoclonal anti-GAPDH antibody (Novus 

Biologicals, NB300-221) at 1:1,000 in blocking solution overnight at 4°C. Blots were 

washed three times in TBST then incubated at room temperature for 1 hour with HRP 

conjugated secondary antibodies anti-rabbit-HRP (Pierce, 31460) at 1:2000 or anti-

mouse-HRP (Pierce, 31430) at 1:2,000 for p62, 1:5,000 for a-tubulin, or 1:10,000 for 

GAPDH in blocking solution. Alpha-tubulin or total protein were used as housekeeping 

controls. Blots were washed three times with TBST. Immunodetection was carried out 

using SuperSignal West Dura (Thermo Scientific, 34075) and imaged in a ChemiDoc 

XRS+ (Bio Rad, Hercules, CA) using Image Labs version 3.0 software. Densitometry 

quantification of LC3 and p62 levels was performed by NIH ImageJ software (http:// 

rsb.info.nih.gov/nih-image/) or by Image Labs total protein normalization.  

 

Immunofluorescence analysis 

 Tumor samples were put into 5% PLP solution for 24 hours at 4°C then placed in 

30% sucrose solution for 24 hours at 4°C. Samples were fixed in 4% paraformaldehyde 
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then placed in OCT and cryosectioned at 5 µm. Sample slides were rehydrated in PBS 

plus 0.05% Tween 20 (PBST) then washed with 0.1 M glycine/PBS to reduce tissue 

autofluorescence. Non-specific binding was blocked with 5% donkey serum in 

immunofluorescence (IF) buffer (0.2% Triton X-100, 0.1% BSA, 0.05% Tween 20, PBS) 

for 30 min at room temperature. Sections were probed for primary anti-Ki67 (Cell 

Signaling Technology, 9027) diluted 1:400, primary anti-cleaved caspase-3 (Cell 

Signaling Technology, 9664) diluted 1:200, or rabbit IgG isotype control (Cell Signaling 

Technology, 3900) diluted to same the concentration as other primary antibodies in IF 

buffer for 1 hour at room temperature. Slides were washed 3 times in PBST then 

incubated with Cy3 secondary antibody (Jackson ImmunoResearch, 711-165-152 lot 

#142318) diluted 1:200 in IF buffer for 30 min at room temperature. Three washes were 

performed then slides were counterstained with filtered DAPI working solution (Thermo 

Scientific, 62248) diluted 1:500 in PBS for 15 min at room temperature. Slides were cover-

slipped with ProLong Diamond Antifade Mountant (Invitrogen, P36961) and imaged using 

an Olympus IX83 confocal microscope and Hamamatsu digital camera. 

 

Cell culture 

 Cell lines were validated mycoplasma free and maintained at 37°C and 5% CO2 in 

DMEM (Corning, 10-017-CV) buffered with 10 mM HEPES (Fisher Scientific, BP-299-

100) and supplemented with 10% FBS (Peak Serum, PS-FB3), 1% penicillin-streptomycin 

(Corning, 30-002-CI), and 1% sodium pyruvate (Corning, 25-000-CI). MCF7 media was 

also supplemented with 10 µg/mL insulin (Fisher Scientific, 12585014). Cells were used 

for no more than 20 passages.  
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Organoid culture 

 To form organoids, cells were grown on Cultrex 3D Culture Matrix RGF Basement 

Membrane Extract (BME) (R&D Systems, 344501001). Briefly, 100 µL/cm2 BME was 

plated and allowed to solidify at 37°C for a minimum of 30 min before plating cells. Cells 

were grown for 2 days on BME before drugging. 

 

Drug sensitivity, cell death, and autophagic flux live cell imaging assays 

For 2D HCQ drug sensitivity, cell death, and autophagic flux assays, 3,000 cells 

were plated per well in a 96-well plate a few hours before drugging. NucLight red-labeled 

cells were used for drug sensitivity and cell death assays and cells transduced with LC3-

mCherry-GFP were used for autophagic flux assays. For HCQ sensitivity assays, cells 

were treated with HCQ concentrations ranging from 0 to 40 µM HCQ. For the apoptosis 

assays, cells were plated in buffered MEM (Corning, 10-010-CV) 5 hours before drugging 

with 10 µM HCQ (equal dosing) and either 8 µM (MDA-MB-231 and MDA-MB-468) or 15 

µM (MCF7) HCQ (equal toxicity) combined with 5 µM caspase 3/7 green fluorescent dye 

(Essen BioScience, 4440). For cytotoxicity assays, cells were plated in buffered MEM 5 

hours before drugging with 10 µM HCQ and either 8 µM (MDA-MB-231 and MDA-MB-

468) or 15 µM (MCF7) HCQ combined with 100 nM YOYO green fluorescent dye 

(Invitrogen, Y3601). For autophagic flux assays, cells were plated in buffered DMEM 5 

hours before drugging with 10 µM HCQ and either 8 µM (MDA-MB-231 and MDA-MB-

468) or 15 µM (MCF7) HCQ. Plates were imaged once every 24 hr on an IncuCyte Zoom 
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(Essen BioScience). All organoid cultures were performed the same way except 5,000 

cells/well were plated on 100 µL/cm2 BME two days prior to drugging. 

 

Cell cycle 

300,000 cells/well were plated in 6-well plates the day before drugging with HCQ. 

Cells grew for 48 hr following drugging then were trypsinized, spun down, washed once 

with PBS, then fixed with 70% ethanol and stored at -20°C for up to two weeks. Cells 

were stained with FxCycle PI/RNase (Life Technologies, F10797) at a concentration of 2 

million cells/mL then analyzed on a Gallios flow cytometer (Beckman Coulter). Flow 

results were analyzed via FlowJo.  

 

Cell proliferation via EdU 

For 2D cell culture experiments, 750,000 cells/plate were plated in 60 mm dishes 

the day before drugging with HCQ. Once drugged with HCQ, cells grew for 48 hr. One hr 

(MCF7 and MDA-MB-231) or two hr (MDA-MB-468) before 48 hr time point, cells were 

treated with 10 µM EdU. Cells were trypsinized, spun down, washed once with cold PBS, 

then fixed in ice cold 70% ethanol. Fixed cells were stored at 4°C for a minimum of two 

days. Cells were re-hydrated in PBS for 1 hr then stained using the Click-iT EdU flow 

cytometry Alexa Fluor 647 kit (Invitrogen, C10424) by permeabilizing and staining cells. 

Cells were washed an extra time with PBS just before putting at final concentration of 1 

million cells/mL in PBS. 100 µg/mL RNase A (Thermo Scientific, FEREN0531) and 1 µL 

of a 1:4 dilution from stock Sytox Blue (Thermo Scientific, S34857) was added per 1 

million cells. Cells incubated overnight before flow on a Gallios flow cytometer.  
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For tumor organoid experiments, 100 µL/cm2 BME was plated then 30 min later, 

750,000 cells were plated. Tumor organoids were allowed to establish for two days before 

treatment with HCQ. Once drugged with HCQ, cells grew for 48 hr. Four hr before 48 hr 

time point, cells were treated with 10 µM EdU. Cells were isolated from BME using cell 

harvesting buffer (R&D Systems, 3448020CH) protocol. Briefly, cells were washed 3 

times with PBS, cell harvesting buffer was added to the plate on ice, pipetted up and 

down, moved to a 15 mL conical, topped with cell harvesting buffer, and shaken on a 

plate shaker at 650 RPM for 30 min at 4°C. Conical tubes were centrifuged, supernatant 

was removed, and cells were washed once more with cell harvesting buffer. To break up 

organoids, cells were incubated with trypsin at room temp for 10 min then fixed with 4% 

PFA for 15 min. Cells were permeabilized and stained following the Click-iT EdU flow 

cytometry Alexa Fluor 647. Cells were washed an extra time with PBS then incubated 

with 100 µg/mL RNase A and 1 µL of a 1:4 dilution from stock Sytox Blue per 1 million 

cells for a minimum of 30 min before analyzing on a Gallios flow cytometer. All results 

were analyzed via FlowJo. 

 

Autophagic flux flow cytometry 

Cells transduced with a LC3-mCherry-GFP reporter were used. Cells were plated 

at 325,000 cells/well in a 6-well plate for 24 hr, 200,000 cells/dish in a 60 mm dish for 96 

hr, or 50,000 (MDA-MB-231) or 100,000 (MCF7, MDA-MB-468) cells/plate for 144 hr in a 

60 mm dish, allowed a day to attach and grow, then drugged with HCQ. For use in flow 

cytometry analysis, control cells were treated with 10 nM bafilomycin A1 (Fisher Scientific, 

AAJ67193XF) 24 hr prior to the endpoint to completely inhibit autophagy. Cells were 
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trypsinized, washed once with cold PBS, and resuspended in PBS, keeping cold and on 

ice. Samples were flowed on an Aurora 4 laser (Cytek Biosciences) flow cytometer then 

data analyzed via FlowJo. To determine the percent of cells using autophagy, the 

bafilomycin-treated control cells were gated so that 5-10% of cells were positive in an 

angled, diagonal area to the upper left of the events on a mCherry versus GFP plot. This 

gate was pasted directly onto all other samples for the same cell line from the same 

replicate. 

 

Live/Dead staining 

700,000 cells/plate for 48 hr, 200,000 cells/plate for 96 hr, or 50,000 cells/plate for 

144 hr were plated in 60 mm dishes the day before drugging with HCQ. Cells were grown 

for given time frame then trypsinized, spun down, and washed once with cold PBS. Cells 

were re-suspended in PBS at a concentration of 1 million cells/mL then 1 µL of a 1:4 

dilution from stock Sytox Blue was added. Cells were incubated for 15 min at room 

temperature then kept on ice until ready to flow and analyzed on a Gallios flow cytometer 

as soon as possible. Results were analyzed via FlowJo. 

 

Statistical analysis 

 Statistical analysis was performed using Graphpad Prism. Two-way ANOVA using 

multiple comparisons with Dunnett correction between controls and drug-treated cells or 

unpaired two-tailed t-tests between controls and HCQ-treated mice were used to 

determine statistical significance with *p £ 0.05, **p £ 0.01, ***p £ 0.001, or ****p £ 0.0001. 

All error bars are standard deviation. 
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Results 

 

HCQ exposure is dose dependent in vivo 

 HCQ and DHCQ levels were measured in whole blood, liver, gut, kidney, and brain 

following a single IP dose of 20, 40, or 80 mg/kg HCQ (Figure 2.1). Drug levels were 

dose dependent and concentrations of HCQ and DHCQ decreased over time. Highest 

concentrations were observed in the liver. In whole blood, there were still detectable 

levels of HCQ and DHCQ at 72 hours following all doses. HCQ levels were undetectable 

in liver after 24 hours, but DHCQ levels were detectable at relevant concentrations up to 

72 hours. Concentrations of HCQ and DHCQ in the gut were similar over the entire 72 

hours, with slightly more DHCQ than HCQ present at all doses 24 hr and later. Kidney 

drug levels were similar to gut and showed the same trends with higher DHCQ levels 

following 12 hr. HCQ can cross the blood brain barrier [35] and therefore can be detected 

in the brain. The concentrations of HCQ and DHCQ in the brain were approximately ten-

fold less than whole blood, liver, kidney, and gut, suggesting that HCQ and DHCQ enter 

the central nervous system to a lesser degree than other tissues.  
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HCQ PK parameters calculated using noncompartmental analysis (Table 2.1 and 

Table 2.2) show that maximal concentration (Cmax) in whole blood, liver, gut, kidney, and 

brain increased in a dose dependent manner. Time to maximal concentration (Tmax) 

occurred at 3 hours in whole blood, liver, gut, kidney, and brain at all doses except for 

brain at 80 mg/kg where Tmax occurred at 6 hours. Half-lives for whole blood, liver, gut, 

kidney, and brain were approximately 14.5 hours, 3.5 hours, 17.5 hours, 15 hours, and 

48 hours, respectively, regardless of dose. The area under the drug concentration versus 

time curve (AUC0-inf) increased as dose increased in all tissues, showing exposure of 

HCQ is dose dependent.  DHCQ PK parameters in whole blood (Table 2.3) and tissues 

(Table 2.4) had similar trends as HCQ. Cmax and AUC0-inf increased in a dose-dependent 

manner. DHCQ Tmax occurred mostly between 5 and 9 hours in all tissue. DHCQ half-

 

 Figure 2.4 HCQ and DHCQ PK in whole blood and tissues. Whole blood, liver, gut, 
kidney, and brain HCQ (A) and DHCQ (B) levels from mice treated with 20, 40, or 80 
mg/kg HCQ for 3, 6, 12, 24, 48, or 72 hr.  
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lives are all slightly longer than HCQ for all tissues except brain where DHCQ is more 

rapidly eliminated from the brain.   

 

Table 2.1. Pharmacokinetic parameters of HCQ from whole blood in mice. 

Dose 

(mg/kg) 

Cmax 

(µg/mL) 
Tmax (hr) 

Half-Life 

(hr) 

AUC0-inf 

(hr*µg/mL) 
CL (mL/hr) MRT (hr) VDss (mL) VDz (mL) 

20 1.4 3 21.8 13.7 1476 

 

16.2 

 

23961 

 

51296 

 

40 3.1 3 11.2 24.3 1649 9.0 14796 26629 

80 4.7 3 10.5 40.4 1981 8.8 17506 29932 
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Table 2.2. Pharmacokinetic parameters of HCQ in tissues in mice. 

 Dose (mg/kg) Cmax (µg/mL) Tmax (hr) Half-Life (hr) AUC0-inf (hr*µg/mL) 

Liver 20 20.6 3 3.4 147.9 

 40 41.7 3 3.4 307.4 

 80 114.7 3 4.2 684.9 

Gut 20 13.1 3 20.4 125.6 

 40 42.8 3 15.8 341.7 

 80 53.0 3 16.0 522.2 

Kidney 20 8.5 3 15.1 86.7 

 40 22.5 3 16.2 228.6 

 80 51.4 3 13.8 420.9 

Brain 20 0.272 3 57.2 21.2 

 40 0.717 3 32.5 37.4 

 80 2.22 6 53.6 115.7 

 

 

Table 2.3. Pharmacokinetic parameters of DHCQ from whole blood in mice. 

Dose 

(mg/kg) 

Cmax 

(µg/mL) 
Tmax (hr) 

Half-Life 

(hr) 

AUC0-inf 

(hr*µg/mL) 
CL (mL/hr) MRT (hr) VDss (mL) VDz (mL) 

20 0.543 8 25.6 27.3 736 

 

41.1 30267 

 

26846 

 

40 1.2 9 26.1 48.3 838 39.4 32992 31175 

80 1.53 18 24.6 84.1 952 41.5 39471 33715 
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Table 2.4. Pharmacokinetic parameters of DHCQ in tissues in mice. 

 Dose (mg/kg) Cmax (µg/mL) Tmax (hr) Half-Life (hr) AUC0-inf 

(hr*µg/mL) 

Liver 20 18.7 6 14.7 410.6 

 40 23.0 5 17.6 511.7 

 80 45.3 3 17.8 716.3 

Gut 20 4.2 5 22.5 116.4 

 40 7.8 7 24.9 224.2 

 80 9.8 6 23.7 283.7 

Kidney 20 5.7 8 22.4 198.1 

 40 5.8 6 28.6 170.6 

 80 5.6 5 32.4 238.2 

Brain 20 0.041 6 36.2 2.4 

 40 0.077 6 25.8 3.3 

 80 0.127 6 26.9 5.1 

 

To relate HCQ to DHCQ PK, a two-compartment semi-physiologic model was 

assembled in Matlab (version 2021a) with instantaneous absorption (Figure 2.2 A) using 

a system of three ordinary differential equations to describe how HCQ is metabolized to 

DHCQ and how HCQ moves from the liver to other compartments: 

 

(1) 
!"!"##$

!#
= 𝑄$%&#𝐶&,$%& − 𝐶(& + 𝑄)*#𝐶&,)* − 𝐶(& +	𝑉*$++!

,%&',)*$

-%,)*$

 

(2) 
!"!"#

!#
= 𝑄$%&#𝐶' − 𝐶&,$%&& − 𝑉$%&

)!"#∗+$%&,!"#

,$,!"#-)!"#
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(3) 
!"()

!#
= 𝑄./#𝐶'−𝐶&,$%&& 

 

Where, dm is the amount of HCQ in the compartment, Q is the flow rate of the respective 

compartment, Cv is the concentration of HCQ leaving the respective compartment, Ca is 

the concentration of HCQ in arterial blood, V is the volume of the respective compartment, 

and Vmax and Km are metabolism constants for conversion of HCQ to DHCQ or kidney 

elimination constants. The parameter values used are represented in Table 2.5. The 

model was somewhat able to predict HCQ concentrations over time (Figure 2.2 B). 

However, more work needs to be done to more closely predict HCQ and DHCQ 

concentrations over time since all blood levels predicted are high at the early time points. 

Further, assessing the error in PK parameters and then performing Markov Chain Monte 

Carlo (MCMC) analysis to refine estimates of the parameters to predict which time points 

are most important for data collection can be done.  
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Figure 2.2 Two-compartment semi-physiologic model of HCQ and DHCQ. Two 
compartment PK model diagram (A). Predicted versus actual concentrations of HCQ 
in whole blood, liver, and the remaining body (B). 
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Table 2.5. Parameters for a two-compartment semi-physiologic model of HCQ in mice. 

Parameter Mouse 

Body weight 0.02 kg 

Vmax, liv 1171 µM/hr 

Km, liv 357 µM 

Vmax, kid 32500 µM/hr 

Km, kid 1000 µM 

Cardiac Output Fractions  

Liver 0.161 

Kidney 0.175 

Remaining body 0.664 

Body Weight Fractions  

Liver 0.055 

Blood 0.049 

Remaining body 0.896 

 

 

To determine equivalent dose exposure for HCQ in mice compared to humans, 

area under drug concentration versus time curves in whole blood from both mice and 

humans were directly compared since these AUC’s represent exposure in each species. 

The human equivalent dose (HED) of steady state HCQ concentration was calculated by 

using the average human patient AUC over 24-hour dosing time period estimated at 

steady state in humans given an oral 600 mg dose [36] and comparing this to the AUC0-
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24 hr corrected with an accumulation factor in mice found in this study. The HED in mice is 

60 mg/kg in whole blood with a standard deviation of 20 mg/kg (Figure 2.3), suggesting 

most doses used for in vivo mouse studies are within the limits of exposure achievable in 

humans.  

 

 

Autophagy inhibition is variable in tissues 

Pharmacodynamic response was assessed by western blot analysis of LC3 and 

p62 in the liver, kidney, gut, and brain at various time points (Figure 2.4). Autophagy 

inhibition in the liver was observed at later time points, most noticeably at 48 hr based on 

the LC3-II/tubulin ratio. Since liver autophagy was inhibited most at later time points, only 

24 hr, 48 hr, and 72 hr time points were assessed in the gut, kidney, and brain. The gut 

and the kidney showed no autophagy inhibition by either LC3 or p62 levels. Brain 

 
 
Figure 2.3 Human equivalent HCQ dose in mice. Mouse HCQ AUC (single data points) 
was compared to clinical trial human HCQ AUC data to find that the HD in mice is 60 
mg/kg +/- 20 mg/kg. The dotted line represents the mean human HCQ AUC and the 
dashed lines represent human AUC standard deviation. Human data taken from 
Rosenfeld et al [36].  
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autophagy inhibition was evident in a few mice at 24 and 48 hr but was not dose related. 

There was no difference in p62 expression in controls compared to HCQ-treated mice in 

liver or kidney. Effects of HCQ and/or DHCQ on LC3-II expression over time measured 

by western blot in the liver demonstrate counterclockwise hysteresis, showing it takes 

time for HCQ and DHCQ to build up before an effect is observed (Figure 2.5). There is 

not much difference between the curves when comparing LC3-II levels to either whole 

blood or liver HCQ concentrations, indicating that HCQ whole blood concentrations can 

be used as a surrogate for autophagy effects. Further, DHCQ has a similar effect as HCQ 

on LC3-II levels. When HCQ and DHCQ concentrations are added together to determine 

total active drug, the hysteresis curves are still counterclockwise and similar to HCQ or 

DHCQ alone, indicating that although DHCQ is active, it does not significantly change 

how quickly autophagy is affected and also requires a buildup to achieve an effect.  
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Figure 2.4 Western blots of LC3 and p62 in mice treated with 20, 40, or 80 mg/kg 
HCQ. LC3 and p62 western blot quantification of liver, gut, kidney, and brain. LC3 
protein was analyzed as LC3-II/tubulin or LC3-II/GAPDH ratios. Significance is 
represented compared to control. 
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HCQ exhibits anti-proliferative effects and decreases autophagic flux but does 

not induce significant cell death in in vitro 2D culture 

In vitro two-dimensional cell culture experiments were performed to validate 

standard cell culture methods as a sufficient pharmacodynamic model comparable to in 

vivo results and to assess how HCQ is affecting cell growth, death, and long-term 

autophagy in breast cancer. To investigate differences in HCQ uptake and response 

between breast cancers with different sensitivities to autophagy inhibition determined via 

shRNA knockdowns and responses to chloroquine in vitro and when grown as tumor 

xenografts [37], MDA-MB-468 (triple negative basal), MDA-MB-231 (triple negative 

claudin-low), and MCF7 (luminal) cells, listed from most autophagy sensitive to least 

autophagy sensitive, were treated with increasing doses of HCQ in buffered DMEM for 

up to 120 hr. Cells are more affected by lower doses of HCQ at later time points (Figure 

 

Figure 2.5 Hysteresis curves showing relationship between liver LC3-II levels in 
liver and concentration of HCQ and/or DHCQ found in liver or whole blood. LC3-
II ratios quantified from western blots were compared to the amount of HCQ and/or 
DHCQ detected in liver or whole blood at those time points. 
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2.6). The median dose at which half of cells were affected (Dm) at 96 hr was calculated. 

As expected, autophagy independent MCF7 had the highest Dm of 14.6 ± 2.9 µM, while 

autophagy dependent MDA-MB-231 and MDA-MB-468 Dm’s were lower at 7.8 ± 3.9 µM 

and 7.9 ± 2.6 µM, respectively (Figure 2.6).  

 

Since cancer patients are generally treated with 200 mg to 400 mg HCQ, the 

maximal concentration of HCQ achievable in patients is between 10 µM and 20 µM based 

on dosing an average size patient. Therefore, cells were treated with either 10 µM (equal 

dosing) or their Dm value (equal toxicity, 8 µM for MDA-MB-231 and MDA-MB-468 and 

15 µM for MCF7) for the following experiments. To determine if the cells were dying via 

apoptosis, cells were treated with HCQ for 144 hr with a Caspase 3/7 fluorescent dye and 

monitored in a live cell imaging system. There were no differences in Caspase 3/7 signal 

between control and HCQ-treated cells in any cell line (Figure 2.7 A), indicating that either 

cell growth is inhibited or that cells are dying by another cell death pathway. To assess 

whether HCQ causes death in a caspase 3/7 independent manner, cell death was 

measured in a live cell imaging system using the cytotoxicity agent YOYO, a fluorescent 

dye that is cell membrane impermeable and binds free DNA in solution as an indicator of 

cell death (Figure 2.7 B).  No difference between control and HCQ-treated cell death was 

 

Figure 2.6 Cell growth in 2D in vitro cell culture following HCQ treatment. HCQ 

screen in breast cancer lines in buffered media from 0.625 to 40 µM HCQ. Dm is 
calculated at 96 hr. 



 

 87 

detected. However, when cells were stained with a live/dead stain and analyzed via flow 

cytometry after 48 hr, 96 hr, or 144 hr of HCQ treatment, modest cell death that was time 

and dose dependent was observed in the autophagy dependent cells (Figure 2.7 C). 

Overall, this indicates that cell death is not the major cellular pharmacodynamic response 

to HCQ in 2D culture.  

 

To discern whether cells were growth inhibited, cell cycle assays were performed 

following HCQ dosing for 48 hr. Cell cycle analysis showed that when HCQ concentration 

is high enough, an increase in G1 and a decrease in G2/M and S is observed (Figure 2.8 

 

Figure 2.7 Cell death in 2D in vitro cell culture following HCQ treatment. Cell 
death measuring apoptosis via Caspase 3/7 in the IncuCyte (A), measuring cell death 
that is not necessarily apoptosis-dependnet using YOYO in the IncuCyte(B), or 
measuring cell death using Sytox Blue staining via flow cytometry (C). 

A

B

C
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A). MCF7 cells treated with 10 µM (less than the Dm) have similar percentages of cells 

to control in these phases compared to 15 µM. In contrast, MDA-MB-231 and MDA-MB-

468 cells experienced a decrease in G2/M and an increase in G0/G1 at all HCQ doses 

used (their Dm and higher). These results were further supported by cell cycle analysis 

via EdU incorporation. After HCQ treatment for 48 hr, there were more MDA-MB-231 and 

MDA-MB-468 cells in G1 and less cells in S and G2/M phases of the cell cycle when 

treated with both HCQ concentrations but MCF7 cells treated with 10 µM were not 

different from their control counterparts as the MCF7 cells treated with 15 µM were 

(Figure 2.8 B). Changes in cell cycle were most enhanced in MDA-MB-468, indicating 

that HCQ more greatly affects cells that are inherently autophagy dependent.  

 

 

Figure 2.8 Cell cycle analysis in 2D in vitro cell culture following HCQ treatment. 
Cell cycle measured by PI/RNAse staining (A) and cell cycle analysis via EdU 
incorporation (B) via flow cytometry. 

 

A

B
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Autophagic flux following HCQ treatment was assessed by flow cytometry using 

cells transduced with a LC3-mCherry-GFP reporter. This reporter works by tagging 

autophagosomes. GFP gets quenched in acidic environments. Therefore, when an 

autophagosome fuses with a lysosome, GFP signal decreases and indicates autophagic 

flux is occurring. Autophagy was inhibited significantly in the MCF7 cells following as little 

as 24 hr but autophagy inhibition was not significant in the MDA-MB-231 and MDA-MB-

468 until 144 hr or 96 hr, respectively (Figure 2.9 A). Results were similar using a live 

cell imaging system (Figure 2.9 B). This indicates that HCQ has prolonged PD affects 

that may not be observed at short time points.  

 

 

 

 

 

Figure 2.9 Autophagic flux in 2D in vitro cell culture following HCQ treatment. 
Autophagic flux measured by using cells with a LC3-mCherry-GFP construct via flow 
cytometry (A) and in the IncuCyte (B). 

A

B
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HCQ induces cell death and decreases autophagic flux in tumor organoids 

Cells were grown on a basement membrane matrix to obtain three-dimensional 

tumor organoids to better recapitulate in vivo tumors. Caspase 3/7-dependent cell death 

was assessed by live cell imaging in the IncuCyte. There was significant caspase 3/7 cell 

death in MCF7 at 96 hr but by 144 hr, the difference between control and HCQ-treated 

organoids was no longer significant. No significant caspase 3/7 cell death was observed 

in MDA-MB-468 organoids but there was caspase 3/7 dependent cell death in MDA-MB-

231 organoids treated with HCQ 96 hr and later (Figure 2.10 A). Cytotoxicity measured 

by YOYO staining showed significant cell death in MDA-MB-231 and MDA-MB-468 

organoids at time points as early as 72 hr following HCQ treatment but not significantly in 

MCF7 organoids at equal dosing until 120 hr (Figure 2.10 B), indicating that HCQ causes 

more cell death in autophagy dependent tumors than autophagy independent tumors.  

 

 

Figure 2.10 Cell death in tumor organoids following HCQ treatment. Cell death 
measuring apoptosis via Caspase 3/7 in the IncuCyte (A) or measuring cell death that 
is not necessarily apoptosis-dependent using YoYo in the IncuCyte (B). 

A

B
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Cell cycle analysis was assessed in tumor organoids via EdU incorporation 

(Figure 2.11). Results were similar to 2D culture; there was no difference in HCQ-treated 

MCF7 cells compared to controls but MDA-MB-231 and MDA-MB-468 cells both had 

significantly less cells in S phase at both HCQ concentrations used. Consistent with the 

2D results, MDA-MB-468 cells also had a significant increase in G1 cells following HCQ 

treatment. 

 

To assess autophagic flux, organoids transduced with a LC3-mCherry-GFP 

construct were imaged in the IncuCyte over 6 days. Similar to the 2D cell culture results, 

autophagy was inhibited significantly between control and HCQ-treated organoids at later 

time points (Figure 2.12). MCF7 and MDA-MB-468 organoid autophagic flux inhibition 

was sustained and enhanced by 144 hr. MDA-MB-231 organoid autophagic flux inhibition 

following HCQ was less marked compared to control which was consistent with the 2D 

cell culture results.  

 

Figure 2.11 Cell cycle analysis in tumor organoids following HCQ treatment. Cell 
cycle measured by EdU incorporation via flow cytometry. 
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Autophagy dependent tumors take up more HCQ in vivo 

 To assess how HCQ affects autophagy dependent and independent tumors in 

vivo, MCF7, MDA-MB-231, or MDA-MB-468 cells were implanted into mice and once the 

tumors were at least 100 mm3, the mice were treated with either 60 mg/kg HCQ once or 

daily for one week to analyze steady state levels.  

Whole blood HCQ and DHCQ amounts were similar in both MDA-MB-231 and 

MCF7 cohorts while both tumor HCQ and DHCQ amounts were higher in MDA-MB-231 

compared to MCF7. MDA-MB-468 HCQ and DHCQ amounts were also similar to MDA-

MB-231 (Figure 2.13 A). Tumor levels of HCQ and DHCQ were higher in MDA-MB-231 

and MDA-MB-468 compared to MCF7 at steady state (Figure 2.13 B), indicating that 

more HCQ and DHCQ is distributed into autophagy sensitive tumors. In the steady state 

cohort, whole blood levels were similar for HCQ and DHCQ in MDA-MB-231 and MCF7 

but the MDA-MB-231 cohort had higher tumor HCQ and DHCQ levels compared to the 

MCF7 cohort (Figure 2.13 C). When the steady state tumor group was compared to the 

24 hr single dose tumors in each tumor type, HCQ and DHCQ levels were significantly 

higher in tumors in the steady state group compared to the single dose groups (Figure 

 

Figure 2.12 Autophagic flux in tumor organoids following HCQ treatment. 
Autophagic flux measured by red to the green ratio in the IncuCyte. 
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2.13 C), indicating that HCQ and DHCQ move into the tumor after 24 hr and tumor and 

blood saturation is not achieved by 24 hr. When analyzing DHCQ:HCQ ratios found in 

tumors, MDA-MB-231 and MDA-MB-468 had higher ratios compared to MCF7 (Figure 

2.13 D), indicating that more DHCQ was formed compared to HCQ in the autophagy 

dependent tumors. 

 

 

Autophagic responses were not different but proliferation was less in autophagy 

dependent tumors in vivo 

Pharmacodynamic response was evaluated via western blot analysis of LC3 and 

p62 in the MDA-MB-231, MCF7, and MDA-MB-468 cohorts. There were no major 

differences between control and treated mice at 24 hr, 48 hr, or steady state doses 

although p62 levels trended higher in treated MDA-MB-468 tumors at 24 hr (Figure 2.14). 

LC3-II densitometry area normalized to total protein were highest at 12 hr, 24 hr, and 

 

Figure 2.13 HCQ and DHCQ PK in breast tumor-bearing mice following 60 mg/kg 
HCQ. Exposure of HCQ and DHCQ in whole blood and tumor. Solid lines represent 
HCQ and dotted lines represent DHCQ (A). Tumor levels of HCQ and DHCQ at steady 
state (B). Whole blood and tumor HCQ and DHCQ amounts detected in steady state 
dosed mice compared to 24 hr single dose mice (C). DHCQ:HCQ ratios in tumors (D). 

DA B C
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following steady state dosing in MDA-MB-231 tumors but these results were variable 

depending on the mouse (Figure 2.15). Tumor cell proliferation was measured via 

immunofluorescence staining of Ki67 in the MDA-MB-231 and MCF7 control and steady 

state cohorts. MDA-MB-231 tumors had significantly less Ki67 staining following HCQ 

treatment while there was no difference in cell proliferation in the MCF7 tumors after HCQ 

treatment (Figure 2.16). These results are consistent with the cell cycle results in 2D 

culture (Figure 2.8) and tumor organoids (Figure 2.11) because the cells that are more 

sensitive to autophagy inhibition (MDA-MB-231 and MDA-MB-468) have less proliferative 

cells at lower HCQ concentrations compared to those that are not (MCF7). Apoptotic cell 

death via immunofluorescence staining of cleaved caspase-3 was also performed but no 

tumors expressed cleaved caspase-3 (results not shown).  
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Figure 2.14 LC3 and p62 expression in breast tumors in mice following 60 mg/kg 
HCQ. Western blots and quantification of LC3-II and p62 normalized to total protein or 
tubulin in breast tumors following 24 hr, 48 hr, or steady state dosing of HCQ in mice.  
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& MCF7

MDA-MB-468
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Figure 2.15 LC3 expression over time in MDA-MB-231 tumor bearing mice 
treated with 60 mg/kg HCQ. Western blot and quantification of LC3-II densitometry 
normalized to total area over 72 hr or at steady state.  

 

Figure 2.16 Ki67 staining in tumors following HCQ treatment. Immunofluorescent 
analysis of Ki67 in MDA-MB-231 and MCF7 control and steady state tumors. 
Blue=DAPI and red=Ki67. Quantification based on 6 or more separate fields of view 
on each tumor slice. 

Control Steady State

MDA-MB-231

MCF7
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Discussion 

 

Autophagy, a lysosomal degradation process that recycles damaged proteins, 

organelles, and other cellular components, has been linked to enhanced cancer cell 

survival and chemotherapy resistance. HCQ, an already FDA-approved drug, has been 

repurposed as an anticancer agent that inhibits autophagy. Although it is currently being 

used in over 90 clinical trials alone or in combination with other cancer treatments, the 

pharmacodynamic response associated with drug dosages used in the clinic is not clear. 

Further, pre-clinical studies in mice use varying doses of HCQ but there is currently no 

rationale behind those doses or the affect the associated drug exposures on autophagy 

inhibition in vivo.  

This study showed that HCQ and DHCQ, the major active metabolite, levels are 

dose dependent in whole blood and multiple tissues in vivo (Figure 2.1). Autophagy 

inhibition was achieved at all doses in liver and gut at multiple time points (Figure 2.4). 

Although some autophagy inhibition was observed at the various doses in multiple 

tissues, there was high variability in detected autophagy inhibition between different mice. 

Variability and non-significant differences in autophagy inhibition is also evident in the 

clinic [16, 21, 38] and the results in this study show that this is difficult to control from 

patient to patient based on dose alone suggesting HCQ doses may need to be tailored 

based on their individual PD response. It further implies that autophagy inhibition may not 

be reliably achievable using HCQ and that more potent autophagy inhibitors such as 

DC661 should be considered. This work also clarified that 60 mg/kg ± 20 mg/kg HCQ is 

the human equivalent dose to give mice in pre-clinical studies and validates the clinical 
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relevance for studies that choose HCQ doses within this range (Figure 2.3). Calculating 

the HED in this way highlights the importance of normalizing pre-clinical and clinical drug 

exposure because mouse model efficacy is predictive of clinical response when drug 

concentrations in mice are appropriately corrected for therapeutic exposure [39, 40].  

Mice with breast tumors treated with the HED of 60 mg/kg HCQ had similar whole 

blood HCQ and DHCQ levels but varying tumor levels with more HCQ and DHCQ 

detected in the autophagy dependent MDA-MB-231 and MDA-MB-468 tumors compared 

to the autophagy independent MCF7 tumors [37] (Figure 2.13), suggesting that 

autophagy dependent tumors sequester more HCQ over time. This could be due to an 

increase in lysosomes in autophagy dependent tumors compared to autophagy 

independent tumors [41]. There are important implications of this when considering dual 

treatment with HCQ and other drugs, especially chemotherapies that sequester in 

lysosomes. It could be advantageous to treat patients with HCQ prior to these drugs since 

HCQ also sequesters in the lysosome and could make these drugs more potent, as seen 

in a phase I clinical trial in dogs with lymphoma [38]. Although there is a lot of information 

available on HCQ effects in cancer, it is important to consider DHCQ as well since it is 

present at relevant concentrations and correlates to liver autophagy inhibition (Figure 

2.5). Further, the data here suggests that DHCQ:HCQ ratios may be predictive of patient 

efficacy based on the autophagy dependency of the tumor (Figure 2.12); this ratio has 

also been implicated in patient response to HCQ treatment in a couple other studies [42, 

43]. Similar to HCQ, DHCQ has a long half-life of approximately 160 hr in people [42]. 

However, DHCQ is not produced in cell culture experiments because there are no 

cytochrome P450 enzymes. Since in vitro studies do not take into account DHCQ but it 
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is an active metabolite that has the same action as HCQ, drug concentrations used in 

vitro likely do not reflect the full efficacy HCQ and subsequent DHCQ will have on PD and 

this should be taken into consideration when choosing HCQ doses in vitro. This is 

evidenced by comparing HCQ exposure in vitro to in vivo exposure, where 20 µM HCQ 

dosing in cell culture correlates best with the autophagy dependent tumors while there is 

no correlation between MCF7 and in vitro exposure (Figure 2.17). Further, adding in the 

relevant DHCQ exposure actually means that a higher concentration of HCQ can be used 

in cell culture to achieve the same exposure observed in vivo (Figure 2.17). This also 

highlights the importance of calculating maximum achievable clinically relevant doses for 

cell culture experiments.  

 

Autophagy inhibition measured by western blot in vivo was less conclusive in all 

tumor types which is consistent with the non-tumor bearing mice and autophagy inhibition 

measured in the clinic. However, autophagy inhibition was observed in vitro at clinically 

relevant concentrations. Inhibition was most enhanced at later time points indicating that 

 

Figure 2.17 In vitro to in vivo HCQ exposure comparison. HCQ PK exposure in 
vitro compared to in vivo. For the breast tumors, exposure is based on AUC of 
concentration versus time curves. The 10 and 20 µM in vitro AUC is based on the 
theoretical exposure cells will experience based on those doses for the given time 
(e.g., 10 µM * 24 hr = 240 hr* µM). 
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HCQ does not decrease autophagic flux rapidly (Figures 2.9 and 2.12) even though HCQ 

uptake is observed at early time points in the tumors. This is also consistent with 

observing decreased cell growth compared to control following HCQ treatment at later 

time points (Figure 2.6). Further, the MDA-MB-231 cell line showed high basal autophagy 

even when treated with HCQ, implying that HCQ is inhibiting autophagy but not as well 

as other autophagy inhibitors would since this assay was based on autophagy inhibition 

via bafilomycin A1. Both autophagy dependent and independent cell lines had significant 

decreases in autophagic flux indicating autophagy is still inhibited by HCQ irrespective of 

dependency on autophagy. This is not in line with one study that found the basal breast 

cancer line SUM190 to be the most sensitive to HCQ induced autophagy inhibition in vitro 

but that could be because it only analyzed short time points [44]. Taken together, 

autophagy inhibition was variable in vivo but observed in vitro, suggesting that other 

autophagy PD measures may be necessary to better understand how HCQ is causing 

autophagy inhibition in vivo and in the clinic. 

Although autophagy inhibition was inconsistent across tumor types and between 

controlled and treated mice, cell proliferation was consistently affected in the autophagy 

sensitive MDA-MB-231 and MDA-MB-468 tumors treated with HCQ alone but not in 

autophagy independent MCF7 tumors (Figures 2.8, 2.11, 2.16) indicating that autophagy 

dependent tumors are more affected by single agent HCQ. Further, cell proliferation was 

more affected in autophagy dependent tumors at lower doses of HCQ compared to MCF7 

(Figures 2.8 and 2.11), suggesting that the MCF7 tumors in vivo did not have high 

enough HCQ levels to cause a decrease in cell proliferation that was observed in the 

MDA-MB-231. The ability of HCQ to inhibit cell proliferation alone varies in tumor types. 
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For instance, a study in mice with melanoma tumors showed that 65 mg/kg of HCQ alone 

did not cause decreased Ki67 but combination treatment with the mTOR inhibitor CCI-

770 did cause significant decrease in Ki67 tumor expression [45]. A clinical trial also found 

no significant decrease in Ki67 in breast cancer patients treated with 500 mg CQ after 14 

days and concluded that the cancer cells were potentially using autophagy as a 

cytoprotective mechanism because they were not stressed enough without the treatment 

of another anti-cancer therapy and therefore HCQ did not induce anti-proliferative effects 

[46]. These studies and the one presented here suggest that CQ and HCQ alone may not 

provide enough anti-proliferative effects in many cancer patients but that HCQ alone is 

anti-proliferative if the tumor is inherently dependent enough on autophagy. Even though 

HCQ did decrease cell proliferation in the autophagy dependent tumors, more potent 

autophagy inhibitors may produce more robust results and have less variability in 

achieving autophagy inhibition as a single agent compared to HCQ.    

Clinically relevant HCQ concentrations were used in this study to determine if HCQ 

causes cancer cell death. Based on the in vivo and in vitro apoptosis and cell death 

assays, breast cancer cells treated with HCQ alone at the concentrations used here do 

not appear to die via caspase 3/7-dependent apoptosis but do undergo some cell death 

in 2D and organoids (Figures 2.7 and 2.10) and this cell death is enhanced in the 

autophagy dependent tumors at the later time points. Another study also observed no 

caspase 3-dependent cell death in head and neck squamous cell carcinoma cell lines 

when treated with 20 µM HCQ alone [47]. Other studies have shown that HCQ alone can 

induce caspase 3-dependent cell death in gastric cancer [48] and bladder cancer [49] at 

HCQ concentrations of 14 µM and 20 µM respectively, indicating that HCQ alone will only 
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induce this kind of cell death at clinically achievable concentrations in certain cancer 

types. However, when clinically relevant HCQ doses are combined with other treatments, 

HCQ enhances apoptotic cell death in other cancer types such as head and neck 

squamous cell carcinoma [47], melanoma [45], and gastric cancer [48], demonstrating 

that even though low enough doses of HCQ alone does not cause caspase 3/7-

dependent apoptosis in certain cancer types, in combination with other therapies it does 

induce caspase 3/7-dependent apoptosis. Although combination therapies were not 

tested in this study, the results of these other studies suggest that combining HCQ with 

other treatments may enhance cell death in breast cancer. 

Overall, this study shows that 2D cell culture, 3D tumor organoids, and in vivo 

studies produce similar results and in vitro studies can be used as surrogates to 

recapitulate in vivo tumor responses. Tumor autophagy dependency is important in the 

evocation of cellular responses including autophagy inhibition, cell proliferation, and cell 

death. Further, in certain contexts, HCQ may not be an adequate drug as a single agent 

depending on the clinical objective. DHCQ is also an active metabolite whose effects 

needs to be considered in in vitro experiments since it is not produced but would add to 

toxicity if it were present. Lastly, better biomarkers to measure autophagy inhibition in the 

clinic are necessary to understand how the PD relates to the PK of autophagy inhibitors.  
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Chapter Three 

 

Autophagy dependency in osteosarcoma and subsequent clinical implications 

 

Summary 

 

The survival rates of osteosarcoma (OSA), a type of bone cancer, have not 

improved in almost 40 years. Recently, other cancer types have been shown to be 

differentially dependent on autophagy, a lysosomal recycling pathway that cancer cells 

use to survive in the tumor microenvironment and during chemotherapy. Here, autophagy 

dependency was determined in canine OSA using a genetic knockout screen. All cell lines 

tested were initially intermediately to very dependent on autophagy. However, some cells 

were able to survive following loss of the autophagy gene ATG7 despite this dependency. 

Different tumor cells adapted to the loss of autophagy in varying ways including differing 

lysosomal activity and macropinocytosis regulation. However, generally, the ATG7 

deficient clones were commonly enriched for extracellular matrix receptor interaction, 

focal adhesion, and PI3K-Akt signaling. Further, ATG7 deficient clones were not all 

sensitized to standard OSA chemotherapy. Overall, targeting autophagy in OSA patients 

with autophagy dependent tumors is a promising strategy. However, other therapies may 

be necessary to target cancer cells that adapt to autophagy inhibition following initial 

autophagy treatment.  
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Introduction/Motivation 

 

 Osteosarcoma (OSA) is a rare type of bone cancer in people that mainly affects 

children, teenagers, and young adults. The five-year survival rate is 25-30% for patients 

with metastatic disease upon diagnosis [1]. However, even without metastatic disease at 

initial presentation, the five-year survival rate is only 60% [1]. Survival rates have not 

improved in almost four decades due to chemoresistance, high dose chemotherapy 

toxicity, lung metastasis even during chemotherapy treatments, and no ideal treatment 

regimen for progressive or recurrent/refractory disease [1, 2, 3, 4].  

Although OSA accounts for less than 1% of all diagnosed human cancer incidents in the 

United States [5], it is one of the most common cancers in dogs. Genome wide profiling 

studies have shown that the dog OSA gene expression profile is indistinguishable from 

the human pediatric OSA gene expression profile. Clinically and pathologically, human 

pediatric and canine OSA also appear the same. Further, dog OSA is more similar to 

human OSA than any other human cancer is to human OSA [6]. Dogs get naturally 

occurring OSA just as humans do while being exposed to similar environmental risk 

factors. They are a more outbred population than inbred laboratory animals, have faster 

progression of disease compared to human malignancies that allows for more rapid 

collection of data, and are a good clinical model for drug testing and approval due to a 

lack of gold standard treatment regimens and lower research costs [6, 7]. Comparative 

oncology between humans and dogs is a valuable resource that can advance 

osteosarcoma patient survival in both groups. 
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Macroautophagy (referred to as “autophagy” here) is a lysosomal degradation 

pathway by which cellular components are recycled to maintain homeostasis and cell 

functioning. There are over 30 autophagy-related genes (ATGs) in the autophagy 

cascade, many of whose functions are well known within the autophagic pathway [8, 9, 

10, 11] (Figure 3.1). Environmental stressors such as nutrient deprivation and hypoxia 

induce autophagy. It is upregulated during cell remodeling and differentiation and 

consequently has implications in many diseases including cancer [8, 12, 13]. Certain 

cancers are more innately dependent on autophagy than others as observed in breast 

cancer [14] and in pancreatic cancer [15]. A CRISPR screen knocking out multiple genes 

across the autophagic pathway in multiple human cancer types including breast, brain, 

fibrosarcoma, colorectal, lung, and OSA also revealed dependence or independence on 

autophagy but showed that cells that were initially dependent on autophagy survived 

following the inability to use autophagy [16]. These studies suggest that cancers that are 

dependent on autophagy will respond to pharmacologic autophagy inhibition but will 

probably require combination treatments to be efficacious long-term. Further, autophagy 

plays a complex role in many types of cancer including OSA [17, 18]. It is important for 

the development, growth, and invasion of human OSA cell lines as evidenced by genetic 

knockdown or chemical inhibition of key autophagy genes including ATG4B [19] or Beclin-

1 [20]. Autophagy is also elevated in OSA cisplatin- and Taxol-resistant cells [21, 22, 23]. 

It is induced in human OSA cells by factors known to mediate drug resistance such as 

GFRA1 [24], HSP90AA1 [25], and HMGB1 [26]. The results of these studies indicate that 

inhibiting autophagy in combination with standard chemotherapies used to treat OSA is 
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an attractive strategy. However, it is unknown whether all OSA patients would benefit 

from autophagy inhibition either as a single agent or with combination treatment.   

 

Here, autophagy dependency in canine OSA was determined using a CRISPR 

screen revealing that OSA was intermediately to highly dependent on autophagy. Several 

ATG7 null (ATG7-/-) clones that could no longer use canonical autophagy had variable 

responses to serum starvation, autophagy inhibition, doxorubicin, and carboplatin, 

indicating that only some OSA patients will benefit from autophagy inhibition combined 

with typical OSA treatment regimens. Gene expression analysis of ATG7-/- clones 

revealed potential therapeutic targets when cells cannot use autophagy. Overall, these 

results implicate the importance of determining which patients will benefit from autophagy 

inhibition and provide insight into novel treatments for OSA.  

 

 
Figure 3.5 Proteins throughout the autophagy cascade. More than 30 autophagy-
related proteins have important functions during the entire process of autophagy.  
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Materials and Methods 

 

Guide RNA Design, Creation, and Validation 

Guide RNAs (gRNAs) targeting autophagy genes for the canine genome were 

designed from upstream exon sequences (the first four or five exons) of genes of interest 

using the MIT Zhang lab gRNA design (crispr.mit.edu, no longer available). Two to four 

gRNAs were designed per gene. Following previous reports of designing and making 

gRNAs from Liang et al [27], forward gRNA primers were created with the T7 promoter 

sequence (TAATACGACTCACTATAG) followed by the first 19 base pairs of the gRNA 

sequence. If the gRNA sequence did not start with G, a G was added after the T7 

promoter sequence and before gRNA sequence. Reverse primers were created with the 

last 19 base pairs of the gRNA sequence followed by the first 15 base pairs of the 

tracrRNA sequence (GTTTTAGAGCTAGAA). The forward and reverse complement 

sequences of the gRNAs were ordered from Integrated DNA Technologies (idtdna.com).  

PCR was performed with GoTaq Flexi DNA polymerase (0.25 µL, 1.25 U) 

(Promega, PRM8295) to amplify the tracrRNA constant region from the CRISPR-Lenti V2 

plasmid (10 ng/µL) using forward primer GTTTTAGAGCTAGAAATAGCAAG (0.5 µM), 

reverse primer AAAAGCACCGACTCGGTGCCAC (0.5 µM), 1.5 mM MgCl2, 1X GoTaq 

Flexi Buffer, and 0.2 mM of each dNTP in 50 µL total. Thermal cycling conditions were 

95°C for 2 min for initial denaturation followed by 35 cycles of 95°C for 30 s for 

denaturation, 50°C for 30 s for annealing, and 72°C for 30 s for elongation followed by 

72°C for 5 min for a final elongation step. Product size (80 bp) was validated against a 1 

kb DNA ladder (Fisher Scientific, BP2573100) on a 2% agarose (Fisher Scientific, 
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16500100) gel in 1X TAE buffer run at 80V for 50 min. PCR product was purified using 

the Wizard SV Gel and PCR Clean-Up System (Promega, PRA9281) and final 

concentration of product was determined on a Nanodrop and diluted to 17.1 ng/µL in 

water.  

Nested PCRs were performed to incorporate the gRNA target sequence in 

between the T7 promoter and the tracrRNA constant region. Briefly, 0.5 µM of the T7 

promoter forward primer (TAATACGACTCACTATAG) and 0.5 µM of the tracrRNA 

reverse primer (AAAAGCACCGACTCGGTGCCAC) along with 15 nM of gRNA forward 

primer and 15 nM of gRNA reverse primer (Table 4.1), plus 0.25 µL GoTaq Flexi DNA 

polymerase, 1X GoTaq Flexi Buffer, 17.1 ng/µL of tracrRNA product from previous PCR, 

1.5 mM MgCl2, and 0.2 mM of each dNTP were mixed in 50 µL total then thermal cycling 

conditions were 95°C for 2 min for initial denaturation followed by 35 cycles of 95°C for 

30 s for denaturation, 50°C for 30 s for annealing, and 72°C for 30 s for elongation 

followed by 72°C for 5 min for a final elongation step. Product size (115 bp) was checked 

on a 2% agarose gel in 1X TAE buffer run at 80V for 50 min. Product was purified using 

the Wizard SV Gel and PCR Clean-Up System and concentration was determined on a 

Nanodrop. 

To make the gRNAs, in vitro transcription was performed using the Ambion T7 kit 

(AM1354). Briefly, dTPs, 1X reaction buffer, and enzyme were combined with 500 ng of 

gRNA PCR product to a total of 20 µL and incubated at 37°C for 4 hr. Then 1 µL DNAse 

was added for 15 min at 37°C. RNA was purified using an Ambion RNA extraction kit 

(AM1908). Purified RNA was analyzed on the Nanodrop then diluted to 10 ng/µL in TE 

buffer and stored in aliquots at -80°C until use in transfections.  
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 To validate that gRNAs would work, genomic DNA regions of 300 to 800 base pairs 

long that contained the gRNA sequence were amplified from the canine genome. 0.15 

µM forward and reverse primers (Table 4.2), 100 ng genomic canine DNA or 25 ng 

plasmid canine DNA, 1.5 mM MgCl2, 0.2 mM of each dNTP, 1X GoTaq Flexi Buffer, and 

0.25 µL GoTaq Flexi DNA polymerase were combined in 50 µL total. Thermal cycling 

conditions included 95°C for 2 min for initial denaturation followed by 35 cycles of 95°C 

for 30 s for denaturation, 50°C for 30 s for annealing, and 72°C for 30 s for elongation 

followed by 72°C for 5 min for a final elongation step. A small amount of product was 

checked for size by resolving on a 2% agarose gel in 1X TAE buffer at 80V for 50 min. 

Product was purified using the QIAquick PCR Purification Kit (Qiagen, 28104). To perform 

Cas9 in vitro cleavage assays to ensure the gRNAs target the canine genome in the 

correct place, 150 ng Cas9, 50 ng gRNA, 60 ng target DNA product, and 1X NEB buffer 

3.1 (Fisher Scientific, NC0458502) in 10 µL was incubated together at 37°C for 1 hr. The 

solution was then heated to 65°C for 10 min to inactivate Cas9. The entire product was 

resolved on a 1.5% agarose gel in 1X TAE buffer run at 80V for 50 min. 

 

Table 4.1 gRNA primers 

gRNA Forward Primer Reverse Complement Primer 

ATG5 
#1 

TAATACGACTCACTATAGGTGCT
TCGAGATGTGTGGT 

TTCTAGCTCTAAAACAACCACAC
ATCTCGAAGCA 

ATG5 
#2 

TAATACGACTCACTATAGGAAGA
GTAAGTTATTTGACG 

TTCTAGCTCTAAAACACGTCAAA
TAACTTACTCT 

ATG7 
#1 

TAATACGACTCACTATAGGTCGG
CTAGACGAAGCTCCG 

TTCTAGCTCTAAAACTCGGAGCT
TCGTCTAGCCG 

ATG7 
#2 

TAATACGACTCACTATAGGCTGC
CAGCTCGCTTAACG 

TTCTAGCTCTAAAACACGTTAAG
CGAGCTGGCAG 

FIP200 
#1 

TAATACGACTCACTATAGGAGAG
TGTGCACCTACAGTG 

TTCTAGCTCTAAAACGCACTGTA
GGTGCACACTC 
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FIP200 
#2 

TAATACGACTCACTATAGGAAGG
TAGTTTTCGGAATAG 

TTCTAGCTCTAAAACGCTATTCC
GAAAACTACCT 

STX17 
#1 

TAATACGACTCACTATAGGATAG
TAATACCAACAGAC 

TTCTAGCTCTAAAACAGTCTGTT
GGTATTACTAT 

STX17 
#2 

TAATACGACTCACTATAGGCCGT
TCCAATATTCGAGAA 

TTCTAGCTCTAAAACTTTCTCGA
ATATTGGAACG 

AMBRA1 
#1 

TAATACGACTCACTATAGGTTCT
CGCCCCCATAGTAT 

TTCTAGCTCTAAAACGATACTAT
GGGGGCGAGAA 

AMBRA1 
#2 

TAATACGACTCACTATAGGAAGG
TAGAGCGTGGACTAT 

TTCTAGCTCTAAAACGATAGTCC
ACGCTCTACCT 

ATG3 
#1 

TAATACGACTCACTATAGGTAGT
CCACCACTGTCCAAC 

TTCTAGCTCTAAAACTGTTGGAC
AGTGGTGGACT 

ATG3 
#2 

TAATACGACTCACTATAGGTGAA
GGCATATCTACCAA 

TTCTAGCTCTAAAACGTTGGTAG
ATATGCCTTCA 

ATG13 
#1 

TAATACGACTCACTATAGGTGAT
TGTCCAGGCTCGAC 

TTCTAGCTCTAAAACAGTCGAGC
CTGGACAATCA 

ATG13 
#2 

TAATACGACTCACTATAGGCACA
TCGATCTCCCGACTG 

TTCTAGCTCTAAAACGCAGTCGG
GAGATCGATGT 

BECN1 
#1 

TAATACGACTCACTATAGGGACA
CGAGCTTCAAGATC 

TTCTAGCTCTAAAACGGATCTTG
AAGCTCGTGTC 

BECN1 
#2 

TAATACGACTCACTATAGGCCAT
TTCTTGAAACTCGC 

TTCTAGCTCTAAAACGGCGAGTT
TCAAGAAATGG 

BECN1 
#3 

TAATACGACTCACTATAGGCTTC
CCCACCATATAAGGA 

TTCTAGCTCTAAAACCTCCTTAT
ATGGTGGGGAA 

BECN1 
#4 

TAATACGACTCACTATAGGTCCC
GCTACCCGGTGGCAT 

TTCTAGCTCTAAAACAATGCCAC
CGGGTAGCGGG 

LAMP2 
#1 

TAATACGACTCACTATAGGATAG
TGGTGCAATTCGGAT 

TTCTAGCTCTAAAACGATCCGAA
TTGCACCACTA 

LAMP2 
#2 

TAATACGACTCACTATAGGCGTG
AACATCCCAATAGTA 

TTCTAGCTCTAAAACGTACTATT
GGGATGTTCAC 

ULK2 
#1 

TAATACGACTCACTATAGGCCTT
CGCCGTGGTCTTCCG 

TTCTAGCTCTAAAACCCGGAAGA
CCACGGCGAAG 

ULK2 
#2 

TAATACGACTCACTATAGGATGC
GAATACCACTGACG 

TTCTAGCTCTAAAACACGTCAGT
GGTATTCGCAT 

VPS34 
#1 

TAATACGACTCACTATAGGCTAT
ATCTACAGTTGTGAC 

TTCTAGCTCTAAAACGGTCACAA
CTGTAGATATA 

VPS34 
#2 

TAATACGACTCACTATAGGCTTT
GTAGGATGTTCTCAC 

TTCTAGCTCTAAAACGTGAGAAC
ATCCTACAAAG 

ATG12 
#1 

TAATACGACTCACTATAGGTTTT
TCTTGGTGTCGCCAG 

TTCTAGCTCTAAAACGCTGGCGA
CACCAAGAAAA 

ATG12 
#2 

TAATACGACTCACTATAGGAGCG
AACCCGAACCATTC 

TTCTAGCTCTAAAACTGAATGGT
TCGGGTTCGCT 

PTEN 
#1 

TAATACGACTCACTATAGGAAAG
ACTTGAAGGCGTATA 

TTCTAGCTCTAAAACGTATACGC
CTTCAAGTCTT 

PTEN 
#2 

TAATACGACTCACTATAGGGTTT
GATAAGTTCTAGCT 

TTCTAGCTCTAAAACCAGCTAGA
ACTTATCAAAC 
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PCNA 
#1 

TAATACGACTCACTATAGGTACC
GCTGCGACCGCAAC 

TTCTAGCTCTAAAACAGTTGCGG
TCGCAGCGGTA 

PCNA 
#2 

TAATACGACTCACTATAGGAACA
AGTAATGTCGATAAG 

TTCTAGCTCTAAAACCCTTATCG
ACATTACTTGT 

FOXO3A 
#1 

TAATACGACTCACTATAGGTCGA
GAGCTCGCCCGACAA 

TTCTAGCTCTAAAACTTTGTCGG
GCGAGCTCTCG 

FOXO3A 
#2 

TAATACGACTCACTATAGGCCGG
CGGCGGGCTGTCTCC 

TTCTAGCTCTAAAACTGGAGACA
GCCCGCCGCCG 

GFP 
#1 

TAATACGACTCACTATAGGTGAA
CCGCATCGAGC 

TTCTAGCTCTAAAACTTCAGCTC
GATGCGGTTCA 

GFP 
#2 

TAATACGACTCACTATAGGGAGC
GCACCATCTTC 

TTCTAGCTCTAAAACTGAAGAAG
ATGGTGCGCTC 

 

Table 4.2 Genomic DNA primers 

gRNA Left Primer Right Primer 
Product 
Size (bp) 

ATG5 
#1 

AGCTTCACTTTGGCTGTGG
T 

GCCTCCAGGTTCTTAGCTT
C 

506 

ATG5 
#2 

GCTTCTCATTGTGCCATCT
T 

CATTTCAGTGGTGTGCCTT
C 

810 

ATG7 
#1 

GGGATTATGTCAGGGAAG
GA 

CCTAAACTGGAGGGCAGA
GA 

534 

ATG7 
#2 

GACCAGGAATTTGGACAG
GA 

CCATGGATAAGCAACTGAA
GG 

518 

FIP200 
#1 

GTGTGGCAGACCTCAAGC
A 

CCGTTCTCCTTCACCCATC 733 

FIP200 
#2 

GACAACCATCCCTTTGTTC
C 

AGTGCTGGGACGGTATGT
GT 

577 

STX17 
#1 

CTGACAGTAGAAGTGACC
CAACA 

TGCACCTGAAGAAGACAG
GA 

555 

STX17 
#2 

AGGTGGTTGGATTGGTGA
AG 

CATGGATCTGGTCAAAGAA
GG 

541 

AMBRA1 
#1 

AGGTACCTGTCTGGGCTG
AA 

TCTCTTCCTGTGCCTGGTG 600 

AMBRA1 
#2 

TTACCAAGCTAGGCCAAAG
A 

AAACTCGGTGGATGAAAT
GG 

526 

ATG3 
#1 

TGGCTGTCAAGATTACACA
GGA 

CGGTTAAGTATCTGCCTCC
AAC 

757 

ATG3 
#2 

TGCCCTAGCATACAGCACT
T 

TGGGCCCTTTCCCTCTAC 501 

ATG13 
#1 

GTTATGGTCATTGGCGTCT
T 

CCTCTGGGATGTCTTTGAT
TG 

658 

ATG13 
#2 

AGTAGTCACCTCTCCCACT
AGAAA 

GGGCAAGGGAGAAATGAA 526 
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BECN1 
#1 

CCTGACTCTGGGCTGATAA
A 

GTCAGAACTGCTTCTTGTT
GGA 

504 

BECN1 
#2 

GCCTCTGTGGTTTATCAAG
TCC 

AAGTGATGGGCCAGGTAT
GT 

532 

BECN1 
#3 

CGGAGTGCAGATCCCTTG CATACTTGGGCCGGTCGT 581 

BECN1 
#4 

CATGGACGTCGGTGCTGT CGGAGTGCAGATCCCTTG 623 

LAMP2 
#1 

GTTCAGGCCACTTTCCCTT
T 

CCCTTTCCCTCTGTCCTCT
C 

523 

LAMP2 
#2 

AGTCCAGCGTAAGCTACAA
ACA 

CTGCAGCTCGTCTTTCCTT
C 

519 

ULK2 
#1 

GCGACTTCGAGTACAGCA
AGAG 

CGCTGTGCAAGGAGGAAA 314 

ULK2 
#2 

GCTGGGAGTCATGTTTGG
AG 

CCCAGTTCTTTATTCCCTC
TGT 

508 

VPS34 
#1 

AAAGTTGGGCGGGGATTT 
GCAGGCTGATAACCATCTT
CT 

338 

VPS34 
#2 

AATGGGAGAACCATCTGG
AA 

AGGGAAACTAAGGCCTGG
AA 

535 

ATG12 
#1 

CGCTCGGAAGAAGAGAGG
AG 

GGAGGTCTCCCCAGAAAC
A 

453 

ATG12 
#2 

GTTCAGCGTAATAGCCAGT
GTT 

CTCAGGAAGACCAGGAAG
G 

534 

PTEN 
#1 

CATTATTGCTATGGGGTTT
CCT 

AAATTAACTTGGTAAGAAG
CGTTG 

331 

PTEN 
#2 

CTAGGGCCTCTTGTGCCTT
T 

GCCTCTTCCCTCTGATATG
TTG 

506 

PCNA 
#1 

CTGGTCCAGGGCTCCATC 
CAAGCCAAAGGGTTCTCAT
C 

534 

PCNA 
#2 

TTTGCACGTATATGCCGAG
A 

GCGGTTGAACATCTACCTT
TG 

822 

FOXO3A 
#1 

CTACGCCGACCTCATCACT
C 

GCCGCAGACCTACCTCCT 544 

FOXO3A 
#2 

GAACTCTATCCGGCACAA
CC 

TTGTCAGAGAGCCCATCAT
TC 

534 

 

Cell Culture and Preparation 

All cell lines were maintained at 37°C and 5% CO2 in DMEM (Corning, 10-017-CV) 

supplemented with 10% FBS (Peak Serum, PS-FB3), 1X penicillin-streptomycin 

(Corning, 30-002-CI), and 1 mM sodium pyruvate (Corning, 25-000-CI). Cells were 
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validated, confirmed mycoplasma negative, and only used for up to 20 passages. The 

cell lines were all transduced with both Incucyte NucLight Red Lentivirus Reagent with 

puromycin selection (Essen Bioscience, 4476) and GFP. Cells were sorted for over 99% 

double positive RFP/GFP cells using a FACSAria III (BD Biosciences) prior to use in 

experiments.  

 

CRISPR/Cas9 Screen 

To perform CRISPR/Cas9 transfections, RFP+/GFP+ were used. 300 cells/well 

were plated in 100 µL in a 96-well plate the day before transfection. The day of the 

transfection, Cas9 and gRNAs were thawed on ice. Optimem (Fisher Scientific, 

31985062) was brought to 37°C. Lipofectamine CRISPRMAX Cas9 Transfection Reagent 

(Invitrogen, CMAX00008) was brought to room temperature. Based on the Lipofectamine 

CRISPRMAX Cas9 Transfection Reagent Quick Reference, in one set of tubes, the 

scaled amounts of gRNAs for GFP, gRNAs for the gene of interest, Cas9, Optimem, and 

Cas9 Plus reagent of were added in respective order and incubated for 5 min at room 

temperature. In another set of tubes, scaled amounts of Optimem and CRISPRMAX were 

mixed then added to the first set of tubes and incubated for 5-10 min. Either 10 or 20 µL 

of transfection mix was added to each well. Transfection was kept on the cells for 4 hr up 

to 48 hr depending on the experiment and then was replaced with 200 µL fresh media. 

Media was subsequently changed every 2-3 days until the end of the assay. Cells were 

assayed on an Incucyte Zoom (Essen Bioscience) every 3 to 6 hr for 7 to 10 days. 
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Clone Selection 

To select for ATG7-/- clones, cells that had undergone ATG7 and GFP transfection 

were sorted for RFP positive only cells on a FACSAria III. Then 500 cells were plated in 

a 15 cm dish. Single colonies were grown for 10 to 14 days then selected and moved to 

individual wells of a 24-well plate. Once the population was large enough, cells were 

assessed for ATG7 loss by western blot.  

 

Western Blotting 

Cell were isolated for western blot by putting fresh lysis buffer (1% Triton X-100, 

150 mM NaCl, 10 mM Tris pH 7.5, 100 mM Na-orthovanadate [Alexis Biochemicals, 400-

032-G025], 34.8 µg/mL PMSF [Fluka Biochemica, 78830], and 1x protease inhibitor 

cocktail [Roche, 11836153001]) directly on the plate. Samples were frozen then thawed 

on ice and centrifuged at 14,000 rpm for 2 min at 4°C. Supernatant was collected. Protein 

concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, 

23225). Between 3 and 20 µg of protein was resolved on a 8-16% or 4-20% SDS-

polyacrylamide stain-free gel (Bio Rad, 4568106 and 4568095) and transferred onto low 

autofluorescence PVDF membranes using the Trans-Blot Turbo RTA Mini 0.45 µm LF 

PVDF Transfer Kit (Bio Rad, 1704274). Membranes were blocked for 1 hour at room 

temperature in either 5% nonfat dry milk (LC3, p62, FOXO3A, a-tubulin) or 5% BSA 

(ATG7, a-tubulin) in tris-buffered saline/Tween 80 (TBST) (10 mM Tris pH 7.5, 100 mM 

NaCl, and 0.1% Tween 80 [Fisher Chemicals, BP338-500]). Blots were probed overnight 

at 4°C with polyclonal anti-LC3B antibody (Novus Biologicals, NB100-2220) at 1:1,000, 

monoclonal anti-a-tubulin antibody (Sigma-Aldrich, T5168) at 1:5,000, monoclonal anti-
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p62/SQSTM1 antibody (Novus Biologicals, H00008878-M01) at 1:1,000, polyclonal anti-

FOXO3A antibody (Abcam, ab23683) diluted to 1 µg/mL, or monoclonal anti-ATG7 

antibody (Cell Signaling Technology, 8558S) diluted 1:1,000 in blocking solution. Blots 

were washed three times in TBST then incubated at room temperature for 1 hour with 

HRP conjugated secondary antibodies anti-rabbit-HRP (Pierce, 31460) at 1:2,000 for 

LC3, ATG7, and FOXO3A or anti-mouse-HRP (Pierce, 31430) at 1:2,000 for p62 or 

1:5,000 for a-tubulin in blocking solution. Housekeeping controls were a-tubulin or total 

protein. Blots were washed three times with TBST. Immunodetection was performed 

using SuperSignal West Dura (Thermo Scientific, 34075) and imaged in a ChemiDoc 

XRS+ (Bio Rad, Hercules, CA) using Image Labs version 3.0 software. 

 

Drug, Serum Starvation, and LysoTracker Assays 

 To perform drug and serum starvation assays, cells were imaged once every 24 

hr in the Incucyte over the duration of the assay. For Lys05, cells were treated with 8, 4, 

2, 1.5, 1, 0.5, or 0 µM Lys05 4-6 hr after plating 500 cells/well in a 96-well plate. For serum 

starvation assays, 500 cells/well in a 96-well plate were plated in DMEM supplemented 

with 10% FBS a few hours before replacing the media with DMEM supplemented with 2% 

FBS (serum starved). For doxorubicin, cells were treated with 2000, 1000, 500, 250,125, 

62.5, 31.25, 15.625, 7.1825 or 0 nM doxorubicin 4-6 hr after plating 500-2000 cells/well 

in a 96-well plate. For carboplatin, cells were treated with 320, 160, 80, 40, 20, 10, 5, 2.5, 

1.25 or 0 µM carboplatin 4-6 hr after plating 500-2000 cells/well in a 96-well plate. Cell 

death was analyzed by including YOYO-1 Iodide (Invitrogen, Y3601) at 100 nM per well. 

YOYO-1 binds to double-stranded DNA as measure of dead cells in the well or cells that 
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are dying and have permeable membranes. For LysoTracker assays, 10,000 cells/well 

were plated in a 96-well plate the day before analyzing. Four hours prior to adding 

LysoTracker, cells were serum starved and/or treated with 20 µM HCQ. LysoTracker 

Green (Invitrogen, L7526) was added to wells at a final concentration of 50 nM. Plates 

were imaged as close to addition of LysoTracker as possible for highest signal. 

 

Macropinocytosis Assays 

To analyze macropinocytosis, 400,000 cells were plated in a 6-well plate the day 

before treatment. Twelve to sixteen hours prior to fluorescent tagging, media was 

replaced with fresh media, serum free media, or 2 µM Lys05. Cells were incubated with 

a final concentration of 1 mg/mL dextran-FITC (Invitrogen, D1822) for 30 min at 37 C. 

Cells were put on ice, washed three times with cold PBS, then trypsinized. Cells were 

washed one more time with PBS then fixed with 4% PFA for 15 min. Cells were washed 

once with PBS then re-suspended in PBS for flow. Flow cytometry was performed for 

RFP and FITC using a Cytek Aurora 4 laser machine then data processed in FlowJo.  

 

RNA Sequencing 

 Two days before RNA isolation, 1 million cells were plated on a 10 cm dish. RNA 

was isolated from cells directly on the plate using the Qiagen RNeasy Mini Kit (74104) 

and Qiagen QIAshredder (79654). RNA was sent to the Genomics and Microarray Core 

at the University of Colorado Anschutz Medical Campus for paired end RNA sequencing 

on an Illumina NovaSeq 6000. Quality filtering and adapter sequence trimming was done 

using Trimmomatic with a phred score > 20 using the following conditions: TruSeq3-
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SE.fa:2:30:10 CROP:130 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:50. 

HISAT2 was used to align sequences to the canine genome (v3.1). Samtools was used 

to sort and index files then featureCounts was used to quantify transcripts. Downstream 

analysis included analyzing differentially expressed genes using DESeq2 in R, performing 

gene set enrichment analysis using GSEA from MSigDB, and analyzing differentially 

expressed genes in DAVID to identify enriched pathways. Further, gene expression in 

various pathways was assessed using normalized counts. Pathway scores were 

calculated similar to the MAPK pathway activity score (MPAS) from Wagle et al [28]. 

Briefly, these scores were calculated by summing z-scores of genes within the pathway 

for an individual sample then dividing by the square root of the number of genes in the 

set. The ATG7-/- clones used for RNA seq were Abrams clone 16, D17 clone 1, Gracie 

clone 4, and OSA8 clone 3. 

 

Statistical Analysis 

All experiments were performed with technical triplicates and a minimum of three 

biological replicates. Statistical significance was determined with two-tailed unpaired t-

tests either between the gene of interest and FOXO3A or PCNA or between the parent 

and the ATG7-/- clone in GraphPad Prism. Two-way ANOVAs using multiple comparisons 

were performed on experiments using wild-type versus ATG7-/- cells. Significance is 

determined by *p £ 0.05, **p £ 0.01, ***p £ 0.001, or ****p £ 0.0001. All error bars represent 

standard deviation. 
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Results 

 

gRNAs designed for the canine genome accurately guide Cas9 to cut 

 Guide RNAs targeted to 12 genes that span the entire autophagy pathway were 

designed using the canine genome although only 8 of them were used in the subsequent 

CRISPR screen (Figure 3.2). Two gRNAs targeting different exons were made per gene 

to give confidence that at least one would work in every cell line. gRNAs against three 

control genes (FOXO3A, PTEN, and PCNA) were also designed to use as positive and 

negative controls in subsequent studies. To validate that the gRNAs would work in canine 

cell lines, genomic DNA product containing the gRNA sequence was amplified. An in vitro 

Cas9 cleavage assay was performed by combining genomic DNA with Cas9 and gRNAs 

to show that the respective gRNA precisely tells Cas9 where to cut (Figure 3.3).  

 

 
Figure 3.2 Genes targeted in the autophagic pathway. Eight genes (green) were 
targeted in the autophagic pathway for the CRISPR screen. 
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CRISPR screen reveals variable autophagy dependency in canine OSA 

 To determine if there is differential autophagy dependency in canine OSA, six cell 

lines were used in a CRISPR/Cas9 screen. All cell lines had to be optimized to achieve 

sufficient and dependable transfections. Optimization and subsequent validation of 

transfections were determined by achieving significant growth differences between 

FOXO3A and PCNA knockouts using GFP loss measured via the Incucyte as a surrogate 

for gene knockouts (Figures 3.4 and 3.5) following an assay developed by Towers et al 

 
Figure 3.3 Cas9 in vitro cleavage assays to validate gRNAs. To show that a gRNA 
guides Cas9 to cut DNA, the loss of genomic DNA and/or the gain of bands smaller 
than the genomic DNA were observed for each gRNA. To verify that cutting of the 
genomic DNA only occurred when all necessary components are were present, (lane 
4, except for ATG3#1 where it is lane 5), control samples with genomic DNA only (lane 
1), genomic DNA plus gRNA but no Cas9 (lane 2), or genomic DNA plus Cas9 but no 
gRNA (lane 3) were analyzed. The gel for ATG3#1 shows that when a gRNA is used 
whose sequence is not within the genomic DNA sequence, there is no cutting (lane 4). 
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[16]. FOXO3A is a member of the forkhead box class O (FOXO) proteins. It is a 

transcription factor involved in inducing target genes that affect apoptosis, proliferation, 

cell cycle progression, survival, and DNA damage. Deregulation of FOXO3A is highly 

associated with carcinogenesis [29]. Proliferating cell nuclear antigen (PCNA), is vital to 

DNA replication [30]. Without PCNA, cells cannot survive [31, 32]. FOXO3A is a non-

essential gene (negative control) to tumor cells since they are already tumorigenic but 

PCNA is essential (positive control) since cells require DNA replication to survive. Green 

object count was subtracted from the red object count to analyze only cells that had taken 

up the transfection.  
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Figure 3.4 CRISPR transfection optimizations. Many optimization experiments were 
performed to assess growth difference between FOXO3A and PCNA using varying 
amounts of total gRNA, transfection volumes, and transfection times since all of these 
factors affect how well the transfection works. These were the final optimization 
experiments performed where there was significant growth difference between 
FOXO3A and PCNA in Abrams (A), D17 (B), Gracie (C), OSA8 (D), OS2.4 (E), and 
Yamane (F). All transfection times were 48 hr. 

A B

C D

E F
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Once the transfections were optimized, 8 ATG genes were screened (Figure 3.6). 

Growth differences were determined by significance between PCNA or FOXO3A and the 

gene of interest at the last time point. A CRISPR knockout score (CKS) was determined 

for each gene. The area under the curve (AUC) was calculated for all genes. PCNA area 

was set to 0 by subtracting the AUC of PCNA from its own area and the FOXO3A area 

was normalized to be 1 after PCNA AUC was subtracted from FOXO3A AUC. PCNA AUC 

was subtracted from all genes of interest AUC then a normalized CKS of the gene of 

interest was calculated by taking the ratio of the gene of interest adjusted AUC to 

 
Figure 3.5 CRISPR transfection validations. To validate that transfections would 
work consistently, experiments were performed using the volume, amount of gRNA, 
and transfection time that achieved significant growth differences between PCNA and 
FOXO3A growth in the six cell lines. All transfection times are 48 hr.  
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FOXO3A adjusted AUC. Typically, the scores fell between 0 and 1, but sometimes the 

scores fell below 0 or above 1. This would indicate that an ATG gene was either more 

essential than PCNA or was less essential than FOXO3A for that cell line, respectively, 

in this particular assay. CRISPR scores are based on at least three independent 

transfection replicates with triplicates performed in each replicate (Figures 3.6 A and 

3.7). A CRISPR score above 0.5 indicates that that gene is not essential to the cells. To 

determine autophagy dependency, cell lines that had 6 or more genes with CRISPR 

scores above 0.5 were considered autophagy independent, cell lines that had 3-5 genes 

with scores above 0.5 were considered intermediately dependent, and cell lines that had 

2 or less genes with scores above 0.5 were considered autophagy dependent. The 

CRISPR scores reveal that some canine OSA lines are more dependent on autophagy 

than others but none of the cell lines tested were completely autophagy independent 

(Figure 3.6 B).  
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Figure 3.6 CRISPR ATG knockout screen. Representative ATG knockout 
experiments in Gracie (A). Significance is determined by difference in growth at the 
last time point. A comparison of CRISPR knockout scores between canine OSA cell 
lines that range from dependent to intermediately dependent on autophagy (B). 

Dependent

Intermediate

A

B
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Figure 3.7 ATG CRISPR screen in canine OSA. Plots representative of 3 or more 
individual experiments in Abrams (A), D17 (B), OSA8 (C), OS2.4 (D), and Yamane 
(E).  
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To validate that GFP loss is a good surrogate for gene loss, cells were sorted for 

RFP+/GFP- expressing cells then analyzed via western blot for the respective gene lost. 

There is less expression of FOXO3A or ATG7 in cells that concurrently do not express 

GFP compared to those where only GFP was knocked out (Figure 3.8).   

 

 

ATG7 null clones adapt to survive despite not using canonical autophagy 

 ATG7-/- clones were generated following sorting of RFP+/GFP- previously 

transfected with gRNAs for ATG7 and GFP. They were evaluated for ATG7 expression 

by western blot (Figure 3.9). Many of the clones grown out still had ATG7 expression 

(represented on D17 western blot) which is indicative of false positives in the CRISPR 

screen. This was expected since ATG7 is an essential gene based on the CRIPSR 

knockout score being less than 0.5 for all cell lines tested; therefore, most cells that lost 

 
Figure 3.8 Western blots confirm gene knockout is occurring in cells that have 
lost GFP expression. FOXO3A (left) or ATG7 (right) western blots of cells following 
live cell sorting for cells only expressing RFP.  
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GFP also lost ATG7 and should not survive. The clones that did not express ATG7 did 

not have any LC3-I to LC3-II turnover (Figure 3.10) which is typical of cells that can no 

longer use autophagy [33]. Gracie ATG7-/- clones also had increased p62 expression 

compared to the non-genetically modified wild-type (WT) which is consistent with the 

inability to use autophagy. Abrams, D17, and OSA8 ATG7-/- clones did not show obvious 

accumulation in p62 expression (Figure 3.10). This could be due to the regulation of p62 

by other mechanisms [34].   

  

 
Figure 3.9 Generation of ATG7 knockout clones in four of the canine OSA lines. 
Western blots of ATG7 confirm that clones have lost ATG7 and do not express it.  
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 Since originally ATG7-dependent cells are deficient in canonical autophagy, 

ATG7-/- clones’ growth and response to serum starvation were assessed. Cell growth 

determined by doubling times showed no difference between WT and ATG7-/- clones 

(Figure 3.11 A). Following serum starvation, Gracie WT was able to grow more than the 

ATG7-/- clones up to 96 hr before growth became similar to the clones (Figure 3.11 B). 

This suggests Gracie ATG7-/- clones are not able to survive this type of stress without 

the use of autophagy. Surprisingly, D17 ATG7-/- clones were able to grow significantly 

more than the WT despite stress from serum starvation (Figure 3.11 B). Further, D17 

ATG7-/- clones did not experience any cell death while the WT were close to 100% dead 

at the end of 7 days (Figure 3.12). Abrams and OSA8 ATG7-/- clones respond similarly 

to WT following serum starvation (Figure 3.11 B). This suggests these clones have 

adapted by modifying signaling in other cellular pathways to circumvent their lack of ability 

to use autophagy. Overall, these results indicate that not all OSA will have the same 

 
Figure 3.10 ATG7-/- clones do not express LC3-II since they cannot convert LC3-

I to LC3-II. Western blots of LC3 show that ATG7-/- clones do not convert LC3-I to 

LC3-II. p62 western blots are less conclusive.  
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cellular responses without the ability to use autophagy despite starting as intermediately 

to very autophagy dependent. 

 

 
Figure 3.11 ATG7-/- clone growth is not different than WT in full serum but serum 

starved conditions lead to variable responses. Doubling times of ATG7-/- clones 
are not different from WT (A). Growth following serum starvation (B). Death following 
serum starvation (C). 
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 The lysosomal activity of the cells was also assessed using LysoTracker in the 

IncuCyte to determine if ATG7-/- clones are upregulating the lysosomal pathway despite 

not degrading cellular components via autophagy. Overall, D17 generate more lysosomes 

than Gracie (Figure 3.13 A). D17 ATG7-/- clones had significantly more lysosomes 

 
Figure 3.12 Serum starvation of ATG7 clones. Abrams (A), D17 (B), Gracie (C), 
OSA8 (D). Top plots for each cell line are fold change growth and bottom plots are 
percent dead.  
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compared to WT, especially following serum starvation (Figure 3.13 A). Conversely, 

Gracie ATG7-/- clones had significantly less lysosomes compared to WT basally and 

following serum starvation. Further, there was no difference in lysosomal activity in D17 

WT following serum starvation or autophagy inhibition via hydroxychloroquine (HCQ) 

treatment but there were significant differences between conditions in the ATG7-/- clones 

(Figure 3.13 B). The opposite effect was observed in Gracie; serum starvation and HCQ 

treatment significantly changed the lysosomal activity in WT while those effects were 

abolished in the ATG7-/- clones (Figure 3.13 C). When analyzing gene expression in WT 

vs ATG7-/- clones using 105 genes from the lysosomal gene set from the GSEA, D17 

and OSA8 ATG7-/- clones had significantly higher expression, suggesting they are 

upregulating the lysosomal pathway compared to WT basally (Figure 3.13 D). Abrams 

and Gracie ATG7-/- clones were not significantly different from WT though they trended 

toward lower lysosomal pathway expression compared to WT. These results are 

consistent with LysoTracker where D17 ATG7-/- clones have higher lysosomal activity 

versus WT while Gracie ATG7-/- clones have lower lysosomal activity compared to WT. 

Although lysosomal activity was not assessed in Abrams or OSA8, this data suggests 

that Abrams ATG7-/- clones will behave more similarly to Gracie and OSA8 ATG7-/- 

clones will behave more similarly to D17.  
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 Different ATG7-/- clones had different enriched pathways compared to their 

respective WT (Figure 3.14). Notably, when analyzing RNA seq counts in GSEA against 

the hallmarks of cancer, three of the clones had significant enrichment in epithelial to 

 
Figure 3.13 ATG7-/- clones use the lysosomal pathway differently compared to 

WT. Lysosome activity quantified in WT versus ATG7-/- clones following imaging on 
an IncuCyte where lysosome activity (green) was normalized to cell count (red) (A). 
D17 lysosomal activity in WT and two clones (B). Gracie lysosomal activity in WT and 
two clones (C). Lysosomal pathway gene expression in WT and clones (D). Statistical 
significance is between WT and clones in each condition, the condition compared to 
control in each individual cell line, or WT vs KO in each cell line. 
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mesenchymal transition, while Gracie the ATG7-/- clone significantly downregulated the 

epithelial to mesenchymal transition pathway. Three of the clones also had enrichment in 

KRAS signaling although Abrams and D17 significantly downregulated KRAS while OSA8 

upregulated it. For a more targeted analysis, significantly differentially expressed genes 

between WT and the respective ATG7-/- clone were analyzed in DAVID, a tool that allows 

functional annotation to understand biological meaning behind large lists of genes, by 

looking at functional annotation clustering of these significantly differentially expressed 

genes in KEGG pathways (Table 3.1). When analyzing significantly downregulated genes 

in the ATG7-/- clones compared to WT, extracellular matrix receptor interaction, focal 

adhesion, and PI3K-Akt signaling was significantly enriched in Abrams, D17, and OSA8. 

This cluster was also significantly enriched based on the upregulated differentially 

expressed genes in Abrams and D17 as well. D17 also had a cluster consisting of 

extracellular matrix receptor interaction and protein digestion and absorption in the 

downregulated differentially expressed genes. OSA8 had a cluster containing PI3K-Akt 

signaling, Ras signaling, and MAPK signaling when analyzing the downregulated genes. 

Interestingly, Gracie had no functional annotation clustering in either up- or 

downregulated genes. Overall, these results suggest that these autophagy deficient cells 

are upregulating the PI3K-Akt signaling axis and that this could be a potential target for 

autophagy inhibited or deficient tumors.   
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Table 3.1. Functional annotation clustering of significantly up- or downregulated genes. 

Cell Line UP DOWN 

Abrams Extracellular matrix receptor 
interaction, focal adhesion, 
PI3K-Akt signaling 

Extracellular matrix receptor 
interaction, focal adhesion, PI3K-Akt 
signaling 

D17 Extracellular matrix receptor 
interaction, focal adhesion, 
PI3K-Akt signaling 

Extracellular matrix receptor 
interaction, protein digestion and 
absorption 

Gracie None None 

OSA8 None Extracellular matrix receptor 
interaction, focal adhesion, PI3K-Akt 
signaling; PI3K-Akt signaling, Ras 
signaling, MAPK signaling 

 

 

 
Figure 3.14 Pathway enrichment analysis in WT vs ATG7-/- clones. GSEA on all 

genes expressed following RNA seq in the ATG7-/- clones.  
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ATG7-/- clones do not respond differently to autophagy inhibition 

Since ATG7 knockout cells do not have the capability of using autophagy, their 

sensitivity to Lys05 was compared to the WT. Lys05 is an autophagy inhibitor that causes 

deacidification of lysosomes [35, 36]. Interestingly, at the concentrations used, there was 

no difference in the number of cells that were growth inhibited at 96 hr or 144 hr following 

treatment between ATG7-/- clones and WT except for OSA8 clone 3 compared to parent 

(Figure 3.15 A). Cell death was also not different between the ATG7-/- clones and WT 

(Figure 3.15 B). Lys05 targets PPT1 in the lysosome causing autophagy inhibition [35], 

and therefore PPT1 was assessed using RNA seq data between WT and ATG7-/- clones. 

All ATG7-/- clones have less PPT1 expression (Figure 3.15 C). Since lysosomal activity 

was diminished following treatment with a lysosomal inhibitor (Figure 3.13), this data 

suggests Lys05 may have another mechanism of action in these cells. 

 

 
Figure 3.15 ATG7-/- clones are still sensitive to the autophagy inhibitor Lys05. 
Median dose effect of Lys05 at 96 hr and 144 hr (A). Cell death following Lys05 

treatment for 144 hr (B). PPT1 expression from ATG7-/- clones versus WT from RNA 

seq (C). Statistical significance is WT compared to ATG7-/- clones. 
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Blocking autophagy at the lysosomal step with an inhibitor that affects more than 

just autophagy can also inhibit other metabolic scavenging pathways such as 

macropinocytosis (MP) [37]. Macropinocytosis is the non-specific uptake of fluid into large 

cytoplasmic vesicles via the lysosome-dependent degradation pathway [38]. It has been 

found that inhibiting autophagy causes an increase in macropinocytosis [39]. Therefore, 

macropinocytosis was assessed in the ATG7-/- clones to determine if they upregulate it 

compared to WT. Basally, D17 WT and ATG7-/- clones had higher levels of 

macropinocytosis than Gracie. Interestingly, under normal growth conditions, one of the 

D17 ATG7-/- clones had significantly increased macropinocytosis compared to WT and 

this effect was further enhanced under serum starved conditions (Figure 3.16 A). In 

contrast, Gracie ATG7-/- clones did not change their usage of macropinocytosis 

compared to WT. Neither the Gracie clones nor WT upregulated macropinocytosis in 

serum starved conditions. However, Lys05 inhibited macropinocytosis in all cells 

regardless of autophagy status. Gene expression of macropinocytosis-related genes from 

the Gene Ontology database was consistent with these results (Figure 3.16 B). Abrams 

and D17 ATG7-/- clones had a higher macropinocytosis score compared to WT while 

Gracie and OSA8 clones did not.  
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ATG7 deficient clones are overall not sensitized to OSA chemotherapies 

 Doxorubicin and carboplatin are first line treatments for canine OSA patients [40]. 

There are reports of doxorubicin or carboplatin treatment upregulating autophagy and 

subsequent combination autophagy inhibition with carboplatin or doxorubicin re-

sensitizes OSA to the chemotherapy in human OSA cell lines [41, 42, 43]. Therefore, 

ATG7-/- clones were assessed for sensitivity to doxorubicin and carboplatin by monitoring 

cell growth and cell death. The ATG7-/- clones of the different cell lines had varying 

 
Figure 3.16 ATG7-/- clones do not upregulate macropinocytosis in the same way. 

Macropinocytosis measured by flow cytometry following uptake of dextran-FITC (A). 
Macropinocytosis gene expression scores from RNA seq (B). Statistical significance 

is WT compared to ATG7-/- clone. 
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responses to both cell growth (Figure 3.17 A) and death (Figure 3.17 B). Abrams 

ATG7-/- clones were not growth inhibited compared to WT and actually had higher Dm’s 

than WT, indicating they grew better than WT. However, a few of the clones did have 

more cell death than WT at 72 hr. Conversely, two of the D17 ATG7-/- clones were 

significantly growth inhibited at 48 hr but cell death was not different between the clones 

and WT. Gracie ATG7-/- clones growth inhibition trended less than WT but was not 

significant. Cell death was significantly different in WT and clones at just 500 nM at 72 hr. 

Neither OSA8 ATG7-/- clone growth nor cell death was different compared to control. 

Overall, this indicates that loss of autophagy reduces cell growth in some OSA tumors 

but can actually have the opposite effect in other OSA tumors following doxorubicin 

treatment. Results were slightly different following carboplatin treatment. Cell growth was 

not significantly different between ATG7-/- clones and WT in any cell lines following 72 hr 

(Figure 3.18 A). Cell death was also not different in D17 or OSA8 (Figure 3.18 B). 

However, cell death was significantly higher in Abrams ATG7-/- clones compared to WT 

at almost all concentrations tested. Gracie also had some significant difference in cell 

death at higher concentrations of carboplatin. These results indicate that the loss of 

autophagy causes increased cell death vulnerability to carboplatin. Taken together, this 

data suggests that acquired autophagy resistance through the loss of ATG7 causes 

tumors to respond differently to standard OSA chemotherapies and does not make all 

OSA tumors more sensitive to DNA damaging drugs.   
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Figure 3.17 ATG7-/- clones have varying responses to doxorubicin. Cells affected 
measured by growth at 48 hr (A). Percent of cells dead following doxorubicin treatment 
at 72 hr (B). Statistical significance is between WT and the clone at that respective 
concentration. 
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Canine and human OSA are sensitive to HCQ 

 Since canine and human OSA have many similarities, both canine and human 

OSA cell lines were tested for their sensitivity to HCQ to determine if both species are 

affected by autophagy inhibition at the same toxicity. Both human and canine OSA are 

differentially sensitive to HCQ after 96 hr (Figure 3.19). This indicates that human OSA 

may behave similarly to canine OSA since their sensitivities to HCQ are not different. 

 
Figure 3.18 ATG7-/- clones have varying responses to carboplatin. Cells affected 
measured by growth at 72 hr (A). Percent of cells dead following carboplatin treatment 
at 72 hr (B). Statistical significance is between WT and the clone at that respective 
concentration. 
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Further, the highest achievable concentration of HCQ in patients treated with 200 to 400 

mg HCQ corresponds to between 10 and 20 µM [44, 45, 46] in vitro and these data imply 

that most OSA tumors will be sensitive to HCQ at clinically relevant concentrations, 

suggesting targeting autophagy in OSA may be a promising treatment. 

 

 

Discussion 

  

Autophagy is implicated in cancer in multiple ways. For one, certain cancers have 

differential autophagy dependency where some tumors of the same cancer type are 

dependent on autophagy for survival while autophagy is dispensable for other tumors of 

the same cancer type to survive. Autophagy is also a mechanism of resistance to many 

cancer treatments and therefore targeting autophagy could be beneficial for patients who 

are no longer responsive to their therapies. Since OSA survival rates have not improved 

 
Figure 3.19 HCQ sensitivity in osteosarcoma cell lines. There is a difference in 
sensitivity to HCQ across canine and human osteosarcoma which indicates that 
human osteosarcoma will also have differential dependency on autophagy.  
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in almost four decades, autophagy was explored by genetic and pharmacologic means in 

OSA. Here, autophagy dependency was determined in six canine OSA cell lines using a 

CRISPR knockout screen of eight autophagy genes that span the entire pathway. All cell 

lines tested were intermediately to extremely dependent on autophagy when assessed 

within the first 5-7 days of autophagy gene loss (Figure 3.6). This is the first screen in 

autophagy demonstrating that many OSA tumors are likely to be initially dependent on 

autophagy. Interestingly, all cell lines were dependent on ATG7 and ATG12 to survive. 

This suggests that the formation of the autophagosome membrane is essential for OSA 

cells. Further, the most autophagy dependent cell lines were also dependent on ULK2 

and VPS34. Recently, ULK2 downregulation has been implicated in cancer progression 

in glioma [47] and chemotherapy sensitivity in non-small cell lung cancer [48], contrary to 

what the screen revealed here. This may be because the tumors with downregulation of 

ULK2 are not dependent on autophagy to start. However, the essentiality of VPS34 in 

autophagy dependent tumors is encouraging since there are small molecule inhibitors 

that target VPS34 [49, 50]. VPS34 inhibitors have also been shown to synergize with 

chemotherapy treatment, suggesting this combination may be especially beneficial for 

autophagy dependent tumors [51]. Towers et al. performed this autophagy CRISPR 

screen in many cancer types including one human OSA cell line which was also found to 

be intermediately dependent on autophagy, implicating OSA autophagy dependency [16]. 

Further, both canine and human OSA are responsive to autophagy inhibition at clinically 

achievable doses. (Figure 3.19), implying that human OSA will behave similarly to canine 

OSA in autophagy dependency studies.  
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 Although OSA was initially dependent on autophagy, there were some cells that 

were able to survive despite the loss of functional canonical autophagy. These cells were 

no longer able to convert LC3-I to LC3-II (Figure 3.10) and grew at rates similar to their 

WT counterparts (Figure 3.11). This suggests that under selective pressure, initially 

autophagy dependent cells adapt to survive. This adaptation to survival will not be the 

same for all OSA. Although it was previously found that cells that cannot use autophagy 

are dependent on proteasomal degradation via the NRF2 pathway [16], that was not the 

mechanism of survival based on RNA seq differences between WT and ATG7-/- clones 

(data not shown). Instead, all but one of the ATG7 deficient clones upregulated PI3K-Akt 

signaling (Table 3.1). There is potential for treatment of OSA patients with combined 

autophagy and PI3K-Akt inhibition. This has combination has shown promise in breast 

cancer cells [52], hepatocellular carcinoma [53], and in glioma and prostate cancer cells 

[54] in vitro and in vivo.  

Interestingly, all of the ATG7 deficient clones were still sensitive to the autophagy 

inhibitor Lys05 (Figure 3.15). This suggests these clones are still using scavenging 

processes that involve lysosomal degradation because all clones still died at the higher 

concentrations of Ly05. Since Lys05 can affect any cellular mechanism that requires 

lysosomes and it has been recently shown that autophagy inhibition causes increased 

macropinocytosis [39], ATG7 deficient clones from two cell lines were tested for 

macropinocytosis uptake. Overall, one cell line had much lower overall macropinocytosis 

and further did not increase macropinocytosis following autophagy inhibition or in serum 

starved conditions while the other cell line had high basal macropinocytosis that was 

enhanced after serum starvation but blocked with autophagy inhibition (Figure 3.16). This 
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indicates that Lys05 and other lysosomal inhibitors are likely blocking function of other 

lysosomal scavenging pathways even when cells are able to use autophagy. Upregulation 

of macropinocytosis at levels sufficient to accelerate tumor proliferation was recently 

reported breast cancer and supports the idea that blocking multiple lysosomal 

degradation pathways may be beneficial [55]. The cell line with lower macropinocytosis 

had much lower lysosomal activity than the cell line with high macropinocytosis (Figure 

3.13), suggesting that tumor cells can be dependent on lysosomal degradation via 

autophagy but not on other lysosomal scavenging pathways. 

The various clones from different OSA tumors responded differently to standard 

OSA chemotherapies including doxorubicin and carboplatin (Figures 3.17 and 3.18). 

Surprisingly, most of the ATG7 deficient clones were not more sensitive to either 

doxorubicin or carboplatin despite the inability to use autophagy as a survival mechanism. 

Although there is some evidence that autophagy is a mechanism of resistance in OSA in 

response to doxorubicin and carboplatin [41, 42, 43], this data suggests that autophagy 

deficiency through the loss of ATG7 will not be the mechanism of resistance in many OSA 

tumors. However, since the ATG7 deficient clones were still sensitive to lysosomal 

inhibition via Lys05, combination therapy of autophagy inhibition that is a lysosomal 

inhibitor plus a DNA damaging agent such as doxorubicin or carboplatin may be more 

effective. Further, cycling autophagy inhibition with chemotherapy may also be efficacious 

to both prevent resistance to autophagy inhibition and to mechanistically change signaling 

pathways that tumor cells use to evade chemotherapy. 

Overall, identifying the subset of patients with autophagy dependent tumors can 

enhance the use of autophagy inhibitors as single therapy agents in clinic for these 
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patients. Further, understanding whether tumors become resistant to chemotherapies 

because of autophagy explicitly or because of other lysosomal degradation pathways may 

help direct the use of autophagy-specific inhibitors such as those that inhibit VPS34 or 

non-specific autophagy inhibitors such as HCQ as single therapy or as combination 

therapies. Elucidating these mechanisms in OSA is especially relevant as there is 

currently a clinical trial combining HCQ with gemcitabine and docetaxel in OSA 

(clinicaltrials.gov). Autophagy dependency and targeting chemotherapy resistance due to 

autophagy are promising aspects in OSA but more work is needed to understand in what 

context autophagy inhibition is most advantageous. 
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Chapter Four 

 

Conclusions and Future Directions 

 

Conclusions 

 

Autophagy in cancer is complex. It is still not completely clear when to inhibit or 

enhance autophagy in individual patients. Understanding how and when to modulate 

autophagy and in what context is important for the most effective anticancer therapy.  

Since HCQ is being used in many clinical trials as an autophagy inhibitor, it is vital 

to understand if and how it is effectively affecting its target. With the equivocal response 

to HCQ reported so far in clinical trials, relating the pharmacokinetics to the 

pharmacodynamics helps elucidate how HCQ is working in patients. Here, the 

pharmacokinetics of HCQ was established in vivo in non-tumor bearing mice. The 

pharmacokinetics of the metabolite DHCQ was also assessed. Since DHCQ is an active 

metabolite, it contributes to the action of HCQ. It is probably a contributing factor to 

toxicities sometimes associated with HCQ in clinical trials. With ample pharmacokinetic 

data for HCQ available in humans, the human equivalent dose in mice was established. 

This is important since it allows other researchers to use clinically achievable exposures 

in preclinical studies.  

Autophagy inhibition was assessed in multiple tissues in non-tumor bearing mice, 

and similar to clinical trials, was variable depending on the mouse and tissue analyzed. 

Although LC3-II expression was increased as a marker for autophagy, p62 was variable 
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and not consistent across HCQ-treated mice. This suggests better biomarkers are 

necessary to assess autophagy clinically. Relating the concentration of HCQ and DHCQ 

measured over time to the pharmacodynamic assessment of autophagic flux by LC3 

levels in the liver showed counterclockwise hysteresis which means although HCQ is 

quickly detected in whole blood, the effect of HCQ on autophagy inhibition is not 

immediate. Autophagy inhibition was sustained through 72 hr and likely longer than what 

was analyzed here due to the long half-life of HCQ.  

Further, cellular response in 2D cell culture, 3D tumor organoids, and tumor 

xenografts grown in mice is overall similar following HCQ treatment. This is important 

because it means that in vitro methods can be used to study cellular responses in 

experiments where it would be hard to assess responses in vivo. For instance, some 

breast cancer cell lines do not grow as tumor xenografts in mice. The methods here 

establish tumor organoids as a viable option to study cellular responses in these tumors. 

Importantly, correlating HCQ in vivo exposure as measured in patients to in vitro exposure 

also established that effects observed in response to HCQ in in vitro experiments are 

achievable in patients since concentrations of HCQ that are measured in humans are low 

enough to elicit effects in vitro.   

HCQ decreased autophagic flux regardless of autophagy dependency status in 

both 2D cell culture and tumor organoids. However, autophagy dependency made a 

difference when assessing cell death and cell cycle following HCQ treatment. HCQ failed 

to cause caspase-dependent cell death in vitro or in vivo in all tumors tested but it did 

cause more caspase-independent cell death earlier and decreased cell proliferation in 

autophagy dependent tumors but not in autophagy independent tumors. This 
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demonstrates that HCQ can be an effective anticancer therapy in the correct context (i.e., 

in autophagy dependent tumors) but that it may be better as a combination therapy 

treatment in most circumstances. Better or more specific autophagy inhibitors should also 

be considered and tested. 

Although breast cancer is known to be differentially dependent on autophagy for 

survival and this dependency correlates to autophagy inhibition, the same is not known 

in OSA. Given the lack of advancement in treatments for OSA patients, there is a need 

for more targeted therapies for OSA, and autophagy is a promising prospect. Here, OSA 

was revealed to be intermediately to very dependent on autophagy based on an 

autophagy genetic screen, suggesting autophagy inhibition may be a viable treatment 

option for many OSA patients. All OSA tumors tested are dependent on ATG7 and 

ATG12, two genes required for the elongation of the pre-autophagosome membrane. It 

would be interesting to test if targeting this step of the autophagic pathway preferentially 

affected tumor cells but not normal cells.  

While most OSA cells tested were initially dependent on autophagy for survival, 

with the correct selective pressure, some tumor cells were able to survive despite loss of 

canonical autophagy. Overall survival mechanisms have some similarities across 

different tumors such as increased extracellular matrix receptor interaction, focal 

adhesion, and PI3K-Akt signaling. However, the various clones responded differently to 

stressors. This included serum starvation; clones of two of the cell lines did not behave 

differently compared to the respective wild-type (they all died) but the ATG7 deficient 

clones of one cell line were not only able to survive, they actively proliferated in the serum 

starvation conditions and did not die. This indicates these autophagy deficient cells adapt 
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differently to the loss of autophagy. This was further supported by analyzing the number 

of lysosomes produced and the ability or lack thereof of the cells to upregulate 

macropinocytosis. One cell line and its autophagy deficient clones had lower numbers of 

lysosomes and also did not upregulate autophagy while another cell line and its clone 

had high basal lysosomal numbers and also upregulated macropinocytosis. This was 

further complicated by the fact that both cell lines and its autophagy deficient clones were 

still sensitive to lysosomal inhibition. This demonstrates the biologic complexity of 

mechanistically changing signaling pathways tumor cells use. Even if the same pathway 

is diminished, cells have drastically different responses that may be impossible to fully 

predict.  

In contrast to some literature, autophagy deficient OSA cells were not necessarily 

more sensitive to chemotherapies such as doxorubicin or carboplatin. This was further 

complicated by differences between analyzing cell growth as a measure of sensitivity 

compared to evaluating cell death since some autophagy deficient clones were not growth 

inhibited by did have higher cell death or were growth inhibited but did not experience 

more cell death. This suggests it is important to design experiments with the correct 

endpoints to understand how a drug is affecting cells. Assessment of only cell growth or 

only cell death may not be enough to elucidate what is actually going on.  

Another important thing discovered about OSA was there is no pattern of sensitivity 

to autophagy inhibition by HCQ between human and canine OSA. This suggests that 

most human OSA will likely be intermediately to very dependent on autophagy assessed 

by a genetic screen. Taking the results from the breast cancer studies, it further implies 

that HCQ sensitivity should correlate to autophagy dependency because their HCQ 
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sensitivities fall within the same ranges as breast cancer. Overall, these studies highlight 

the complexity of autophagy dependency and autophagy inhibition but shed some light 

on how to move forward with autophagy inhibition in the clinic.  

 

Future Directions 

Overall, there is still much to be learned about autophagy dependency and 

autophagy inhibition. The use of HCQ as a monotherapy for autophagy inhibition has still 

not been fully promising in clinical trials and as such, more evidence proving that HCQ 

and chemotherapy combination therapies will work is important. This should be done in 

as clinically relevant way as possible. Therefore, combination studies using tumor 

organoids would be advantageous since it is a model that more closely mimics in vivo 

and patient responses. Applying the same types of experiments used here can provide 

insight and expand upon the probable advantage of HCQ treatment as a combination 

therapy. Further, this model can be used to study how cells involved in the tumor 

microenvironment affect autophagy inhibition alone or in combination treatments due to 

the straightforwardness of co-culturing cells in organoids.  

 One of the issues the experiments here exposed is the difference between specific 

autophagy inhibition such as genetic knockout of autophagy genes versus inhibition of 

autophagy using an agent that has autophagy independent functions such as lysosomal 

inhibitors. This was apparent when ATG7 deficient cells were not sensitized to carboplatin 

or doxorubicin when those chemotherapies cause upregulation of autophagy as a 

mechanism of resistance. Therefore, combination studies should be performed to 

determine if autophagy inhibition by autophagy specific inhibitors (such as a VPS34 
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inhibitor) are sufficient to re-sensitize tumors to therapy or if there is an advantage to 

using lysosomal inhibitors in combination therapies. It may be found that lysosomal 

inhibition is more effective than specific autophagy inhibition or that in certain contexts 

specific autophagy inhibition works, but if lysosomal inhibition works all the time, it is worth 

pursuing more potent lysosomal inhibitors for autophagy inhibition in the clinic. Further, 

given that initially autophagy dependent cells were able to survive despite loss of 

autophagy, investigating cyclic therapy of autophagy inhibition with other therapies may 

help prevent autophagy resistance and also provide enough blockage of autophagy to 

keep patients sensitive to their therapies.   

There is still more work to be done to elucidate the complexity of autophagy in 

OSA patients. Some immediate experiments that can explored is a more in-depth analysis 

of the RNA seq data from the ATG7 deficient clones. Some of this data should also be 

validated in vitro and in vivo to strengthen some of the conclusions drawn from this 

bioinformatic analysis. Further, performing the autophagy CRISPR screen in human OSA 

lines would be a nice supplement to the work done in canine OSA and would provide 

further evidence for autophagy dependency in OSA. Correlating the autophagy 

dependency determined by a genetic screen here to pharmacologic autophagy inhibition 

is also important to make a stronger case for clinical trials using autophagy inhibition in 

OSA patients. It would be advantageous to generate an autophagy dependency signature 

to predict what patients would potentially benefit from autophagy inhibition. Ideally, all of 

this eventually lays the groundwork for positive outcomes from clinical trials targeting 

autophagy inhibition.  


