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ABSTRACT 
 

Beclin 1 is a haploinsufficient tumor suppressor gene that is monoallelically 

deleted or epigenetically silenced in multiple human tumor types. In human 

breast cancer, 40% of tumors exhibit monoallelic deletion of Beclin 1. 

Additionally, low Beclin 1 mRNA expression is more commonly observed in ER 

negative (ER-) tumors (HER2 and basal-like subtypes) than ER+ luminal tumors 

and reduced expression is an independent predictor of overall patient survival. 

Previous studies have implicated a role for Beclin 1 in breast cancer progression. 

For example, heterozygous loss of Beclin 1 in mice results in mammary 

tumorigenesis following parity. Furthermore, overexpression of Beclin 1 in an 

orthotopic xenograft model reduces tumor growth. The role of Beclin 1 in cancer 

has almost exclusively been attributed to its function in autophagy. However, 

recent work from our lab demonstrated an alternative role for Beclin 1 in the 

regulation of growth factor receptor trafficking and signaling in vitro that could 

contribute to cancer.  More knowledge of the role of Beclin 1 in breast cancer is 

necessary to understand its mechanism of action and to develop novel 

therapeutic approaches for patients with aggressive disease. Therefore, the 

major objective of my thesis project was to understand the molecular basis by 

which Beclin 1 contributes to breast cancer tumor growth and progression in vivo. 

 

Using in vivo models, I discovered that Beclin 1 promotes endosomal recruitment 

of hepatocyte growth factor tyrosine kinase substrate (HRS), which is necessary 
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for sorting receptors to intraluminal vesicles for signal silencing and degradation. 

Beclin 1-dependent recruitment of HRS results in the autophagy-independent 

regulation of endocytic trafficking and degradation of the epidermal growth factor 

(EGFR) and transferrin (TFR1) receptors.  When Beclin 1 expression is low, 

endosomal HRS recruitment is reduced and receptor function is sustained to 

drive tumor proliferation.  An autophagy-independent role for Beclin 1 in 

regulating tumor metabolism was also observed. Collectively, my results 

demonstrate a novel role for Beclin 1 in impeding tumor growth by coordinating 

the regulation of growth promoting receptors. These data provide an explanation 

for how low levels of Beclin 1 facilitate tumor proliferation and contribute to poor 

cancer outcomes, independently of autophagy. 
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Beclin 1 and its Functional Complexes 

Bcl-2-interacting myosin-like coiled-coil protein (Beclin 1) is a 60 KD protein that 

is the mammalian orthologue to yeast Atg6/Vps30 that was first identified through 

a yeast two-hybrid screen for its role in viral protection1. The Beclin 1 protein 

consists of 450 amino acids that form multiple domains. These domains include a 

BCL-2 binding domain, coiled-coil domain (CCD), evolutionary conserved domain 

(ECD) and a nuclear export signal (NES) (Figure 1.1A). Each domain is 

important for mediating interactions between Beclin 1 and multiple interacting 

partners. The CCD and ECD are important for interacting with binding partners 

that mediate Beclin 1’s biological functions. The NES motif of Beclin 1 promotes 

the export of Beclin 1 from the nucleus, thereby promoting its cytosolic 

localization2.  

 

 

Core Complex 

Beclin 1 functions in two main complexes that are mutually exclusive but contain 

the same core complex (Figure 1.1B)3-5. This core complex consists of Beclin 1, 

the lipid kinase class III phosphatidylinositol-3 kinase PI3KC3 (mammalian 

homologue to yeast Vps34), and the regulatory element p150 (mammalian 

homologue to yeast Vps15)6.  PI3KC3 interacts with and is activated by Beclin 1 

through its evolutionary conserved domain (ECD)7. PI3KC3 is member of a 

kinase family that phosphorylates inositols to generate 3-phosphoinositides8. 
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Beclin 1 binds and activates the kinase activity of PI3KC3 to generate 

phosphatidylinositol 3-phosphate (PI3P), a lipid product that facilitates multiple 

membrane fusion events8,9. ATG14 and UV irradiation resistance-associated 

gene (UVRAG) interact with this core complex by binding the coiled-coil domain 

(CCD) of Beclin 1. These two proteins bind the same domain of Beclin 1 but 

never at the same time; therefore they form mutually exclusive complexes and 

these complexes mediate the distinct functions of Beclin 1 (Figure 1.1B).   

 

Complex I-ATG14 

In Complex I, Beclin 1 interacts with ATG14L (mammalian homologue to yeast 

Atg14) by heterodimerizing with its CCD. ATG14L binding to Beclin 1 has been 

shown to initiate autophagy, one of Beclin 1’s well known functions. Originally 

discovered in yeast, Atg14 was found to be indispensable for autophagy in yeast 

strains10. ATG14L also helps localize this core complex to the endoplasmic 

reticulum and phagophore11. Additionally, ATG14L is important for targeting this 

core complex to membrane curvatures because it contains an intrinsic domain 

which allows it to sense PI3P rich membranes12. Because of the known role of 

ATG14L in autophagy, ATG14L is also known as Beclin-1 associated autophagy 

related key regulator or BARKOR. Recent studies show that Dapper1, a protein 

that helps target Dishevelled to lysosomes to inhibit WNT signaling, is important 

for regulating the ATG14L interaction with Beclin 1 and PI3KC3 to promote 

autophagy13. Overexpression of Dapper 1 in HEK293T cells was shown to  



Complex I Complex II 

Autophagy  Endocytic Receptor Trafficking 
Cytokinesis 

Phagocytosis 
Vacuolar Protein Sorting in Yeast 

B 

A 

Figure 1.1. Schematic of Beclin 1 and its Complexes. (A) Beclin 1 is a 450 
kd protein that consist of multiple domains which mediate its function. Beclin 1 
contained a BH3 domain, a coiled-coil domain (CCD) which interacts with 
ATG14L or UVRAG, an evolutionary conserved domain (ECD) which interacts 
with PI3KC3 and a nuclear export sequence. Protein schematic was 
generated with DOG 1.0 software (Cell Research (2009) 19: 271-273) (B) 
Beclin 1 functions in two mutually exclusive complexes with the binding 
partners ATG14L and UVRAG. These two independent complexes mediate 
Beclin 1’s functions. Figure adapted from Wirawan et al55.	

PI3KC3 
p150 

Beclin 1 ATG14L 

PI3KC3 
p150 

Beclin 1 UVRAG 

	
	
	

	
	
	

BH3 
Domain 

CCD  NES ECD 

4	
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increase the interaction of ATG14L, PI3KC3 and Beclin 1 and this interaction was 

also confirmed through a yeast two-hybrid assay13. On the other hand, knockout 

of Dpr1, the mouse gene of Dapper 1, in mouse embryonic fibroblasts reduced 

the interaction of Atg14, Vps34, and Beclin 113. 

 

Complex II-UVRAG 

In Complex II, Beclin 1 interacts with UVRAG (mammalian homology to yeast 

Vps38) via interaction with the CCD. This interaction is thought to mediate the 

autophagy-independent functions of Beclin 1. Initially it was thought that UVRAG 

was important for autophagosome formation, but other groups have shown that 

UVRAG’s homologue did not function in the autophagic process in yeast. For 

example, loss of Atg14 in yeast results in decreased autophagosome formation 

which does not occur with loss of Vps3814. In fact, loss of Vps38 in yeast led to 

dysfunctional vacuolar protein sorting due to missorting of the Carboxypeptidase 

Y, a hydrolase that is known to be trafficked from the endosome to the vacuole in 

yeast15. This same finding was also confirmed in recent studies in Arabidopsis 

plant species as loss of Vps38 resulted in impaired vacuolar protein sorting but 

did not interrupt the autophagic process16.  In mammalian cells UVRAG mediates 

endosome-endosome and endosome-lysosome fusion via its interaction with 

Class C Vps complex, a major regulator of endosomal fusion17. These studies 

suggest that the Complex II interaction of UVRAG and Beclin 1 is important for 

mediating Beclin 1’s function in endosomal trafficking.  
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Functions of Beclin 1: Autophagy Dependent vs Autophagy Independent  

Autophagy-Dependent  

Beclin 1 is well known for its role in the initiation of macroautophagy, hereafter 

referred to as autophagy. Autophagy, which translates to “self eating” in Greek, is 

a conserved homeostatic process that cells use to recycle or degrade different 

cargos into macromolecules (carbohydrates, lipids, amino acids) that can be 

used for energy supply. Degradation of these cargos occurs via the lysosome. 

Cells utilize this process during times of nutrient stress or when macromolecules 

become limited to promote survival. Additionally, cells use autophagy during the 

immune response to get rid of intracellular pathogens18. The autophagic process 

can be selective or nonselective; nonselective autophagy usually involves the 

degradation of bulk cargos whereas selective autophagy usually involves the 

degradation of damaged protein and organelles. 

 

There are three well characterized types of autophagy: macroautophagy, 

microautophagy, and chaperone-mediated autophagy19-21. In microautophagy, 

the lysosomal membrane invaginates to capture cytosolic material which is then 

degraded19. In Chaperone-mediated autophagy, proteins are directly taken up 

into the lysosome via the LAMP-2A transmembrane protein that is located on the 

lysosome. A chaperone protein mediates this process (i.e. Heat Shock 70, 

Hsc70) as well as co-chaperones that recognize a specific sequence on 

substrates22. This targets cytosolic substrates to the lysosome for degradation 
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and they are translocated into the lysosome via LAMP2. During macroautophagy, 

an isolation membrane (or phagophore) captures some amount of cytoplasm. 

The isolation membrane elongates and eventually encloses to form an 

autophagosome, a double-layered membrane vesicle. This autophagosome can 

then fuse with a lysosome (i.e. autolysosome) to digest its contents including the 

inner membrane. Additionally, autophagosomes can fuse with other cellular 

components such as an endosome (known as an amphisome) before fusing with 

a lysosome. Macroautophagy is the most common type of autophagy and is 

regulated by Beclin 1. Therefore the machinery involved in this process will be 

described in greater detail in this thesis.  

 

Phases of Autophagy 

There are 3 main phases of autophagy that occur: Initiation/nucleation of the 

phagophore, expansion/elongation of the phagophore and autophagosome 

fusion/recycling/degradation of autophagosome contents (Figure 1.2).  

I. Initiation/nucleation of the phagophore:  

a. Autophagy is under tonic inhibition through the mechanistic target 

of rapamycin complex I (mTORCI). During the fed state, mTORC1 

is bound and phosphorylates a complex of Unc-51-like kinase 

family (ULK1 or ULK2), ATG13, and RB1-inducible coiled-coil 1 

which are required for autophagy induction23-25. During starvation,  
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mTORCI is no longer active and the ULK1/ATG13/RB1 complex is 

able to initiate the autophagic process26. 

b. Following induction, the Beclin 1-VPS34-ATG14L complex is 

recruited and nucleation of the isolation membrane or phagophore 

occurs3. Removal of tonic inhibition stimulus of mTORC1 results in 

ULK1 phosphorylation of Beclin 127. This results in Beclin 1 

activation of PI3KC3 to generate PI3P, which is necessary for 

phagophore formation. Many studies suggest that the mammalian 

isolation membranes arise from endoplasmic reticulum (ER) or 

other ER associated organelles28. 

II. Expansion/elongation of the phagophore:  

a. Elongation of the phagophore is mediated by two ubiquitin like 

(UBL) conjugation systems. The first system involves the 

multiprotein complex of ATG12, ATG5, and ATG16. In this 

conjugation system ATG7 (E1-like enzyme) and ATG10 (E2-like 

enzyme) conjugates ATG12 to ATG5 in an irreversible manner29. 

Following conjugation, the ATG12/ATG5 complex then binds to 

ATG16 to create a multiprotein complex30. In the second 

conjugation system, ATG8/LC3 is processed by cysteine protease 

ATG4 to generate LC3I31. LC3-I is then lipidated with 

phosphatidylethanolamine (PE) in a series of steps involving ATG7 

and ATG3 to generate LC3II30. This series of lipidation steps help to 
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elongate the phagophore and LC3II is found on both the inner and 

outer layer of the mature autophagosome.  

III. Autophagosome fusion and degradation/recycling of autophagosome 

contents: 

a. After expansion, the phagophore elongates and fuses to form an 

autophagosome (double membrane vesicle). The autophagosome 

can then be trafficked to a lysosome where its fuses and degrades 

its inner contents. The trafficking of the autophagosome to 

lysosomes is dependent on microtubules as microtubule disrupting 

agents have been shown to prevent fusion of autophagosome and 

lysosomes32. Additional studies suggest that SNARE proteins 

mediate fusion of autophagosomes with lysosomes33. Following 

fusion with lysosomes, autolysosome contents are digested and 

materials can be used as building blocks for cellular processes.  

 

Autophagy can be either tumor suppressive or tumor promoting. The process of 

autophagy can remove damaged organelles and protein aggregates that can 

cause elevated ROS, which can lead to genomic instability. Therefore, 

autophagy acts in a tumor suppressive manner by actively surveying for these 

damaged cargos. For example, immortalized mouse mammary epithelial cells 

that are heterozygous for beclin 1, showed impaired autophagy and increased 

genomic instability as evidenced by increase phosphorylation of DNA damage 
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protein γ-H2AX that indicates double stranded DNA breaks34. This increase in 

phosphorylation of γ-H2AX during metabolic stress was also observed in 

immortalized baby mouse kidneys that were heterozygous for beclin 135. 

Damaged or misfolded proteins are directed to the autophagosome through 

several autophagy receptors such as p62, a substrate for autophagy that binds 

protein aggregates. Increased susceptibility to metabolic stress was observed in 

autophagy defective immortalized baby mouse kidney epithelial cells (atg5 -/- or 

beclin 1+/-) as they exhibited accumulation of p62, damaged mitochondria, and 

increased endoplasmic reticulum chaperone proteins36. This stress was also 

associated with elevated ROS and chromosomal instability36. Additionally, p62 

overexpression resulted in increased tumorigenesis in autophagy defective cells 

and tumors exhibited increased ROS and DNA damage36. Taken together, these 

results indicate that autophagy can suppress ROS production to prevent DNA 

damage, genomic instability and tumorigenesis.  

 

Another line of evidence that autophagy can act in a tumor suppressive manner 

is the tumorigenesis exhibited by deletion of autophagy specific genes in mice. 

For example, systemic mosaic knockout of Atg5 in mice renders mice susceptible 

to liver adenomas, or benign liver growths37. This same phenotype is also 

observed in mice with liver-specific knockout of Atg737. Additionally, frameshift 

mutations in other autophagy genes such as ATG2B, ATG5, ATG9B and ATG12 



	 12	

are observed in human gastric and colorectal tumors with microsatellite 

instability38.  These results indicate a tumor suppressive role for autophagy.  

 

Interestingly, liver tumors observed in Atg5 systemic mosaic knockout or Atg7 

liver-specific knockout mice never progress to hepatocellular carcinoma 

suggesting that autophagy may be necessary for tumor progression37.  

Autophagy can also behave in a tumor-promoting manner. This is often observed 

in ischemic areas of tumors where there is increased nutrient stress. By 

activating autophagy, tumor cells can acquire macronutrients to promote survival 

in a stressful tumor microenvironment. For example, a study done by Eileen 

White showed that under ischemic conditions, a reduction of Beclin 1 and Atg5 

expression resulted in reduced viability of immortalized baby mouse kidney cells 

(iBMKs)39. Autophagy has also been shown to be tumor promoting in p53 

dependent tumors. In an in vivo model for pancreatic tumors, knockout of Atg7 or 

Atg5 prevented tumor progression and resulted in premalignant pancreatic 

lesions that did not progress to pancreatic ductal adenocarcinoma40. Other 

studies in pancreatic ductal adenocarcinoma show that pancreatic cancer cells 

are dependent on autophagy and are sensitive to autophagy inhibition by 

knockdown of autophagy genes or chemical modulation41. These studies suggest 

a role for autophagy that is tumor promoting as knockdown or knockout of 

autophagy genes prevent survival in ischemic conditions or prevents malignant 

tumor formation in genetic mouse models.  



	 13	

 

Autophagy-Independent Functions of Beclin 1 

While the majority of studies investigating Beclin 1 have focused on its role in 

autophagy, there is considerable evidence to support that Beclin 1 has essential 

autophagy-independent functions and it is likely that these functions impact the 

role of Beclin 1 as a tumor suppressor.  For example, homozygous deletion of 

Becn1 in mice results in embryonic lethality due to failed cavitation of the 

blastocyst42. In contrast, deletion of other essential autophagy genes such as 

Atg5 or Atg7 in mice results in healthy-appearing pups that succumb to death in 

the perinatal period (1 day following delivery)43,44. This difference in knockout 

phenotype supports that Beclin 1 has other essential autophagy-independent 

roles. An additional line of evidence that Beclin 1 has autophagy-independent 

functions is apparent when comparing tumor formation in heterozygous Becn1 

mice compared to mice deficient in Atg5 or Atg7. Becn1+/- mice develop 

spontaneous lung and liver adenocarcinomas, as well as lymphomas42,45. As 

stated previously, mice deficient in Atg5 or Atg7 do not develop malignant tumors 

but form benign hepatic adenomas (non-malignant liver growth)37. This difference 

in tumorigenesis between these essential autophagy genes provides support that 

the autophagy-independent functions of Beclin 1 contribute to the development 

and maintenance of malignant tumors.  
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Beclin 1 mediates its autophagy-independent functions through Complex II with 

the binding partner UVRAG. Reported functions include cytokinesis, 

endocytosis/endocytic receptor degradation, phagocytosis, and vacuolar protein 

sorting in yeast46. Complex II was shown to play a role in cytokinesis by the 

Stenmark group. Initially they discovered that PI3KC3 and Beclin 1 contributed to 

cytokinesis as loss of PI3KC3 and Beclin 1 resulted in a defective cytokinesis 

and resulted in cells that were multinucleated47. Complex II was implicated in 

cytokinesis in a follow up study that showed that knockdown of UVRAG but not 

ATG14L in HeLa cells resulted in impaired detachment of the midbody structure, 

which is present at the cleavage furrow48. Failure of the midbody to detach 

prevents the separation of two daughter cells during mitosis. This study 

implicated Complex II in the regulation of chromosomal number during mitosis 

and the prevention of aneuploidy, which can lead to genomic stress resulting in 

pathogenic processes such as cancer development.  

 

Multiple studies have implicated a role for Beclin 1 in endocytosis that is 

mediated through UVRAG/Complex II, as restoration of UVRAG but not ATG14L 

in Becn1 deficient mouse embryonic fibroblasts was able to rescue a deficiency 

in endosome formation and support neuronal development49. The role for Beclin 

1 in endocytosis is well conserved from lower to higher organisms. Beclin 1 

homologues in Drosophila Melanogaster as well as C. elegans have been shown 

to play a role in endocytosis. In Drosophila, Atg6 mutant animals show defects in 
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endocytosis as reduced uptake of Texas Red-avidin in larval fat bodies is 

observed50. Additionally, Atg6 mutant larval fat bodies have reduced Rab5 

perinuclear staining, a marker for early endosomes50. This change is not 

observed in Atg1 (ULK1/2 in mammalians) mutant flies. Another study in flies 

showed that loss of Atg6 results in an accumulation of early and late endosomes 

as well as endolysosomes51. This phenotype was phenocopied by UVRAG 

knockdown but not ATG14 knockdown, which again indicates that the role of 

Beclin 1 in endocytosis is mediated through Complex II and is independent of its 

functions in autophagy.  In C. elegans, a defect in endocytosis was observed by 

performing fluid uptake assays with Texas-Red in animals mutant in BEC-1 (C. 

elegans homologue to mammalian Beclin 1)52. Additionally, BEC-1 mutants 

showed defects in recycling MIG/Wntless protein from endosome to the Golgi. 

Instead it was trafficked to the lysosome for degradation52. These studies in lower 

organisms indicate a role for Beclin 1 in endocytosis and this role is mediated 

through its interaction in Complex II with UVRAG.  

 

A role for Beclin 1 in endocytosis has also been shown in mammalian systems as 

well. The Stenmark group showed that knockdown of Beclin 1, VPS34, and 

UVRAG in HeLa cells led to decreased degradation of the Epidermal Growth 

Factor Receptor (EGFR) through Rhodamine-EGF pulse chase and confocal 

microscopy assays48. Additionally, they determined that this function was specific 

to Complex II as knockdown of ATG14L did not alter EGFR degradation48. 
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However, other conflicting studies suggest that Beclin 1 does not regulate EGFR 

degradation53. The Maltese group showed that suppression of Beclin 1 in 

glioblastoma cells impaired autophagy but did not change EGFR degradation53. 

These studies suggest that the role of Beclin 1 in endocytosis could be cell type 

specific.  

 

Deregulation of both endocytic receptor degradation and cytokinesis can serve 

as a nidus for cancer development. As mentioned previously, UVRAG has been 

implicated for having a role in both endocytic receptor degradation and 

cytokinesis. Therefore, studies indicate that UVRAG has tumor suppressive 

behavior. In support of this, UVRAG is located in a tumor susceptible locus that is 

commonly mutated in multiple cancers such as colon, gastric, and breast. 

Microsatellite unstable colon carcinomas cells with monoallelic UVRAG 

mutations exhibit increased tumorigenic potential54. Frameshift mutations in 

UVRAG were identified in gastric tumors with microsatellite instability55. 

Additionally, UVRAG negatively regulates proliferation as colon cancer cells with 

monoallelic UVRAG mutations exhibit enhanced proliferation56. Loss of UVRAG 

promotes genomic instability independent of autophagy, as cells that lack 

UVRAG are prone to DNA damage in the form of double stranded DNA breaks57. 

Loss of UVRAG also gives rise to cellular aneuploidy due to destabilization of 

centrosomes57. Interestingly, UVRAG mutated cell lines do not exhibit impaired 

autophagy suggesting that the function of UVRAG in cancer is independent of 
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autophagy54,57. These studies all highlight the tumor suppressive activity of 

UVRAG, which mediates the autophagy-independent functions of Beclin 1 

through Complex II. Moreover, ATG14L, which is essential for the autophagic 

process through Complex, I, has not been shown to be mutated in cancer or to 

suppress tumorigenesis.   

 

Beclin 1 and Cancer 

Since its discovery, multiple functions for Beclin 1 have been identified including 

a role for Beclin 1 in cancer. Beclin is a haploinsufficient tumor suppressor as 

heterozygous loss of Becn1 in mice leads to spontaneous tumorigenesis. 

Becn1+/- mice develop lung and liver adenocarcinomas as well as multiple 

lymphomas when compared to control mice42,45. In addition, mammary glands 

from these mice show evidence of pre-malignant hyperplastic changes. 

Moreover, Becn1+/- mice exhibit enhanced mammary tumorigenesis following 

parity58. In humans, monoallelic loss of BECN1 is observed in 40% of breast, 

50% of prostate, and 75% of ovarian cancers59. Furthermore, overexpression of 

Beclin 1 in MCF7 cells in an orthotopic xenograft model prevents tumor formation 

and proliferation, further suggesting a tumor suppressive role for Beclin 1.  

 

The role of Beclin 1 as a tumor suppresser has been questioned due to the 

chromosomal positioning of BECN1. BECN1 is located on human chromosome 

17q21.  It is positioned next to BRCA1, a well know tumor suppressor gene that 
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regulates DNA repair and is commonly deleted in breast cancer. In one analysis 

of The Cancer Genome Atlas (TCGA) data it was determined that loss of BECN1 

occurred because of large deletions of the region in which BRCA1 was located60. 

These data suggested that BECN1 loss occurred because it was passenger 

gene that is lost when BRCA1 deletions occur. This co-deletion questions a role 

for Beclin 1 as a tumor suppressor. However other evidence to support Beclin 1 

as a tumor suppressor in multiple cancers has emerged. In a study of human 

breast tumors, low Beclin 1 expression was more commonly observed in ER 

negative (ER) breast tumors (HER2 and basal-like) than luminal tumor subtypes 

and reduced expression is associated with poor prognosis61. This same study 

found that reduced BRCA1 expression was not associated with basal like or 

HER2 enriched tumors and was not associated with patient prognosis61. This 

finding suggests that BECN1 is not a passenger deletion but may have important 

independent functions in cancer.  In human breast tumors, aberrant methylation 

of BECN1 decreases expression61. Beclin 1 expression is reduced in multiple 

TNBC cells lines59. In addition, low Beclin 1 expression is an independent 

predictor of patient prognosis in multiple cancers in addition to breast cancer, 

including oral tongue squamous cell carcinoma, gastric cancer and 

hypopharyngeal cancer62-64.  

 

While Beclin 1 expression is reduced in multiple cancers, this thesis will highlight 

breast cancer because a large majority of research on Beclin 1 and cancer has 
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focused on breast. The role of Beclin 1 in breast cancer has been studied in 

multiple genetic models of mammary tumor development in mice. Tumorigenesis 

was enhanced in mice with overexpressed WNT activation and heterozygous 

loss of BECN1 following parity. Additionally in an orthotopic xenograft model, 

overexpression of Beclin 1 in MCF7 breast cancer cells was shown to reduce 

tumor formation in mouse mammary glands of nude mice65. However, in a 

polyoma middle T oncogene driven tumor model and a HER2/ErBB2 

overexpressed tumor model, tumorigenesis was not enhanced in mice with 

heterozygous loss of BECN1. This suggests that the role of Beclin 1 in mammary 

tumorigenesis is context dependent and warrants further investigation to identify 

the molecular mechanism by Beclin 1 suppresses tumor formation58,66.  

 

Endocytic Pathway and Growth Factor Receptor Regulation 

Beclin 1 plays a role in endocytosis and reduced expression of Beclin 1 results in 

reduced degradation of some receptors (i.e. EGFR) that undergo endocytosis. 

Deregulation of growth factor receptor signaling can promote tumorigenesis. 

Therefore, insight into the function of Beclin 1 as a tumor suppressor can be 

gleaned by understanding the role of endocytosis in the regulation of growth 

factor receptor expression and function. Endocytosis is a process in which cells 

internalize membrane surface proteins or macromolecules that are targeted to 

different cellular compartments. Once internalized, cargos are sorted into 

intracellular vesicles called endosomes. Cargos that are packaged into 
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endosomes can have multiple fates ranging from recycling back to the plasma 

membrane or targeting to the lysosome for degradation. Deregulation of this 

intricate movement of internalized cargo has been implicated in multiple disease 

pathologies including neurodegenerative disorders, metabolic syndromes and 

cancer.  

 

There are multiple forms of endocytosis but the main two mechanisms by which 

endocytosis occur is through either Clathrin-mediated or caveolae-mediated 

endocytosis.  

I. Clathrin-mediated endocytosis (CME): Clathrin mediated endocytosis, 

also known as receptor-mediated endocytosis, is the most commonly 

studied form of endocytosis67. This mechanism involves the formation 

of clathrin coated pits as well as clathrin coated vesicles. Two of the 

most well studied receptors that are trafficked by CME are the low-

density lipoprotein (LDL) receptor and the Transferrin receptor (TFR1). 

The core machinery needed to facilitate CME includes clathrin, adaptor 

proteins and dynamin68. CME initiation occurs when adaptor protein 2 

(AP2) is recruited to lipid rich portions the plasma membrane69. 

Recruitment of AP2 allows for the assembly and recruitment of clathrin 

heavy and light chains creating the “pit”. This then allows for the 

docking of different cargo to the clathrin-coated pit. Clathrin coated 

vesicle formation is then mediated by dynamin, a GTPase which 
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recognizes BAR domain proteins that interact through Dynamin’s 

proline-rich domain70. Dynamin encircles clathrin coated invaginations 

to cause scission71. This creates the separation between the plasma 

membrane and the new clathrin coated vesicle. Clathrin is then 

removed from the vesicle through heat shock cognate 70 (Hsc70) and 

newly formed vesicles are trafficked to different cellular compartments.  

II. Caveolae-mediated endocytosis (CavME): Caveolae, the location of 

CavME, are flask or omega shaped invaginations that are present in 

most eukaryotic plasma membranes72,73. While not well understood, 

the main structure of caveolae consists of caveolin-1, caveolin-2 and 

caveolin-3, integral membrane proteins that insert into inner leaflets of 

the membrane bilayer and bind cholesterols to serve as a scaffold for 

different cargos72,74. Budding of caveolae is mediated by different 

kinases (src-family of kinases) and phosphatases75,76.  Similar to CME, 

dynamin triggers fission of caveolae to separate them from the plasma 

membrane77. Caveolae that are removed from the plasma membrane 

are then trafficked to different cellular localizations via the actin and 

microtubule cytoskeleton78.  

The endocytic pathway is made up of three main types of endosomes. The early 

endosome (EE) is responsible for receiving cargo from multiple endocytic entry 

points79. The late endosome (LE) targets endosomal contents to the lysosome or 

trans-golgi network79. The third component is the recycling endosome (RE), 
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which takes cargo from the EE population, and recycles this cargo back to the 

cell surface79. A small family of GTPases, a superfamily of enzymes that 

hydrolyze Guanosine Triphosphates (GTPs), known as Rab GTPases, regulate 

the endocytic process. Additionally, these Rab GTPases localize to different 

endosomal compartments (i.e. EE, LE, and RE). Over 60 Rab GTPases have 

been identified in the human genome and different Rabs localize to and are 

markers of specific endosomal compartments79. The early endosome is 

characterized as being Rab5 and Rab4 positive. Rab5 is one of the most 

commonly characterized Rab GTPases present on the early endosomal vesicle. 

Late endosome are characterized as Rab7 positive and recycling endosomes are 

Rab11 and Rab4 positive. Trafficking of cargos through these different 

endosomes (EE, LE, and RE) is crucial in the regulation of intracellular 

signaling79.  

 

Endocytic Regulation and Growth Factor Signaling 

The endocytic pathway can regulate the trafficking of multiple membrane proteins 

to different intracellular compartments. Additionally, the endocytic pathway can 

also regulate growth factor receptor signaling by recycling or degrading receptors 

thereby maintaining or inhibiting their signals, respectively. For example, multiple 

receptor tyrosine kinases (RTKs) are regulated by endocytosis. RTKs are 

transmembrane receptors for ligands such as growth factors, cytokines, and 

hormones that regulate multiple cellular processes. Upon ligand binding, a series 
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of tyrosine phosphorylation events leads to signal transduction triggering 

activation of downstream pathways. In order for the receptor to be recycled or 

degraded, RTKs undergo endocytosis through various endocytic compartments 

to be removed from the cell surface. Signaling through RTKs is tightly regulated 

through both space and time by intracellular trafficking components, and the 

process of endocytic internalization, degradation, and recycling of RTKs is 

fundamental for this regulation. Deregulation of these signaling pathways has 

been implicated in multiple disease pathologies including cancer initiation and 

progression. I will describe the regulation of RTKs by using the Epidermal Growth 

Factor receptor (EGFR) as an example because the endocytic regulation of 

EGFR has been studied most extensively.  

 

EGFR, also referred to as ErbB1/HER1, is one of the most commonly studied 

members of the EGFR family of RTKs that includes ErbB2/HER2/Neu, 

ErbB3/HER3, and ErbB4/HER4. Signaling through the EGFR leads to a multitude 

of functional downstream outcomes including cellular proliferation, differentiation, 

migration, growth and inhibition of apoptosis. The activation and downstream 

activity of the receptor is mediated by an extracellular ligand binding domain, 

transmembrane domain, kinase domain and the C-terminal tail domain.  

Following ligand binding, single EGFR monomers undergo dimerization and 

transphosphorylation of the C-terminal domain. Dimerization of the EGFR was 

first appreciated by Yarden and Schlessinger in the presence of the EGF 
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ligand80,81. Transphosphorylation of the EGFR allows for the phosphorylation of 

multiple tyrosine residues in the C-terminal tail domain. Following 

transphosphorylation, several proteins are recruited, such as GRB2 and SOS, 

which activate downstream RAS/RAF/MEK/ERK to promote cellular proliferation 

as well as PI3K to activate downstream AKT/mTOR signaling which promotes 

cell survival82. In addition to the RAS/RAF/MEK/ERK and AKT/mTOR pathways, 

dimerization of EGFR monomers can also activate other downstream signaling 

pathway axes such as PLCy1-PKC, JNK, and JAK-STAT. After activation of 

downstream signaling, EGFR signaling must be terminated. Activated EGFR is 

internalized through CME or CavME to attenuate signals83,84. Similar to other 

RTKs, once internalized, EGFR can be recycled back to the membrane or 

targeted to the lysosome for degradation.  

 

RTK Degradation and Recycling 

Activation of RTKs and subsequent degradation or recycling of receptors is 

regulated by the endocytic process. Internalized receptors can be ubiquitinated 

and this ubiquitination controls trafficking through the endosomal pathway. EGFR 

is internalized from the plasma membrane through CME and CIE pathways in an 

EGF ligand concentration dependent manner. Studies suggest that at low 

concentrations of EGF, CME was shown to be the route of internalization, 

however at high concentrations of EGF, CIE was determined to be the main 

mechanism of internalization85. However, a controversial study indicated that 



	 25	

EGFR internalization is impaired at both high and low concentrations of EGF in 

CIE86. EGFR is ubiquitinated by the Cbl family of ubiquitin ligases87. c-Cbl binds 

activated EGFR, which leads to mono-ubiquitination of the receptor88. Cbl along 

with the adaptor protein CIN85 were shown to interact with EGFR to mediate its 

endocytosis and degradation89. Ubiquitination of receptors allows for binding of 

other proteins that will change the fate of the receptor for either degradation or 

recycling. Similar to the EGFR, other RTKs such as the insulin-like growth factor 

receptor 1 (IGF-1R) are targeted for degradation through ubiquitination but this 

occurs through different adaptor proteins. Nedd4, an E3 ligase, mediates 

ubiquitination of the IGF-1R, which is internalized by both CME and CIE 

mechanisms90,91. Additional ubiquitin ligases have been shown to ubiquitinate 

IGF-1R to mediate endocytosis such as Mdm2 and c-Cbl92,93. 

 

Once internalized, key decision-making steps occur where RTKs are sorted into 

different endosomal compartments.  Such compartments include the recycling 

endosome (prolongs receptor signaling) or lysosome (attenuates receptor 

signaling). Ubiquitination is the key step in the degradation of RTKs as it tags 

proteins that are destined for lysosomal degradation.  Ubiquitinated cargos in 

endosomal membranes are detected by the endosomal-sorting complex required 

for transport (ESCRT) machinery (Figure 1.3)94. The ESCRT machinery, first 

discovered in yeast, is highly conserved in mammalian systems95. In yeast, 

depletion of the class E vacuolar sorting proteins (Vps) was found to cause  



Figure 1.3. Schematic of the ESCRT machinery. The ESCRT machinery is 
recruited to endosomal membranes by the FYVE domain of HRS binding to 
PI3P enriched at endosomes. This allows for other ESCRT-0 members to be 
recruited. The UIM domains of both HRS and STAM recognize and bind 
ubiquitinated cargos for sorting into intraluminal vesicles of the multivesicular 
body. ESCRT-I is recruited to the endosomal membrane by the interaction of 
the UEV domain of TSG101. ESCRT-II is then recruited by the interaction of 
Vps28 and the GLUE domain of EAP45. ESCRT-III is sequentially recruited by 
the interaction of EAP20 of ESCRT-II with CHMP6. ESCRT-III when activated 
encloses a ring around ubiquitinated cargos. The ESCRT machinery is 
removed by the ATPase Vps4 prior to sorting cargos to intraluminal vesicles. 
Adapted from Williams and Urbe94. 	
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defects in endosomal sorting as well as enlarged prevacuolar compartments that 

lacked internal vesicles96. These Vps proteins were found to assemble into multi-

subunit machinery consisting of ESCRT-0, I, II, and III. The ESCRT subunits are 

recruited to endosomal membranes in a sequential manner (i.e. 0 then I, II, and 

III) and facilitate trafficking of proteins to intraluminal vesicles (ILV), which go on 

to form the multivesicular body (MVB). The contents of the MVB get degraded 

upon fusion with the lysosome. The sequential recruitment of the ESCRT 

complexes to the endosome is termed the conveyor belt method97.  

 

ESCRT-0 consist of Hepatocyte Growth Factor-regulated Tyrosine Kinase 

Substrate HRS (mammalian orthologue to yeast Vps27) and Signal Transducing 

Adaptor Molecule STAM (mammalian orthologue to yeast Hse1) and initiates 

MVB formation by recognizing ubiquitinated cargo98,99. HRS is recruited to 

endosomes through binding of its Fab 1, YOTB, Vac 1, EEA1 (FYVE) zinc finger 

domain to PI3P and binds ubiquitinated proteins through its ubiquitin-binding 

motif (UIM)100-102. Following recruitment of ESCRT-0, ESCRT-I is recruited to 

endosomal membranes through HRS of ESCRT-0. ESCRT-I member TSG101 

binds HRS through its UEV domain103. ESCRT-I contains TSG101 (mammalian 

orthologue to yeast Vps23), Vps28, Vps37A-D, and ubiquitin associated protein 1 

(UBAP1). ESCRT-II is recruited to the endosomal membrane by Vps28 of 

ESCRT-I, which binds the GLUE domain of EAP45 (mammalian orthologue to 

yeast Vps36)104. ESCRT-II consists of EAP45 (mammalian orthologue to yeast 
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Vps36), EAP22 (mammalian orthologue to yeast Vps22) and two EAP20 

(mammalian orthologue to yeast Vps25). ESCRT-III is made up of 4 core 

subunits CHMP6, CHMP4(A-D) CHMP3, and CHMP2(A-B), (mammalian 

orthologue to yeast Vps20, Snf7, Vps24, Vps2 respectively). Multiple ESCRT-III 

complexes are recruited to the endosome by CHMP6 and once activated forms a 

ring structure around ubiquitinated cargos105. Vps4 is AAA+ ATPase is involved 

in the final steps of MVB biogenesis and helps to cycle ESCRT complexes off of 

endosomal membranes97,106. 

 

EGFR is targeted to the lysosome via the endosomal-sorting complex required 

for transport  (ESCRT) machinery. The ESCRT-0 proteins HRS and STAM, 

which initiate the targeting of this receptor to the lysosome, recognize 

ubiquitinated EGFR. Ubiquitination increases trafficking of the EGFR to the 

multivesicular body to enhance lysosomal degradation107. HRS and STAM are 

phosphorylated by EGFR at the endosomal membrane108. Recruitment of 

ESCRT-0 allows for the initiation of the degradative process of EGFR.  Although 

degradation of EGFR has been shown to occur through the lysosome, studies 

have also implicated a role for the proteasome in the degradation of EGFR. Cells 

treated with proteasome inhibitors exhibit delayed degradation of EGFR109. 

Similar to EGFR, studies suggest that IGF-1R is degraded at the proteasome as 

proteasome inhibitors reduce the degradation of the receptor110. This inhibition 

could be due to a decrease in ubiquitination which is needed for EGFR or IGF-1R 
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to be trafficked to the lysosome or because a portion of EGFR or IGF-1R is 

degraded at the proteasome.   

 

Although EGFR is degraded at lysosomes, another fate of the receptor is 

recycling to the cell surface. Studies show minimally ubiquitinated EGFR 

escapes degradation at the lysosome111. EGFR is trafficked to the recycling 

endosome through Rab35 or Rab11 via the perinuclear recycling compartment. 

The clathrin adaptor protein Eps15 was shown to mediate recycling of EGFR via 

Rab11 to traffic back to the membrane112.  

 

Intracellular Signaling Through Endosomes  

RTKs were originally thought to only transmit signals from the plasma 

membrane. However, this idea was challenged when subcellular fractionation 

identified downstream signaling proteins that are activated downstream of RTKs 

in endosomes. In rats injected with EGF prior to euthanization, fractionation 

experiments in liver tissues found that downstream adaptor proteins such as 

GRB2 and SHC localized with EGFR in large endosomes113. These same 

findings were identified following activation of the insulin receptor, another RTK, 

as activated MAPK accumulated in endosomes when detected by magnetic 

microbeads114. These experiments highlighted endosomes as potential platforms 

for signal propagation in the cytoplasm upon RTK activation beyond the plasma 

membrane.  
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The functional relevance of endosomal signaling was identified in studies 

examining signaling in neurons. Nerve Growth Factor (NGF), which activates the 

TrkA receptor, propagates signals through endosomes down long neuronal 

axons and disruption of this signaling allowed for sustained signaling 

downstream of the TrkA receptor115,116. The actual transport of endosomes was 

visualized in axons by live imaging using quantum dot labeled NGF; transport of 

NGF was found to be unidirectional117. These results established a role for 

receptor trafficking of signaling downstream of the plasma membrane and 

identified a role for endosomes as signaling-competent compartments in the 

cytoplasm. These findings suggested that these signaling-competent endosomes 

regulate signaling in different subcellular locations upon ligand activation of 

receptors.  

 

The ability of RTKs to propagate signals through endosomes has been shown in 

other studies. EGFR is associated with multiple of its downstream effectors in 

different endosomal compartments using endosomal isolation and 

immunofluorescence techniques118. In one study, the Wiley group used a 

reversible biotinylated EGFR antibody to isolate EGFR and associated proteins 

in different subcellular compartments and generated phospho-specific EGFR 

antibodies to examine activity of the receptor118. Using the biotinlyated antibody 

and fluorescence techniques, they determined that EGFR remains active in 
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endosomes and associated with different adaptor proteins118. A more recent 

study using FRET microscopy determined that EGFR remains phosphorylated 

and active in endosomes and can recruit adaptor protein Shc1119. These studies 

indicate further that signaling can be propagated in endosomes.  

 

Signaling from endosomes and silencing of signals is tightly linked. The ESCRT 

machinery, which binds ubiquitinated cargos destined for degradation, is required 

for the generation of intraluminal vesicles. The generation of intraluminal vesicles 

that merge to create MVBs removes active receptors from a signaling competent 

compartment to a signaling-incompetent compartment, thus attenuating signals. 

Deregulation of receptor trafficking can lead to increased signaling in signaling 

competent compartments and this aberrant signaling can promote disease 

pathogenesis. This delay may help to explain why many cancers, including 

breast, have elevated activity of RTKs. 

 

Alternative subcellular mechanisms to regulate signaling: 

While the endosomal pathway is one way to regulate receptor signaling, other 

mechanisms for controlling signaling exists. For example, the cellular 

cytoskeleton is an important regulator of growth factor receptor signaling 

downstream of multiple RTKs. The cytoskeleton has the ability to regulate 

receptors and aid in their activation. The cytoskeleton can impact receptor 

signaling, dimerization, and endosomal trafficking. The actin cytoskeleton can 
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also work with the microtubule axis to drive movement of different endosomal 

vesicles (EE, LE, and RE), which aid in the movement of receptors or different 

cargos to multiple subcellular sites120. This can also influence receptor signaling. 

For example, the RTK and proto-oncogene c-Met was shown to have sustained 

signaling in perinuclear endosomes through activation of Rac-1, a Rho GTPase 

family member. Rac-1 is known to initiate actin cytoskeleton changes that 

promote cellular migration121,122. In this study they were able to show that Rac-1 

dependent changes in the cytoskeleton promoted enhanced signaling from active 

c-Met in perinuclear endosomes123. Another example of RTK signal regulation by 

the cytoskeleton was shown through the neurofibromatosis type 2 (NF2) tumor 

suppressor Merlin. Merlin interacts with alpha-catenin, an actin binding protein, 

and can localize to the cortical cytoskeleton124. Merlin regulates EGFR signaling 

by immobilizing EGFR to the plasma membrane and preventing its 

internalization125. Additionally loss of Merlin was shown to enhance recycling of 

the EGFR126. These studies indicate an important role for cytoskeletal regulation 

of growth factor receptors.  

 

Another factor that can influence RTK signaling is plasma membrane lipid 

compositions. Lipid rafts, or area of the plasma membrane that are high in 

cholesterols and sphingolipids can either negatively or positively regulate RTK 

signaling. For example, EGF stimulation in methyl-β-cyclodextrin (cholesterol 

inhibitor) treated NIH 3T3 cell, leads to increase activation of MAPK downstream 
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of EGFR127,128. Analysis of other RTK signaling pathways such as the Insulin 

receptor (IR) or Platelet derived growth factor receptor (PDGFR) reveal that 

depletion of lipid raft cholesterol impairs downstream signaling129,130. The results 

of these studies indicate the importance of cholesterol and lipids to RTK function 

and signaling. It also highlights a receptor dependent role for lipids as loss of 

cholesterol can either promote or inhibit signaling.  

  

Beclin 1 Regulation of Growth Factor Receptor Signaling 

As previously mentioned, Beclin 1 has been implicated in having a role in the 

endocytic process that has been conserved from lower organisms to complex 

mammalians. Beclin 1 regulates vacuolar protein sorting in yeast. Atg6 mutant 

Drosophila show defects in endocytosis as well has reduced Rab 5 expression in 

their larval fat bodies50. Additionally, C. elegans with mutant BEC-1 have reduced 

endocytosis of Texas-Red marker uptake and defects in the recycling and 

trafficking of the MIG/Wntless protein52. In a mammalian system, knockdown of 

Beclin 1 leads to reduced degradation of the EGFR through confocal 

microscopy48. Together, this literature suggests a role for Beclin 1 in regulating 

endocytosis.  

 

Given that multiple receptors and their signaling are regulated at the level of 

endocytosis, it begs the questions of whether or not Beclin 1 can regulate growth 

factor receptor signaling through its regulation of endocytosis? Several studies 
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provide evidence that Beclin 1 can regulate growth factor signaling at the level of 

the endosome. In lower organisms such as Drosophila, depletion of Atg6 

increases Notch in early endosomes as well as enhanced Notch signaling from 

endosomes51. This enhanced Notch signaling was detected by a EGFP 

reporter51. In a mammalian system using mouse embryonic fibroblast (MEFs), 

knockdown of Beclin 1 resulted in reduced degradation of EGFR following EGF 

stimulation49. 

 

Previous work from our lab identified a novel role for Beclin 1 in regulating growth 

factor receptor signaling in multiple breast cancer subtypes. Knockdown of Beclin 

1 resulted in enhanced and sustained signaling activity following EGF or IGF1 

stimulation. We identified that loss of Beclin 1 results in delayed endosomal 

maturation as evidenced by retained APPL+ endosomes131. APPL is an adaptor 

protein that is present on early endosomes in the absence of PI3P132. Following 

accumulation of PI3P at endosomal membranes, APPL is displaced by FYVE 

domain carrying proteins to continue the endosomal maturation process132. 

shBECN1 cells stimulated with EGF or IGF1 exhibited increased APPL+ 

endosomes suggesting a delay in maturation131. Additionally, analysis of human 

tumors showed an inverse correlation of Beclin 1 expression with AKT or MAPK 

expression. Taken together, these data suggest a role of Beclin 1 in the 

regulation of growth factor receptor signaling. Given that this work was performed 
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in vitro, it is important to understand whether Beclin 1 can regulate growth factor 

receptor signaling in vivo.  

 
Rationale for Thesis Project 

 
Multiple studies have implicated Beclin 1 in having a role in cancer progression. 

This role for Beclin 1 in cancer has been attributed almost exclusively to its role 

in autophagy. However multiple studies provide evidence for autophagy-

independent functions of Beclin 1 that can impact cancer progression. Although 

Beclin 1 regulates processes that are important for all types of cancer, the 

majority of studies have been performed in breast cancer. Low Beclin 1 

expression is associated with poor prognosis in multiple aggressive breast 

cancer subtypes. However, the exact mechanism by which loss of Beclin 1 

promotes breast cancer progression has yet to be elucidated.  Previous work 

from our lab identified a role for Beclin 1 in the endocytic regulation of growth 

factor receptor trafficking and signaling in vitro in a breast cancer model. 

However, a deeper understanding of the role of Beclin 1 in cancer is necessary in 

order to identify and develop novel treatment approaches for patients with 

aggressive disease. Therefore, for my thesis project, I sought to understand the 

mechanism by which Beclin 1 contributes to breast cancer tumor growth and 

progression in vivo. Given that Beclin 1 is able to regulate growth factor receptor 

signaling by modulating endocytic trafficking in vitro, it was important to assess 

whether this function affects tumor growth and progression in vivo. It was also 

important to assess whether Beclin 1 has roles in cancer progression that are 
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outside of its known role in autophagy. By understanding Beclin 1 function in 

vivo, it could potentially shed light on alternative avenues for treatment of 

patients with more advance stage disease. 
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ABSTRACT 
 
Beclin 1 has non-autophagic functions that include its ability to regulate endocytic 

receptor trafficking.  However, the contribution of this function to tumor 

suppression is poorly understood.  Here, we provide in vivo evidence that Beclin 

1 suppresses tumor proliferation in an autophagy-independent manner by 

regulating the endocytic trafficking and degradation of the epidermal growth 

factor (EGFR) and transferrin (TFR1) receptors.  We discovered that Beclin 1 

promotes endosomal recruitment of hepatocyte growth factor tyrosine kinase 

substrate (HRS), which is necessary for sorting surface receptors to intraluminal 

vesicles for signal silencing and lysosomal degradation.   In tumors with low 

Beclin 1 expression, endosomal HRS recruitment is diminished and receptor 

function is sustained.  Collectively, our results demonstrate a novel role for Beclin 

1 in impeding tumor growth by coordinating the regulation of key growth factor 

and nutrient receptors. These data provide an explanation for how low levels of 

Beclin 1 facilitate tumor proliferation and contribute to poor cancer outcomes, 

independently of autophagy.   
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INTRODUCTION 
 
Beclin 1 is a haploinsufficient tumor suppressor that is is associated with poor 

prognosis in a number of cancer types42,133.  In breast cancer, reduced Beclin 1 

expression is an independent predictor of poor overall patient survival134. 

Heterozygous loss of Beclin 1 (BECN1+/-) promotes mammary tumorigenesis in 

response to parity and enhances WNT1-driven mammary tumor progression135. 

The majority of studies that have investigated Beclin 1 function in cancer have 

focused on its role in regulating macroautophagy (hereafter referred to as 

autophagy). Autophagy is a conserved homeostatic and stress response 

pathway by which damaged proteins and organelles are engulfed within a double 

membrane vesicle and degraded upon fusion with lysosomes to prevent 

cytotoxicity and recycle macromolecules for energy supply136,137.  While a role for 

autophagy in suppressing tumor initiation has been supported by experimental 

studies138, a paradoxical requirement for autophagy function in tumor progression 

has also been revealed139,140.  For example, knockout of Atg5, an essential 

autophagy gene that is required for the elongation and closure of the 

autophagosome, enhances tumor initiation in a Kras mouse model of pancreatic 

cancer, but these tumors remain benign and do not progress to invasive 

cancer41.  Moreover, Kras/p53-driven lung tumors revert to benign oncocytomas 

upon acute knockout of Atg7, another essential autophagy gene important for 

autophagosome elongation141.  These outcomes contrast with the enhanced 

tumor growth and progression observed in mice when Beclin 1 expression is 



	 40	

reduced42,133,135.  The requirement of autophagy for the development and 

maintenance of malignant tumors conflicts with the role of Beclin 1 as a tumor 

suppressor, and this discrepancy underscores the likelihood that alternative 

functions of Beclin 1 are involved in its regulation of tumor progression. 

 

Autophagy-independent functions of Beclin 1 have been less studied in the 

context of cancer, although growing evidence supports their involvement in tumor 

suppression.  Beclin 1 (Atg6/Vps30) regulates membrane trafficking events 

through its interaction with p150 (Vps15) and the lipid kinase class III 

phosphatidylinositol-3 kinase (PI3KC3/Vps34)142,143. This Beclin 1 core complex 

interacts in a mutually exclusive manner with either ATG14L/BARKOR (Atg14; 

Complex I) or UVRAG (Vps38; Complex II) to regulate distinct vesicular 

trafficking functions144,145. Complex I regulates autophagy and Complex II 

regulates autophagy-independent functions including vacuolar protein sorting, 

cytokinesis, phagocytosis, fluid phase endocytosis and endolysosomal receptor 

trafficking144,146,147.  Beclin 1, UVRAG and another Complex II-specific binding 

partner BIF-1 each suppress xenograft tumor growth when overexpressed, a 

finding not reported for ATG14L56,148,149.  This selective regulation supports a 

unique role for Beclin 1 and Complex II in cancer.   

 

One mechanism by which Beclin 1 may regulate tumor growth and progression is 

through the control of endolysosomal trafficking, which plays an important role in 
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controlling the outcomes of cell surface receptor function150,151. For growth factor 

receptors, ligand binding initiates internalization and entry into the early 

endosome compartment, which is required for the activation of some signaling 

pathways152. Other receptors, such as the transferrin receptor (TFR1), are 

internalized constitutively in a ligand-independent manner153. Once internalized 

into early endosomes, receptors are sorted to either late 

endosomes/multivesicular endosomes (MVEs) where they are sequestered 

within intraluminal vesicles (ILVs) for signal termination and subsequent 

degradation upon fusion with the lysosome154,155, or to the recycling endosomes 

for return to the cell surface156.  Beclin 1, UVRAG and BIF-1 have been reported 

to regulate the rate at which the epidermal growth factor receptor (EGFR) is 

degraded after stimulation with its ligand EGF146,157.  In previous work, we 

showed that Beclin 1 regulates phosphatidylinositol-3 phosphate (PI3P) 

production in response to growth factor stimulation and promotes the transition of 

PI3P-negative (PI3P-) early endosomes to PI3P+ endosomes158,159.  By doing so, 

Beclin 1 controls the length of time that growth factor receptors remain in the 

PI3P- signaling competent compartment and consequently determines the 

duration of growth regulatory signals159.  The fact that Beclin 1 expression 

inversely correlates with AKT and ERK phosphorylation in human breast tumors 

is indicative that this Beclin 1-dependent regulation of growth factor receptor 

signaling occurs in human cancer159.   
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Despite knowledge that Beclin 1 has been implicated in growth factor receptor 

signaling and trafficking, much remains to be learned about the mechanism by 

which this occurs.  PI3P is necessary for the recruitment of FYVE (Fab1p, YOTB, 

Vac1p, EEA1) or PX (Phox homology) domain containing effector proteins that 

control the trafficking fate of cargo within the endocytic pathway. However, 

specific PI3P-interacting proteins that are regulated by Beclin 1 have not been 

identified.  Moreover, the existing data on Beclin 1 regulation of trafficking were 

derived from in vitro studies and the impact of Beclin 1 on receptor trafficking and 

signaling in vivo, and the effect on tumor behavior, has not been demonstrated. 

In the current study, we identify an autophagy-independent mechanism by which 

Beclin 1 regulates the trafficking and function of growth factor and nutrient 

receptors that drive tumor cell proliferation in vivo. These findings provide novel 

insight into the mechanism by which Beclin 1 regulates receptor function and 

how loss of Beclin 1 expression contributes to tumor progression.   

 
MATERIALS AND METHODS  
 
Cells, antibodies and reagents.  MDA-MB-231 LM2 4175 human breast cancer 

cells were purchased from the laboratory of Joan Massague (Memorial Sloan 

Kettering Cancer Center, Cornel University) and grown in DMEM media 

containing 10% FBS 160.  Authenticated SUM-159 cells were a kind gift from Art 

Mercurio (UMass Medical School, Worcester, MA) and grown in F12 Hams 

media supplemented with 5% FBS, 500mM HEPES, 1.5mg Insulin and 1mg/mL 

hydrocortisone. Expanded stocks were frozen down and fresh knockdown cells 



	 43	

were generated after two months in culture.  Cells tested negative for 

mycoplasma using the Morwell MD Biosciences EZ PCR Mycoplasma Test Kit 

(cat# 409010).  Stable knockdown cell lines were generated using lentiviral 

vectors containing shRNAs that target human BECN1 (TRCN0000033550, 

TRCN0000033552), ATG5 (TRCN0000151963, TRCN0000151474) and TFRC 

(TRCN0000057660) (Open Biosystems, Lafayette, CO, USA).  pLKO.1 

puromycin containing shRNA that targets green fluorescent protein (GFP) was 

purchased through Addgene (Cat# 30323).  For dual expression, shRNAs were 

sub-cloned into a pLKO.1 neomycin vector (Addgene; cat # 13425) using EcoRI 

and MfeI sites.  For restoration of Beclin 1 expression, FLAG-Beclin 1 with silent 

mutations that disrupt shRNA targeting was subcloned into the pCDH-puro 

lentiviral vector 159.  Stable cell lines were selected with 2ug/ml of puromycin 

(Gold Bio), 0.5ug/ml G418 Neomycin (Gold Bio), or both.   

 

Antibodies recognizing Beclin 1 (cat# 3738), ATG5 (cat# 2630), p44/42 MAPK 

(ERK1/2; cat#9102), pT202/Y204-MAPK (pERK1/2; cat# 4370), EGFR (cat# 

4267), pY1068-EGFR (cat# 3777), HRS (cat# 15087), AKT (cat# 9272), pT308-

AKT(cat# 4056) and phospho-Histone H3 (cat# 9701), as well as mouse IgG1 

(cat# 5415) and normal rabbit IgG (cat# 2729) were purchased from Cell 

Signaling Technologies (CST) (Danvers, MA). Transferrin receptor (cat# 13-

6800) and actin (cat# MA5-11869) antibodies were purchased from Invitrogen 

(Carlsbad, CA).   LC3B (cat# L7543), Tubulin (cat# T5168) and pY334-HRS (cat# 
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SAB4504231) were purchased from Sigma (St. Louis, MO).  Ki67 antibodies 

were purchased from Abcam (Cambridge, UK; cat# 66155).   

 

Autophagic flux assays.  Cells were plated in 24 well tissue culture dishes 

overnight and then incubated with complete DMEM containing 100nM 

Rapamycin (Sigma; cat# R0395), 40nM Bafilomycin (Sigma; cat# B1793), or both 

for 8 hours.  Cells were extracted in radioimmune precipitation assay (RIPA) lysis 

buffer (25 mm Tris (pH 8.0), 0.1% sodium dodecyl sulfate, 1% sodium 

deoxycholate, 1% Nonidet P-40, 150 mm sodium chloride, 10 mm sodium 

fluoride, and 1 mm sodium orthovanadate) containing complete mini protease 

inhibitors (Roche). Cell extracts containing equivalent amounts of total protein 

were analyzed for LC3I to LC3II conversion by immunoblotting.  

 

Orthotopic in vivo assays.  LM2 cells were trypsinized, washed five times with 

PBS and cells (1 x 106) were resuspended in 35 µL Matrigel (10mg/ml; Trevigen, 

Gaithersburg, MD; cat#3432-005-01) immediately prior to injection into the 3rd 

mammary fat pad of NOD/SCID mice.  Tumors were measured twice weekly with 

calipers for 5-8 weeks. Tumor volume was calculated using the following 

equation: 4/3π[(LxHxW)/2]. Tumors were excised and portions were either snap 

frozen for immunoblotting and mRNA analysis, fixed in 10% buffered formalin for 

immunohistochemistry or placed in culture medium for ex vivo analysis.  
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Ex vivo tumor analysis.  Following tumor dissection, equal size tumor slices 

were equilibrated in DMEM containing 10% fetal bovine serum and 

supplemented with penicillin/streptomycin for 24 hours in a 5% CO2 incubator.  

To assess pathway involvement in proliferation, tumor slices were incubated with 

DMSO (Sigma; cat# D5879), 5uM Lapatinib (Selleckchem; cat# S1028) or 10uM 

PD98059 (Selleckchem; cat# S1177) for 48 hours. Tissues were either flash 

frozen for protein extraction and analysis by immunoblotting or fixed in 10% 

buffered formalin and paraffin-embedded for IHC analysis.   

 

Reverse Phase Protein Array. Frozen pieces of three tumors of each genotype 

(shGFP, shBECN1, and shBECN1:Beclin 1) were sent to the MD Anderson 

Cancer Center Reverse Phase Protein Array (RPPA) Core Facility.  RPPA was 

performed according to their previously published protocol using the standard 

antibody list updated 3.  

 

Immunoprecipitation and Immunoblotting.  Cells were serum starved for 1 hr 

in serum-free medium and then stimulated with human recombinant EGF (Sigma; 

cat#9944) for the time periods indicated in the Figure Legends prior to extraction.  

Cells were solubilized at 4oC in a 20 mM Tris buffer, pH 7.4 containing 1% 

Nonidet P-40, 0.137 M NaCl, 10% glycerol, 10 mM sodium fluoride, 1 mM 

sodium orthovanadate and protease inhibitors (Roche).  Frozen tumors were 

extracted at 4°C in Tissue Protein Extraction Buffer (Thermo Scientific; cat# 
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78510) containing 1mM sodium orthovanadate, 10mM NaF and protease 

inhibitors (Complete Mini Tab; Roche, Indianapolis, IN, USA).  For 

immunoprecipitations, aliquots of cell or tumor extracts containing equivalent 

amounts of protein were pre-cleared for 1 hr with non-specific IgG and protein-A 

or -G sepharose beads (GE Healthcare) and then incubated for 3 hrs with 

specific antibodies and protein-A or -G sepharose beads with constant agitation.  

The beads were washed three times in extraction buffer and laemmli sample 

buffer was added to the samples.   

 

Whole cell or tumor extracts containing equivalent amounts of protein or immune 

complexes were resolved by SDS-PAGE, transferred to nitrocellulose 

membranes, and immunoblotted as described previously 161,162. Bands were 

detected by chemiluminescence using a ChemiDoc XRS+ system (Bio-Rad 

Laboratories,Hercules, CA, USA) and band intensities were quantified by 

densitometry using Image Lab (Beta 1; Bio-Rad Laboratories) or Image J.  Only 

signals within a linear range were used for quantitation and signals were 

normalized to total protein and/or housekeeping genes.    

 

Immunofluorescent staining.  Subconfluent, adherent cells plated on glass 

coverslips were serum starved for 2 hrs and then treated with or without EGF-

Alexafluor 555 for 10 minutes.  Cells were washed three times with cold 

Dulbecco’s PBS and fixed in 3.8% paraformaldehyde in Dulbecco’s PBS with 
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0.5% Tween (PBST) for 1 hr.  Permeabilized cells were blocked for 1 hr using 

3% BSA in PBST.  Primary antibodies diluted in blocking buffer were added to 

cells and incubated at room temperature for 1 hr.  Secondary antibodes were 

diluted in the same buffer and cells were incubated at room temperature for an 

additional 30 minutes.  Cells were washed three times with PBST after each 

antibody incubation. Coverslips were then mounted on glass slides using Prolong 

Gold containing DAPI (Cell signaling) and the slides were viewed by confocal 

microscopy (Ziess LSM700; 63X oil immersion objective).  All images were 

adjusted equally for brightness/contrast using Adobe Photoshop. 

 

Immunohistochemistry. Formalin-fixed, paraffin-embedded tissue sections 

(5uM) were deparaffinized and rehydrated, and antigen retrieval was performed 

in 10mM sodium citrate buffer, pH 6.0 with heating in a steamer for 1hr.  Tissues 

were incubated with 0.3% Hydrogen peroxide to quench endogenous peroxides 

and then blocked using a dual avidin/biotin blocking kit (Vector Laboratories; cat 

# SP-2001) followed by a 1-hour incubation in 1x casein milk (Vector 

Laboratories; cat# SP-2050). Tissue sections were incubated with primary 

antibodies overnight followed by secondary antibody incubation with the elite 

ABC-HRP kit (Vector Laboratories; cat# PK6101). Sections were developed with 

diaminobenzidine (DAB) (Dako; cat# K3468) and then counterstained with 

hematoxylin.  Stained tumor sections were viewed on an Olympus BX41 light 

microscope (Olympus). Images were captured with an Evolution MPColor 
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camera (Media Cybernetics).  All images were adjusted equally for brightness 

and contrast using Adobe Photoshop. 

 

Cell death was analyzed by TUNEL staining according to manufacturer’s 

instructions (Promega, cat# G3250). Stained tissue sections were viewed and 

images captured on a Zeiss LSM-700 microscope. All images were adjusted 

equally for brightness and contrast using Adobe Photoshop.   

 

Quantitative Polymerase Chain Reaction (qPCR).  RNA was extracted from 

tumors using the RNA-easy kit (Qiagen; cat# 74134).  cDNA was synthesized 

using a one-step cDNA kit (Biotool; cat# B22403).  RT-qPCR was performed in a 

20 uL reaction containing 0.5 uM primers, 20 ng cDNA template, and 1x SYBR 

green supermix (biotool; cat# B2120).  Primers were designed using the Harvard 

PrimerBank (Table 1).  Human R18S primers were used as a housekeeping 

control. RT-qPCR was performed using the Applied Biosystems QuantStudio 6 

Flex apparatus.  The delta –delta Ct method was used to determine relative 

mRNA expression.  

 

Statistical Analysis.  Statistical analysis between two groups was performed 

using the two-tailed unpaired student’s t-test.  Statistical analysis was performed 

using Prism7, Graphpad.  A two-sided p-value of <0.05 was considered to 

indicate statistical significance.  K means clustering was performed in MATLAB 
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using the built-in function ‘kmeans’ using the distance metric squared Euclidean.  

Fischer’s exact test was performed to determine MAPK enrichment in clusters.  

 
RESULTS 
 
Beclin 1 regulates endosomal HRS recruitment  

Our previous in vitro studies demonstrated that Beclin 1 regulates Insulin-like 

growth factor-1 (IGF-1R) and EGFR receptor trafficking and signaling by 

controlling the activation of VPS34 and generation of PI3P159.  Ligand-dependent 

receptor activation stimulates the production of PI3P and this increase is inhibited 

when Beclin 1 expression is suppressed159.  Reduced PI3P levels result in 

delayed receptor degradation, but the mechanism of this regulation is not known.  

A primary signal for sorting receptors that are destined for lysosomal degradation 

is receptor ubiquitination163,164. Ubiquitinated receptors are recognized by the 

hepatocyte growth factor-regulated tyrosine kinase substrate (HRS), which 

contains both an ubiquitin binding (UIM) domain and a FYVE domain165-167. The 

HRS FYVE domain recognizes PI3P in the early endosomal membrane and is 

required for its recruitment to these vesicles168,169.  In cells treated with 

wortmannin to reduce PI3P levels and inhibit HRS recruitment to the early 

endosome, activated receptors escape sorting into intraluminal vesicles (ILVs) of 

multivesicular endosomes (MVE), a step prior to lysosomal degradation, and 

their signaling and expression are prolonged170,171. 
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We hypothesized that suppression of Beclin 1 sustains growth factor receptor 

expression and signaling because HRS recruitment to the early endosome is 

limited, allowing receptors to escape sorting to the ILVs and delay degradation.  

To investigate this potential mechanism of Beclin 1 function, we used a variant of 

MDA-MB-231 cells (hereafter referred to as LM2 cells) because Beclin 1 

expression is elevated in these cells when compared across a panel of TNBC 

cells172.  Cells were generated that stably express shRNA targeting either GFP 

(control) or BECN1.  This approach was taken to mimic the reduction, but not 

complete loss, of Beclin 1 expression that is commonly observed in human 

tumors134,173.  Beclin 1 expression was restored in the shBECN1 cells using a 

construct in which silent mutations were introduced into the region of BECN1 

targeted by the shRNA to control for specificity of the knockdown159.  To visualize 

the recruitment of HRS to endosomes, cells were treated with EGF-AlexaFluor 

555 (EGF-555) to stimulate and monitor trafficking of the EGFR and co-stained 

with HRS-specific antibodies (Figure 2.1).  HRS localization was primarily diffuse 

in the cytoplasm of serum-starved cells, with a few puncta evident.  After 

stimulation for 10 min, a similar number of EGF-555 positive puncta were 

detected in shGFP, shBECN1 and shBECN1:Beclin 1 cells, supporting an 

equivalent level of EGFR activation. The number of cytoplasmic HRS puncta 

increased markedly in shGFP cells after stimulation, and these puncta co-

localized with EGF-555. Significantly fewer HRS puncta were induced by EGF 

stimulation in shBECN1 cells, but rescue of Beclin 1 expression restored HRS 
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Figure 2.1. shBECN1 cells exhibit reduced colocalization of EGF and 
HRS Puncta. MDA-MB-231 LM2 cells expressing shGFP, shBECN1 or 
shBECN1:Beclin 1 were serum starved and then stimulated with EGF-
AlexaFluor 555 (200ng/ml) for 10 minutes.  Cells were co-stained with HRS-
specific Abs. Scale bar = 10uM. The data shown in the graph represent the 
number of HRS and EGF puncta per cell. shGFP n=25, shBECN1 n=20 
shBECN1:Beclin1 n=17 ***, p<0.005  
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puncta formation. These results support that the EGF-stimulated recruitment of 

HRS to endosomes is regulated in a Beclin 1-dependent manner. 

 

To investigate the Beclin 1-dependent regulation of HRS further, we evaluated 

the tyrosine phosphorylation of HRS in response to EGF stimulation.  HRS is 

phosphorylated in response to EGFR activation and this phosphorylation event 

requires PI3P-mediated recruitment of HRS to endosomes, making it a surrogate 

marker for HRS endosome localization165,171,174. Cell extracts from EGF-

stimulated LM2 cells were immunoprecipitated with HRS-specific antibodies and 

immunoblotted with phosphotyrosine-specific antibodies to evaluate total HRS 

phosphorylation levels.  EGF-stimulated HRS phosphorylation was decreased in 

cells expressing shRNA targeting two different sites within BECN1 when 

compared with shGFP cells (Figure 2.2A).  HRS phosphorylation was also 

reduced when Beclin 1 expression was suppressed in another TNBC cell line 

SUM-159PT (Figure 2.2B).  A similar pattern of phosphorylation in shGFP and 

shBECN1 cells was detected in immunoblots of whole cell extracts using a 

phospho-specific HRS antibody (pY334-HRS), and the reduced HRS 

phosphorylation in shBECN1 cells was increased upon rescue of Beclin 1 

expression (Figure 2.2C).   In contrast, no difference in EGF-stimulated HRS 

phosphorylation was detected between shGFP cells and LM2 cells expressing 

two independent shRNA targeting ATG5 (Figure 2.2D), supporting an autophagy-

independent mechanism for this HRS regulation by Beclin 1.   
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Figure 2.2. Beclin 1 regulates receptor trafficking through HRS. (A) 
MDA-MB-231 LM2 cells expressing shGFP, shBECN1 (#1) or shBECN1 (#2) 
were stimulated with human EGF (50ng/ml) for the indicated time periods. 
Total cell extracts were immunoprecipitated with HRS-specific antibodies and 
immunoblotted with antibodies specific for phosphotyrosine (pTyr).  The blot 
was stripped and re-probed with HRS-specific antibodies.  Total cell extracts 
were also immunoblotted with the indicated antibodies. (B) SUM-159 cells 
expressing shGFP, shBECN1 (#1) or shBECN1 (#2) were stimulated with 
human EGF (50ng/ml) for the indicated time periods. Total cell extracts were 
immunoprecipitated with HRS-specific antibodies and immunoblotted with 
antibodies specific for phosphotyrosine (pTyr).  The blot was stripped and re-
probed with HRS-specific antibodies.  Total cell extracts were also 
immunoblotted with the indicated antibodies. (C and D) MDA-MB-231 LM2 
cells expressing shGFP, shBECN1 or shBECN1:Beclin 1 (C) or shGFP, 
shATG5 (#1) or shATG5 (#2) (D) were stimulated with human EGF (50ng/ml) 
for the indicated time periods. Total cell extracts were immunoblotted with the 
indicated antibodies.  
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Beclin 1 regulates tumor proliferation in an autophagy-independent 

manner. 

To investigate whether Beclin 1/HRS-dependent regulation of receptor trafficking 

impacts tumor growth, Beclin 1 knockdown and rescue cells were injected into 

the mammary fat pad (mfp) of NOD/SCID mice.  shBECN1 cells expressing 

reduced Beclin 1 grew at an increased rate, and the final tumor volume was 

significantly greater when compared with shGFP control tumors (Figure 2.3A).  

Rescue of Beclin 1 expression (shBECN1:Beclin 1) significantly diminished tumor 

growth rate and size (Figure 2.3A), confirming the specificity of the Beclin 1 

knockdown.  To explore the autophagy-dependent and independent functions of 

Beclin 1, LM2 cells expressing shRNA targeting ATG5 were also evaluated for 

tumor growth.  In contrast to the enhanced tumor growth observed upon 

suppression of Beclin 1 expression, the growth rate and final tumor volume of 

shGFP and shATG5 tumors was similar (Figure 2.3C).   

 

To determine the extent to which autophagy was inhibited by Beclin 1 or ATG5 

suppression, autophagic flux was examined by treating cells with either 

rapamycin to inhibit mTOR and stimulate autophagy, bafilomycin A1 to inhibit 

lysosomal degradation, or both together175.  A similar reduction in LC3-I to LC3-II 

conversion was evident in the shBECN1 and shATG5 cells (Figure 2.4A), 

demonstrating that inhibition of autophagy was similar in these cells.  Moreover, 

autophagic flux was restored to control shGFP levels in the shBECN1:Beclin 1 
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rescue cells (Figure 2.4B). Importantly, the reduction in autophagy observed in 

vitro was maintained in vivo as the processing of LC3-I to LC3-II was decreased 

for both shBECN1 and shATG5 tumors when compared with shGFP and 

shBECN1:Beclin 1 tumors (Figure 2.3B and 2.3D).    

 

Tumor sections were analyzed for either Phospho-Histone H3 (PH3) or TUNEL 

staining to determine if the enhanced growth observed for shBECN1 tumors 

resulted from increased proliferation or decreased cell death, respectively.  

shBECN1 tumors exhibited increased PH3 staining compared to shGFP and 

shBECN1:Beclin 1 tumors (Figure 2.5A).  In contrast, no differences in TUNEL 

staining were detected (Figure 2.5C).  Both PH3 and TUNEL staining were 

equivalent in the shGFP and shATG5 tumors, reflecting their similar growth rates 

(Figures 2.5B and 2.5D).  Taken together, our results support the conclusion that 

the enhanced tumor growth observed for shBECN1 tumors does not result from 

decreased autophagy alone and that alternative functions of Beclin 1 are 

involved in its regulation of tumor cell proliferation.  

 

Regulation of EGFR and ERK1/2 signaling by Beclin 1 controls tumor 

proliferation 

To explore further the hypothesis that Beclin 1 regulates tumor proliferation 

through the control of endocytic receptor trafficking, we performed an unbiased 

high-throughput, quantitative reverse phase protein array (RPPA) to assess the  



Figure 2.3. Comparison of tumor growth in autophagy deficient cell 
lines. (A) Tumor growth of orthotopic xenografts in NOD-SCID mice.  Inset, 
Beclin 1 expression prior to injection.  (B) Expression of Beclin 1 and LC3II/I 
in tumors.  The data shown in the graph on the right represent the mean +/-
SEM expression of seven tumors.  (C)  Tumor growth of orthotopic xenografts 
in NOD-SCID mice.  Inset, ATG5 expression prior to injection.  (D) Expression 
of ATG5 and LC3II/I in tumors.  The data shown in the graph on the right 
represent the mean +/-SEM expression of six tumors. *, p<0.05; ***, p<0.005  
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Figure 2.4. Comparison of autophagic flux in autophagy deficient or 
competent cell lines. (A-B) MDA-MB-231 LM2 cells expressing shGFP, 
shATG5, shBECN1 or shBECN1 with restored Beclin 1 expression 
(shBECN1:Beclin 1) were assayed for autophagic flux.  Cells were incubated 
for 8 hours in complete serum alone or with 100nM Rapamycin (Rap), 40nM 
Bafilomycin A1 (Baf) or Rapamycin and Bafilomycin A1 combined (Rap + 
Baf).  The data shown in the graphs on the right represent the mean +/-SEM 
LC3II/LC3I ratio of three independent experiments. *, p<0.05 relative to 
shGFP; #, p<0.05 relative to shBECN1 
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Figure 2.5. Comparison of proliferation and TUNEL staining in tumors. 
(A-B) Representative images of Phospho-histone H3 (PH3) staining in 
shGFP, shBECN1, shBECN1:Beclin 1 and shATG5 tumors.  The data shown 
in the graphs represent the mean +/-SEM positive nuclei/high powered field 
(hpf; five independent images/five tumors; n = 25).  Scale bar = 50uM. (C-D) 
Representative images of TUNEL staining in shGFP, shBECN1, 
shBECN1:Beclin 1 and shATG5 tumors. The data shown in the graphs 
represent the mean +/-SEM positive nuclei/hpf (three independent images/six 
tumors; n = 18). Scale bar = 50uM. *, p<0.05  
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expression of 302 proteins and phosphoproteins that have important functions in 

cancer176,177.  This array included many growth factor receptors and downstream 

signaling effectors that have been implicated in tumor proliferation. Tumor lysates 

from three tumors of each genotype (shGFP, shBECN1 and shBECN1:Beclin 1) 

were analyzed by RPPA. Unsupervised hierarchical clustering of the Z-scored 

data revealed segregation of the shBECN1 tumors from the shGFP and 

shBECN1:Beclin 1 tumors, with the exception of one shGFP tumor that co-

segregated with the shBECN1 tumors (Figure 2.6).   K means clustering was 

used as an unbiased approach to identify changes in expression patterns that 

are unique to shBECN1 tumors.  Based on an analysis of the root-mean-square 

error (RMSE) we selected 18 clusters (K=18) as having the optimal balance 

between the similarity of the signaling profiles within each cluster while 

maintaining a small overall number of clusters (Figure 2.7A). Of the 18 distinct 

expression patterns that were identified, sub-clusters 1 and 11 contained proteins 

and phosphoproteins that exhibited increased expression in shBECN1 tumors 

when compared with shGFP and shBECN1:Beclin 1 tumors (Figure 2.7B). 

 

Analysis of sub-clusters 1 and 11 identified several growth factor (GF) and 

hormone receptors (EGFR, IRβ, c-KIT, VEGFR2, phosphoHER3) and their 

downstream signaling intermediates (pY759-phospholipase C gamma2 (PLCg2), 

pS664-protein kinase C delta (PKCd), and pS116-PEA-15) that were increased 

in shBECN1 tumors (Figures 2.8A and 2.8D).  In addition, pT202/Y204-
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extracellular regulated kinases 1/2 (pERK1/2), major regulators of cell cycle 

progression, as well as ERK1/2 substrates (pS383-ELK1 and pS318/S321-

FOXO3A) were also increased in shBECN1 tumors (Figures 2.8B and 2.8D).  

Analysis of all mitogen activated protein kinase (MAPK) pathway components 

(receptors, kinases and downstream substrates) that were included in the RPPA 

analysis revealed a significant enrichment for MAPK pathway activity in sub-

cluster 1 and elevated pathway activity in sub-cluster 11 (Figure 2.8C).  In 

contrast, increased PI3K/AKT pathway activity was not evident in the shBECN1 

tumors by RPPA analysis, indicating a selective activation of the MAPK signaling 

pathway in these tumors.   

 

Immunoblot analysis of additional tumors (n=7) confirmed increased EGFR 

expression and activation of ERK1/2 in shBECN1 tumors when compared with 

shGFP and shBECN1:Beclin 1 tumors (Figures 2.9A and 2.9B).  This analysis 

also suggested that EGFR is preferentially localized within a signaling competent 

compartment in shBECN1 tumors. Specifically, relative EGFR activation, as 

measured by phosphorylation of Y1068-EGFR, a GRB2 binding site, was similar 

across all tumors, but downstream ERK1/2 phosphorylation was significantly 

increased (Figures 2.9A and 2.9B).  pS473-AKT levels were not elevated in the 

shBECN1 tumors, confirming the RPPA findings that PI3K/AKT signaling is not 

enriched in the shBECN1 tumors.  Increased EGFR expression and pERK1/2 

activity and equivalent AKT activity were also validated in a second cohort of 
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shGFP and shBECN1 tumors (Figures 2.10A, 2.10B and 2.10D).  In contrast, 

EGFR expression and ERK1/2 activity were not elevated in shATG5 tumors 

(Figures 2.11A and 2.11B), providing further evidence that the regulation of this 

signaling pathway by Beclin 1 occurs independently of its regulation of 

autophagy. 

 

EGFR mRNA levels were not significantly different across the three tumor 

genotypes indicating that Beclin 1 regulates EGFR at the level of protein 

expression (Figure 2.9C).   To examine the hypothesis that this regulation occurs 

through EGFR endolysosomal trafficking, HRS tyrosine phosphorylation was 

assessed in the tumors.  Overall HRS phosphorylation was lower in the tumors 

than detected after acute EGF stimulation in vitro.  However, reduced HRS 

phosphorylation was detected in the shBECN1 tumors when compared with 

shBECN1:Beclin 1 tumors (Figure 2.9D).  These results support our conclusion 

that Beclin 1 regulates HRS function in vivo to control receptor trafficking.   

 

To assess the functional contribution of the EGFR/ERK signaling pathway to the 

enhanced proliferation observed in shBECN1 tumors, shGFP and shBECN1 

tumor slices were incubated ex vivo for 48 hrs in the presence of either the 

EGFR/HER2 dual inhibitor Lapatinib or PD98059, an inhibitor of MEK, the 

upstream regulator of ERK1/2 activation178-180. Tumor morphology was 

maintained during the ex vivo culture period as evidenced by similar H&E  
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Figure 2.7. RPPA analysis clades of K=18. (A) Root-mean-square error 
(RMSE) graph from K means clustering analysis. (B) K means clustering 
analysis of RPPA data from three shGFP (1-3), shBECN1 (4-6) and 
shBECN1:Beclin 1 (7-9) tumors.  Log2 data was converted to Z-scores to 
perform K-means clustering analysis.  Images represent consensus plots for 
K=18 (18 sub-clusters).  Red boxes identify sub-clusters with elevated 
expression patterns in shBECN1 tumors.. 
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Figure 2.8. RPPA analysis identifies enhanced ERK1/2 signaling 
pathway activity in shBECN1 tumors. (A-B) Scatter-plots of sub-cluster 1 
(A) and sub-cluster 11 (B) highlighting growth factor/hormone receptors and 
ERK1/2 signaling pathway activity. (C) Enrichment analysis for a MAPK 
signaling signature. Orange, odds ratio; Blue, p-value.  Dotted line represents 
–log10(1.3) which indicates a p value of 0.05. (D) List of proteins/ 
phosphoproteins identified in sub-clusters 1 and 11 from Cluster 18 of the K 
means clustering analysis.	
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Figure 2.9. Validation of enhanced EGFR/ERK1/2 signaling pathway 
activity in shBECN1 tumors. (A) Immunoblot analysis of representative 
shGFP, shBECN1 and shBECN1:Beclin 1 tumors.  (B) The data shown in the 
graphs represent the mean +/-SEM expression of seven tumors from each 
genotype and are shown as fold change in expression relative to shGFP 
tumors.  (C) Relative mRNA expression was determined by real-time 
quantitative PCR (RQ-PCR).  The data shown represent the mean +/-SEM 
mRNA expression of five (shGFP and shBECN1:Beclin) or four (shBECN1) 
tumors. p<0.05. (D) Tumor extracts from representative shGFP, shBECN1 
and shBECN1:Beclin 1 tumors were immunoprecipitated with HRS-specific 
antibodies and immunoblotted with antibodies specific for phosphotyrosine 
(pTyr).  The blot was stripped and re-probed with HRS-specific antibodies.  
Lanes from the same immunoblot were merged as indicated by the black line.  
The data shown in the graph represent the mean +/- SEM HRS 
phosphorylation of four tumors of each genotype and are shown as relative 
phosphorylation.  *, p<0.05 
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Figure 2.10. Validation of additional orthotopic xenograft tumor study. 
(A) Tumor growth of shGFP and shBECN1 LM2 orthotopic xenografts in 
NOD-SCID mice.  Inset, Beclin 1 expression prior to injection. (B) Immunoblot 
analysis of shGFP and shBECN1 tumors. (C-D) Graphs showing the mean 
+/-SEM expression of six tumors from each genotype.  Data are shown as 
fold change in expression relative to shGFP tumors. p<0.05; ***, p<0.005 
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Figure 2.11. shATG5 tumors do not exhibit enhanced EGFR/ERK1/2 
signaling pathway activity. (A) Immunoblot analysis of representative 
shGFP and shATG5 tumors. (B) The data shown in the graphs represent the 
mean +/-SEM expression of six tumors from each genotype and are shown 
as fold change in expression relative to shGFP tumors.  
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staining in tumors that were immediately fixed (untreated) or incubated ex vivo 

(DMSO) (Figure 2.13).   

 

Pathway activity in the ex vivo tissue slices and inhibition of activity by the drugs 

were confirmed by immunoblotting tumor extracts (Fig 2.12A). EGFR activity 

(pY1068-EGFR) was inhibited significantly by Lapatinib in both shGFP and 

shBECN1 tumors.  MEK activity, as measured by pT202/Y204-ERK1/2 levels, 

was also inhibited significantly in both tumor genotypes by PD98059, but pEGFR 

levels remained the same in the presence of this drug.  ERK1/2 phosphorylation 

was not inhibited in response to Lapatinib treatment, which may reflect the fact 

that these tumors express constitutively active mutant Ras that acts downstream 

of the EGFR and sustains ERK1/2 activation in the presence of this drug181.  

ERK1/2 function is regulated at both the level of activation (phosphorylation) and 

localization, with transition from the cytoplasm to the nucleus required for growth 

factor-dependent cell cycle entry 182.  Therefore, we assessed the localization of 

ERK1/2 in tumor sections treated with Lapatinib (Figure 2.12B).  Homogeneous 

staining was evident in the DMSO treated tumors, indicating that ERK1/2 was 

present in both the cytoplasm and nucleus.  In contrast, treatment with Lapatinib 

resulted in a decrease in nuclear staining (white arrows), indicating that ERK1/2 

function was inhibited by this drug treatment.    
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The ex vivo tumor sections were analyzed for Ki67 expression by IHC staining to 

assess proliferation (Figure 2.13). shBECN1 tumors exhibited increased Ki67 

staining when compared with shGFP tumors, indicating that the enhanced 

proliferation observed in vivo was maintained during the ex vivo incubation 

period.  Ki67 expression was reduced significantly in the shBECN1 tumors in 

response to both Lapatinib and PD98059 treatment.  Although a similar trend 

was observed for shGFP tumors, the decrease in Ki67 staining was not 

significant for either drug, suggesting that the enhanced EGFR/ERK signaling 

that occurs in shBECN1 tumors renders their proliferation more dependent upon 

this signaling pathway and more sensitive to inhibition by these drugs.     

     

Beclin 1 regulates Transferrin Receptor-1 (TFR1) expression to drive tumor 

proliferation 

Additional analysis of our RPPA data revealed that TFR1 expression was 

significantly upregulated in shBECN1 tumors (Figure 2.14A).  The ability of cells 

to proliferate requires not only a growth factor stimulus but also the appropriate 

metabolic conditions to support the anabolic processes that must occur for a cell 

to divide183.  Iron is an essential nutrient cofactor for enzymes that are involved in 

DNA synthesis and cell cycle and it is required for proliferation184,185.  

Extracellular iron is bound by transferrin and transported into cells by endocytic 

trafficking of TFR1153.  TFR1 expression correlates with proliferative capacity and 

receptor levels are elevated in tumor cells to satisfy the increased iron demand of  
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Figure 2.12. Inhibition of EGFR and ERK1/2 signaling in tumors. (A) 
Immunoblot analysis of representative shGFP and shBECN1 tumors treated 
ex vivo for 48 hrs with DMSO, Lapatinib (Lap; 5uM), or PD98059 (PD; 10uM).  
The data shown in the graphs represent the mean +/-SEM expression of 
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Figure 2.13. Proliferation in shBECN1 tumors is sensitive to inhibition of 
EGFR and ERK1/2 signaling. Representative images of H&E or Ki67 
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data shown in the graph below represent the mean +/-SEM positive nuclei/
hpf (three independent images/five tumors; n = 15). Scale bar = 50uM. *, 
p<0.05; ***, p<0.005 
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these rapidly dividing cells184,186.  Increased expression of TFR1 in shBECN1 

tumors and restoration of expression to shGFP levels in shBECN1:Beclin 1 

tumors was confirmed by immunoblotting (n=13 tumors) (Figures 2.14B and 

2.14C).  Similar to EGFR mRNA expression, TFRC mRNA levels were equivalent 

across the tumor genotypes (Figure 2.14D), indicating that increased TFR1 

expression in shBECN1 tumors also occurs at the level of protein expression. 

TFR1 protein expression did not increase in shATG5 tumors, supporting that the 

upregulation of TFR1 expression in shBECN1 tumors occurs in an autophagy-

independent manner (Figure 2.14E).  

 

The link between Beclin 1 and TFR1 was unexpected because TFR1 is typically 

sorted in the early endosome for constitutive recycling back to the cell surface.  

As a result of this recycling, expression remains constant.   However, TFR1 can 

be ubiquitinated by members of the membrane associated RING-CH (MARCH) 

family of ubiquitin ligases and this ubiquitination targets TFR1 for lysosomal 

degradation187,188.  We hypothesized that TFR1 is ubiquitinated in the tumor 

microenvironment and TFR1 levels increase in tumors with low Beclin 1 

expression because these ubiquitinated receptors escape HRS-mediated sorting 

to the lysosome for degradation.  In support of this mechanism of regulation by 

Beclin 1, elevated TFR1 expression was associated with increased ubiquitination 

in shBECN1 tumors (Figure 2.14F).  
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To determine if increased TFR1 expression contributes to the enhanced 

proliferation of shBECN1 tumors, LM2 cells were co-infected with shRNA 

targeting BECN1 and TFRC.  Cells with a modest suppression of TFR1 

expression, resulting in expression levels equivalent to the levels observed in 

shGFP cells, were selected for further in vivo analysis.  Restoration of TFR1 

expression to control shGFP tumor levels inhibited the enhanced tumor growth 

observed in cells expressing shBECN1 alone (Figure 2.15A and 2.15B).  Tumor 

sections were analyzed for PH3 or TUNEL staining to determine if the reduced 

growth observed upon suppression of TFR1 expression in the shBECN1 tumors 

was the result of decreased proliferation or increased cell death, respectively 

(Figures 2.15C and 2.15D).  As we observed previously (Figure 2.5A and 2.5C), 

shBECN1 tumors exhibited increased PH3 staining compared to shGFP tumors 

and no differences in TUNEL staining were detected.  shBECN1:shTFRC tumors 

exhibited PH3 and TUNEL staining equivalent to shGFP tumors, indicating that 

Beclin 1-dependent control of TFR1 expression contributes to tumor cell 

proliferation.   

 

We infer from our receptor trafficking and in vivo data that low HRS expression in 

human tumors should be associated with poor patient outcomes.  To assess the 

significance of HRS expression in human breast cancer, the impact of HRS 

expression on patient outcomes was analyzed using Kaplan-Meier plotter189.  

Low HRS expression significantly correlated with reduced relapse-free survival  
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(RFS) when all breast cancer subtypes were analyzed together, and this 

significance was maintained upon analysis of only Basal subtype tumors (Figure 

2.16A).  By contrast, HRS expression did not correlate with RFS in HER2 

positive tumors.  

 

This lack of significant correlation likely reflects the fact that HER2 is not 

downregulated by HRS-dependent sorting to the lysosome and therefore the 

expression and activity of these receptors would not be enhanced if HRS 

expression was reduced190,191.  The inverse association of HRS with RFS 

supports that the control of receptor trafficking is important for the suppression of 

tumor progression.    
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Figure 2.16. Mechanism for Beclin 1 regulation of receptor trafficking 
through HRS.  (A) Kaplan Meier plots showing the impact of HRS 
expression on the relapse free survival (RFS) of human breast tumors.  (B) 
Model of Beclin 1-dependent regulation of receptor trafficking.  In cells 
expressing Beclin 1, ubiquitinated EGFR and TFR1 are targeted for 
degradation by HRS-dependent sorting to ILVs and fusion with the lysosome. 
In cells with reduced Beclin 1 expression, ubiquitinated receptors escape 
sorting to the ILVs and lysosome because PI3P levels are reduced and HRS 
recruitment recruited to the early endosomes is inhibited.  As a result, EGFR 
expression and signaling and TFR1 expression are increased.   
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DISCUSSION 
 
We demonstrate that Beclin 1 regulates endocytic receptor trafficking by an 

autophagy-independent mechanism and conclude that this function of Beclin 1 

contributes to its role as a tumor suppressor. Specifically, we show that Beclin 1 

regulates the endosomal recruitment of HRS, which is essential in the sorting of 

receptors for signal silencing and degradation.  When Beclin 1 expression is 

reduced in tumors, early endosome recruitment of HRS is diminished and 

expression and activation of receptors that would normally be sorted for 

degradation persists (Figure 2.16B).  A consequence of this prolonged 

expression and function is increased tumor proliferation.  By RPPA analysis, we 

identified two independent growth regulatory receptors that contribute to 

enhanced proliferation when Beclin 1 expression levels are decreased.  EGFR 

expression and function are elevated and downstream ERK1/2 activation is 

increased, and this enhanced activity renders tumor proliferation more sensitive 

to drugs that target this signaling pathway.  Expression of the iron transporter 

TFR1 is also increased in tumors when Beclin 1 expression is low and this 

nutrient receptor supports enhanced tumor cell proliferation.  Taken together, our 

data reveal an autophagy-independent mechanism by which Beclin 1 regulates 

receptor trafficking and provide insight into how reduced Beclin 1 expression in 

tumors contributes to progression.  
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Our demonstration that Beclin 1 controls the early endosome recruitment of HRS 

to impact receptor sorting identifies a novel mechanism by which the expression 

and functional outcomes of cell surface receptors can be regulated.  This 

regulation can be mediated through either changes in Beclin 1 expression, which 

occurs in tumors and is modeled in our current studies, or function, such as 

through post-translational modifications of Beclin 1 that disrupt its interactions 

with PIK3C3.  For example, phosphorylation of Beclin 1 by EGFR or AKT inhibits 

its interaction with PI3KC3, resulting in decreased lipid kinase activity192,193.  

Ubiquitination of Beclin 1 also reduces PI3KC3 activation by targeting Beclin 1 for 

proteasomal degradation194. These modifications of Beclin 1 inhibit PI3P 

production, which prevents HRS recruitment and delays receptor sorting to the 

lysosome.  Beclin 1 post-translational modifications likely regulate the duration of 

receptor signaling and expression in normal cells in response to physiological 

stimuli, and may further alter receptor trafficking when these pathways are 

activated in tumors.  Our data demonstrate an important role for Beclin 1/HRS 

regulation of EGFR trafficking in TNBC.  However, many additional growth 

regulatory receptors are regulated by endolysosomal trafficking and would be 

impacted by Beclin 1 expression195-199.  As one example, in Drosophila, Atg6 (the 

Drosophila homolog of Beclin 1) regulates Notch and Wingless signaling 

pathways through the control of lysosomal receptor degradation200.  In Atg6 

mutant flies, receptor signaling is sustained which results in cell polarity and 

developmental defects.  Future studies are warranted to determine if the 
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expression and activity of other receptors that are downregulated by 

endolysosomal trafficking are enhanced in tumors upon reduction of Beclin 1 

expression and if this mechanism of regulation contributes to their oncogenic 

properties.   

 

Although Beclin 1 has been implicated as a tumor suppressor, the mechanisms 

involved have not been well characterized42,133.  Our conclusion that Beclin 1 

controls the endocytic trafficking of growth factor and nutrient receptors that drive 

tumor proliferation provides novel insight into this problem. Importantly, this 

mechanism of action may explain conflicting reports on the role of Beclin 1 as a 

tumor suppressor.  We discovered that the expression and function of the EGFR 

and downstream activation of ERK1/2 increased in shBECN1 tumors and that 

this enhanced signaling promoted tumor proliferation.  This result is consistent 

with the fact that TNBC is frequently associated with elevated EGFR expression 

and activity201.  However, we posit that the functional impact of Beclin 1 loss in an 

individual tumor will likely reflect the level of addiction to a specific receptor 

signaling pathway and whether it is controlled by HRS and endocytic trafficking.  

For example, heterozygous Beclin 1 loss enhances tumor development and 

growth in a mouse mammary tumor model driven by WNT-1, which acts through 

Frizzled receptors135.  EGFR, TFR1 and the Frizzled receptors are cell surface 

receptors whose expression and function are regulated by endolysosomal 

trafficking153,202,203. In contrast, mammary tumorigenesis and growth are not 
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enhanced by heterozygous loss of Beclin 1 in mouse models driven by either the 

polyoma-middle T oncogene (PyMT) or HER2204.  PYMT is a cytoplasmic protein 

that regulates activation of PI3K, MAPK and Src signaling pathways 

independently of upstream receptor regulation205.  Therefore, disruption of HRS-

mediated endocytic sorting would not be anticipated to enhance signaling and 

promote tumor growth in this model.  Although HER2 is a surface receptor that is 

internalized into the endocytic pathway, it is not targeted for degradation but 

instead is preferentially sorted to the recycling endosome190.  In fact, 

heterodimerization of HER2 with EGFR inhibits EGFR degradation and promotes 

recycling to the cell surface191.  Therefore, disruption of the signals that promote 

receptor sorting to the endolysosomal pathway would not be expected to 

enhance HER2 expression or function, and tumor growth would not be promoted 

by loss of Beclin 1 expression. In this regard, HRS expression is not predictive of 

outcomes in HER2 positive tumors.   

 

Our implication of Beclin 1 in the regulation of TFR1 expression is novel and 

significant for understanding how Beclin 1 affects tumor proliferation.  Iron is an 

essential nutrient for cell growth and proliferation and enhanced iron metabolism 

is commonly observed in tumors to support their rapid proliferation184,206.  In 

breast cancer, iron levels are increased when compared with normal breast 

tissue and an iron-regulatory gene signature is prognostic for patient outcome207.  

As TFR1 is the major source of iron uptake into cells, regulating its expression is 
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key to maintaining iron homeostasis.  TFR1 expression can be regulated in an 

iron-dependent manner at the level of mRNA stability through the binding of iron-

responsive proteins-1 (IRP-1) and IRP-2) to elements in the 3’ untranslated 

region208,209.  However, TFR1 protein expression can also be regulated through 

ubiquitination and sorting to the lysosome for degradation, a mechanism that 

allows for the acute regulation of metabolically available iron, or the labile iron 

pool188,210,211.  Our finding that Beclin 1 regulates TFR1 expression at the level of 

protein expression and that increased TFR1 ubiquitination is observed in 

shBECN1 tumors can be explained by decreased HRS endosomal recruitment 

that allows ubiquitinated TFR1 to escape sorting to the lysosome.  Collectively 

our results provide a novel mechanism by which Beclin 1 coordinates the 

regulation of both growth factor (EGFR) and nutrient receptors (TFR1) that are 

important for cell proliferation, and demonstrate how coordinated dysregulation of 

these pathways upon loss of Beclin 1 expression drives tumor proliferation.  

 

Our study provides insight into opportunities for the clinical management of 

tumors with low Beclin 1 expression.  We observed that shBECN1 tumors were 

more sensitive to inhibition of proliferation by EGFR and MEK inhibitors than 

control tumors, indicating a greater dependence of these tumors on the 

enhanced EGFR/ERK signaling that occurs when Beclin 1 expression is reduced.  

Although EGFR expression is frequently upregulated in TNBC, clinical trials of 

EGFR inhibitors in these patients have not shown overall efficacy212.  Screening 
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of patients with low Beclin 1 expression could identify subgroups of patients that 

would be more sensitive to these drugs, as well as inhibitors of other receptors 

that are regulated by trafficking, to improve outcomes.  TFR1 is also of clinical 

interest both as a drug target and because of its potential for drug delivery184.  

Tumors expressing elevated levels of TFR1, such as we observed in shBECN1 

tumors, would be more sensitive to the inhibition of iron-uptake by antibodies that 

block TFR1 function or iron chelators213,214.  In addition, transferrin-

chemotherapeutic drug conjugates that are transported intracellularly by 

endocytosis of the TFR1 would be more effective in tumors that express low 

levels of Beclin 1 and elevated TFR1215.  Tumors with reduced Beclin 1 

expression are also anticipated to be more sensitive to drugs that stimulate 

ferroptosis, an iron-dependent mechanism of cell death, due to their increased 

iron uptake216.  Given that Beclin 1 expression is frequently decreased across 

many human tumors, Beclin 1 could be a clinically relevant biomarker for many 

cancer patients.    
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ABSTRACT 
 
Beclin 1 is a haploinsufficient tumor suppressor that regulates growth factor 

receptor signaling through endocytic receptor trafficking in an autophagy-

independent manner. Growth factor receptor signaling is important for regulating 

metabolic processes. Beclin 1 is also essential to the autophagic pathway. 

Reports indicate that autophagy is required for the maintenance of glycolytic 

capacity in KRAS mutant cells in vitro. However, a role for Beclin 1 in glycolysis 

has not been established. Here, we provide in vivo evidence for a role for Beclin 

1 in tumor metabolism that is autophagy-independent. We discover that Beclin 1 

alters glucose metabolism in mice on both the systemic and local tumor levels. 

Additionally, our results indicate that Beclin 1 may be a negative regulator of lipid 

metabolism. These data provide insight into the role of Beclin 1 as a tumor 

suppressor and identify novel clinical targets for future exploration.  
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INTRODUCTION 
 

Beclin 1 is a haploinsufficient tumor suppressor as loss of one allele leads to the 

spontaneous development of tumors in mice42,45. Reduced mRNA expression of 

Beclin 1 is associated with poor prognosis in many cancers, further supporting its 

role as a tumor suppressor. While Beclin 1 is essential for the initiation of 

autophagy and loss of this function is thought to be important for tumor initiation, 

Beclin 1 has additional autophagy-independent functions that contribute to its 

suppression of tumor progression8,46. Previous studies from our lab 

demonstrated a role for Beclin 1 in regulating growth factor receptor signaling by 

controlling the duration of time that active receptors remain within a signaling 

competent endosome compartment. As discussed in Chapter II, I have 

demonstrated that this regulation of endocytic receptor trafficking controls tumor 

proliferation in a TNBC orthotopic mouse model.  Specifically, when Beclin 1 

expression is suppressed, epidermal growth factor (EGFR) expression is 

elevated and downstream MAPK signaling is increased. Furthermore, expression 

of the iron transporter transferrin receptor (TFR1) is also elevated in these 

tumors, and both pathways contribute to proliferation.  Importantly, suppression 

of another essential autophagy gene, ATG5, does not increase proliferation or 

enhance EGFR or TFR1 expression, supporting an autophagy-independent role 

for Beclin 1 in this regulation. 
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The original hallmarks of cancer included the ability of tumor cells to evade 

apoptosis, enhance angiogenesis, sustain replicative potential, trigger invasion 

and metastasis, respond to growth signals and sustain proliferation217. More 

recently, new emerging hallmarks of cancer have been proposed that include the 

capacity for tumor cells to reprogram their metabolism218. This metabolic 

reprogramming refers to the tumor’s ability to alter sugar, fat, and amino acid 

metabolism to meet increasing energy and biosynthetic intermediate demands 

for rapid proliferation. It has been known for many years that tumor cells perform 

glycolysis at higher rates than normal cells to keep up with their energy 

expenditure and anabolic needs, known as the Warburg effect219. However, 

studies have emerged to show that not only is glucose metabolism 

reprogrammed, but glutamine and fatty acid metabolism can also be altered.  For 

example, KRAS mutant and Myc overexpressing tumors have been shown to rely 

on glutamine metabolism to support tumor cell proliferation220,221. Additionally, 

tumor cells can increase lipid content to meet metabolic demands either by 

endogenous means through de novo lipogenesis (DNL) or by increased uptake 

from exogenous sources222,223.  

 

There are many mechanisms by which tumors cells alter cellular metabolism.  Of 

relevance to Beclin 1, autophagy has recently been shown to regulate glucose 

metabolism. Jay Debnath’s group demonstrated that inhibition of autophagy in 

KRAS mutant mouse embryonic fibroblasts (MEFs) reduces glucose uptake and 
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glycolysis224.   This occurs through an autophagy-dependent regulation of GLUT1 

recycling to the cell surface that is mediated by sequestration of the RabGAP 

TBC1D5 by LC3+ autophagosomes.  While this regulation was shown in MEFs 

deficient in Atg7 and Atg5, both of which are essential for the elongation of the 

autophagophore, the involvement of other autophagy genes that have additional 

autophagy-independent functions, such as Beclin 1, has not been explored.  In 

our in vivo tumor analysis, suppression of Beclin 1 and ATG5 expression led to 

an equivalent reduction of autophagy, but increased tumor growth was only 

observed when Beclin 1 expression was reduced.  This finding supports the 

possibility that autophagy-independent functions of Beclin 1 may regulate tumor 

metabolism by alternative mechanisms to drive proliferation.  

 

In this study, I investigated the contribution of Beclin 1 to tumor metabolism in 

vivo.  Local and systemic glucose metabolism was assessed in mice bearing 

either shBECN1 or shATG5 RAS mutant TNBC tumors.  My results support an 

autophagy-independent role for Beclin 1 in the regulation of both tumor 

metabolism and systemic metabolic homeostasis and reveal a potential role for 

Beclin 1 in the regulation of fatty acid metabolism. 

 
MATERIALS AND METHODS 

Cell Lines and shRNAs. MDA-MB-231 LM2 4175 cells (LM2 cells) were 

purchased from the laboratory of Juan Massagué (Sloan Kettering). Lentiviral 

vectors containing short hairpin RNA (shRNA) targeting GFP, BECN1, and ATG5 
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were obtained from Open Biosystems (Huntsville, AL). MDA-MB-231 LM2 4175 

cells were infected with virus for each shRNA and stably expressing cells were 

selected with 2ug/mL puromycin (GoldBio).  

Animal care. 6 week old NOD/SCID mice were purchased from Jackson 

laboratories (Bar Harbor, ME). Mice were housed and cared for in the animal 

facility of the University of Massachusetts Medical School. The facility is 

approved by the Association for Assessment and Accreditation of Laboratory 

Animal Care International and is up to date on regulations of the U.S. 

Department of Agriculture, the U.S. Department of Health and Human Services, 

and the National Institutes of Health. Mice were cared for according to university 

animal care guidelines.  

Orthotopic xenograft tumor growth study. 7 week old NOD/SCID mice were 

injected with 1x106 LM2 cells expressing either shGFP, shBECN1 or shATG5 

into the 3rd mammary fat pad.  Mice were monitored twice weekly for body weight 

(g) and tumor dimensions. Tumor volume was calculated as follows: 

V=4/3π/[(LxWxH)/2].  In vivo metabolic studies were initiated at 3 weeks post 

injection to ensure similar tumor sizes between groups. Mice were euthanized 

with pentobarbital at the end of the hyperinsulinemic-euglycemic clamp study.  

 

Hyperinsulinemic-Euglycemic clamp study. Survival surgery was performed 5 

to 6 days prior to clamp experiments to place an indwelling catheter in the jugular 



	 91	

vein. Mice were fasted overnight the day before the clamp experiment (~12 

hours).   Conscious mice were continuously infused with human insulin (primed 

at 150 mU/kg body weight, followed by 2.5 mU/kg/min [Humulin; Eli Lilly, IN])225 

for 2 hrs. To maintain euglycemia, 20% glucose was infused at variable rates 

during the clamps. Whole-body glucose turnover was assessed with a 

continuous infusion of [3-3H]glucose (PerkinElmer, Waltham, MA). A bolus of 2-

deoxy-d-[1-14C]glucose (2-[14C]DG) (PerkinElmer, Waltham, MA) was 

administered at 75 min after the start of the clamp study to measure insulin-

stimulated glucose uptake in individual organs. At the end of the clamp study, 

mice were anesthetized and tissues were extracted for further analysis. 

 

Biochemical analysis and calculation. Glucose concentrations during the 

clamp study were measured using 10 µl of plasma by a glucose oxidase method. 

Plasma was analyzed on an Analox GM9 Analyser (Analox Instruments, Ltd., 

London, United Kingdom). Plasma [3-3H]glucose, 2-[14C]DG, and 3H2O 

concentrations were measured after deproteinization of plasma samples225. 

Glucose uptake in tissues was analyzed by examining 2-[14C]DG-6-phosphate (2-

[14C]DG-6-P) content in tissue homogenates. Ion exchange columns were used 

to separate 2-[14C]DG-6-P from 2-[14C]DG in supernatant from tissue 

homogenates. Plasma insulin levels were measured using an enzyme-linked 

immunosorbent assay (ELISA) kit (Alpco Diagnostics, Salem, NH).  
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Basal hepatic glucose production (HGP) was determined as the ratio of basal 

[3H] glucose infusion rate to specific activity of glucose at the end of the basal 

period225. Insulin stimulated whole body glucose turnover was determined as the 

ratio of [3H] glucose infusion rate to specific activity of glucose at the end of the 

clamp period225. The insulin-stimulated rate of HGP was determined by 

subtracting the glucose infusion rate from whole-body glucose turnover. Insulin-

stimulated glucose uptake in tissues was measured by analyzing tissue 

concentration of 2-[14C]DG-6-phosphate and the plasma 2-[14C]DG.  

Labeled palmitate and glucose uptake study. Mice were starved for 5 hours 

prior to study initiation. Following starvation, mice were injected with [14C]deoxy-

D-glucose (10 uCi; NET-328, PerkinElmer) intravenously in awake mice.  After 

25 minutes, mice were given 2-[3-3H] Palmitate (30 uCi) intravenously and blood 

samples were collected every minute for 5 minutes. At the 30-minute time point, 

mice were euthanized with sodium pentobarbital (150 mg/kg body weight). 

Tumor and lower limb muscles were removed and analyzed to measure tissue 

specific glucose and fatty acid uptake.  

Body composition and energy balance. Magnetic resonance spectroscopy 

(1H-MRS) (Echo Medical Systems, Houston, TX) was used as a noninvasive 

measurement for whole-body fat and lean masses. Metabolic cage studies were 

used to measure indirect calorimetry and energy balance parameters such as 

food/water intake, energy expenditure, respiratory exchange ratio, and physical 
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activity (TSE-Systems, Inc., Bad Homburg, Germany). TSE-Systems LabMaster 

platform was used with fully automated monitoring for food and water intake and 

activity. LabMaster cages are similar to UMMS facility cages; therefore UMMS 

bedding was used in cages to minimize animal anxiety during the experiment. 

TSE systems provide intuitive software that allows for flexible experimental 

design and data analysis.  

RPPA Analysis. Frozen pieces of three tumors of each genotype (shGFP, 

shBECN1, and shBECN1:Beclin 1) were sent to the MD Anderson Cancer 

Center Reverse Phase Protein Array (RPPA) Core Facility.  RPPA was 

performed according to their previously published protocol using the standard 

antibody list updated 3. 

Immunoblotting. Frozen tumors were extracted on ice in Tissue Protein 

Extraction Buffer containing 1mM sodium orthovanadate, 10mM NaF and 

protease inhibitors (Complete Mini Tab). Tumor extracts containing equivalent 

amounts of protein were resolved by SDS-PAGE, transferred to nitrocellulose 

membranes, and immunoblotted as described previously161,162. Bands were 

detected by chemiluminescence using a ChemiDoc XRS+ system (Bio-Rad 

Laboratories,Hercules, CA, USA) and band intensities were quantified by 

densitometry using Image Lab (Beta 1) or Image J.  Only signals within a linear 

range were used for quantitation and signals were normalized to total protein 

and/or housekeeping genes.   



	 94	

RESULTS 

Beclin 1 and ATG5 are differentially required for glucose uptake in vivo. My 

in vivo tumor studies revealed an autophagy-independent role for Beclin 1 in the 

regulation of tumor proliferation that involves endocytic receptor trafficking 

(Chapter II).  Proliferation requires both growth factor stimuli and appropriate 

metabolic conditions to support the biosynthetic processes necessary for cell 

division to occur.  To investigate if Beclin 1 regulates tumor cell metabolism to 

support enhanced proliferation, I performed a hyperinsulinemic-euglycemic 

clamp study to evaluate tumor glucose uptake in vivo.  Mice bearing either 

shGFP, shBECN1 or shATG5 tumors were analyzed at 3 weeks of tumor growth 

because tumor size and volume was equivalent across all three tumor groups at 

this time (Figure 3.1A and 3.1B).   

Awake mice were kept euglycemic (100 mM basal glucose) while maintaining a 

hyperinsulinemic state to assay insulin stimulated glucose uptake in peripheral 

tissues and tumors (Figure 3.2A, clamp). Hepatic glucose production was 

suppressed following glucose infusion to ensure that all glucose measurements 

were from the exogenous glucose source (Figure 3.2B, clamp).  Following the 

clamp study, tumors and peripheral insulin-sensitive tissues (i.e., muscle, 

adipose) were removed and glucose uptake was assessed. Glucose uptake was 

reduced significantly in shBECN1 tumors when compared with uptake in shGFP 

tumors (Figure 3.3A).  However, in contrast to published in vitro observations, 



B 
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Figure 3.1. Tumor growth is equivalent prior to Hyperinsulinemic-
Euglycemic Clamp study. (A) Tumor growth of orthotopic xenografts in 
NOD-SCID mice.  (B) Tumor volume of tumors during the hyperinsulinemic-
euglycemic clamp study. 	
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Figure 3.2. Hepatic glucose production is suppressed. (A-B) Mice with 
tumors expressing shGFP, shBECN1 or shATG5 were assayed for 
suppression of hepatic glucose production with (A) plasma glucose and (B) 
hepatic glucose production. Plasma glucose was measured with a clinical 
glucose analyzer in 10uL of blood. Hepatic glucose production was measured 
as a ratio of the glucose infusion rate compared to specific activity of glucose.  
 

96	



B 

A 

Figure 3.3. Beclin 1 depleted tumors exhibit decreased insulin 
stimulated glucose uptake.  (A) Mouse tumors expressing shGFP, 
shBECN1, or shATG5 were assayed for glucose uptake following insulin 
stimulation during a hyperinsulinemic-euglycemic clamp study. Glucose was 
measured by assessing labeled 2-[14C]DG-6-phosphate (2-[14C]DG-6-P) in 
tissues. (B) Lower limb skeletal muscle from mice with shGFP, shBECN1, or 
shATG5 tumors was assessed for glucose uptake by measuring labeled 2-
[14C]DG-6-phosphate (2-[14C]DG-6-P). n=13 for shGFP and shBECN1 tumor 
bearing mice, and n=6 for shATG5 tumor bearing mice. *p<0.05  
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glucose uptake in shATG5 tumors was equivalent to uptake in shGFP tumors 

(Figure 3.3A)224.  This difference in outcomes may reflect the fact that the in vitro 

studies were performed with Atg5-/- MEFs and the current in vivo studies were 

performed with cells with reduced, but not complete loss, of ATG5 expression. 

Glucose uptake was equivalent in other peripheral tissues suggesting that 

changes in glucose uptake were specific to the shBECN1 tumors (Figure 3.3B).  

These findings support that Beclin 1 regulates insulin-stimulated glucose uptake 

and does so by autophagy-independent mechanisms. 

 

The hyperinsulinemic-euglycemic clamp study is performed under insulin-

stimulated conditions, which may not reflect basal glucose uptake potential.   To 

determine basal rates of uptake in tumors, we assessed glucose uptake in non-

stimulated mice.  For this study, basal insulin levels were measured and 

determined to be similar in shGFP, shBECN1 and shATG5 tumor-bearing mice 

(Figure 3.4A).  Awake mice were injected with [14C]deoxy-D-glucose and tumors 

and peripheral muscle tissue were removed after 30 minutes.  Basal glucose 

uptake was variable within the shGFP and shATG5 groups and, therefore, no 

significant differences in the rate of glucose uptake were observed (Figure 3.4B).  

However, a trend toward increased glucose uptake was evident in the shBECN1 

tumors.  Additional analysis of a larger cohort of mice will be necessary to 

determine rigorously if Beclin 1 loss enhances tumor glucose metabolism to 

support proliferation. 
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Figure 3.4. Basal glucose uptake is unchanged between tumors.  (A) 
Mice with tumors expressing shGFP, shBECN1, or shATG5 were assayed for 
serum insulin levels with an ELISA assay. (B) Following 5 hour starvation, 
mice with tumors expressing shGFP, shBECN1, or shATG5 were assayed for 
basal glucose uptake following injection of carbon labeled glucose,14C]deoxy-
D-glucose. Glucose uptake in tumors was measured by assessing labeled 2-
[14C]DG-6-phosphate (2-[14C]DG-6-P) in tissues. n=4 for each group, *p<0.05 
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Mice with shBECN1 tumors exhibit early signs of cancer cachexia 

syndrome 

Reduced tumor glucose uptake under insulin-stimulated, but not basal, 

conditions could represent an insulin-resistant phenotype in the tumors. Insulin 

resistance is an adaptive state that can occur in many physiologic conditions 

such as exercise and fasting226.  Insulin resistance also occurs in pathological 

states such as diabetes and cancer cachexia, a wasting syndrome227.   During 

the clamp study, two measures of systemic insulin resistance are glucose 

infusion rate and glucose turnover. Slower glucose infusion rates are suggestive 

of insulin resistance as it takes less glucose to maintain a euglycemic state. 

Glucose turnover is a systemic measure of glucose uptake. Less glucose uptake 

systemically is indicative of an insulin resistant state. Mice with shBECN1 tumors 

showed decreased glucose infusion rates, as well as decreased glucose 

turnover, when compared with mice with shGFP and shATG5 tumors (Figures 

3.5A and 3.5B), indicating that mice with shBECN1 tumors exhibit an insulin 

resistant state.   

 

Systemic insulin resistance can be driven by multiple inflammatory cytokines.  

For example, interleukin 6 (IL-6), interleukin 8 (IL-8) and tumor necrosis factor-

alpha (TNF-a) are often increased in pathologic inflammatory states, mainly 

obesity and diabetes mellitus228. In order to understand whether the insulin 

resistance profile in mice with shBECN1 tumors was driven by changes in  
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Figure 3.5. Mice with shBECN1 tumors exhibit an insulin resistant 
profile.  (A-B) Mice with tumors expressing shGFP, shBECN1, or shATG5 
were assayed for (A) glucose infusion rate and (B) whole body glucose 
turnover during the hyperinsulinemic-euglycemic clamp study. Whole body 
glucose turnover is calculated as the ratio between the clamp hydrogen 
labeled glucose infusion rate compared to the specific activity of plasma 
glucose in the final 30 min of  the clamp study. (C) Luminex assay assessing 
cytokine levels in mouse serum of mice with shGFP, shBECN1, or shATG5 
tumors. n=13 for shGFP and shBECN1 tumor bearing mice, and n=6 for 
shATG5 tumor bearing mice. *p<0.05 
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inflammatory cytokines, we performed a Luminex assay to measure levels of 

circulating cytokines in the tumor-bearing mice.  No significant changes in 

systemic inflammatory cytokines were observed in mice with shGFP, shBECN1, 

or shATG5 tumors, although a trend toward increased MIG and Eotaxin in 

shBECN1 tumors was observed (Figure 3.5C).  Analysis of a larger cohort of 

mice will be necessary to evaluate if these factors are upregulated in shBECN1 

tumors.   

 

Cancer cachexia syndrome is associated with insulin resistance and often seen 

in patients with end stage disease. The main sign of cancer cachexia is weight 

loss, generally due to loss of skeletal muscle and adipose tissue.  This weight 

loss is usually caused by altered metabolic processing, increased energy 

expenditure and decreased oral intake.  To explore further if Beclin 1 expression 

in tumors influences the development of cachexia, energy expenditure was 

measured in mice bearing shGFP, shBECN1, and shATG5 tumors.  To do so, 

activity, food intake and water intake were assessed in a metabolic cage study. 

While no changes in food intake were observed between the different tumor 

groups, mice with shBECN1 tumors exhibited increased energy expenditure (VO2 

consumption) in a 24-hour period when compared with mice with shGFP and 

shATG5 tumors (Figure 3.6A).  This difference in VO2 consumption was primarily 

observed during daytime hours, when mice typically are less active (Figure 3.6B).   
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Body composition was measured to evaluate changes in specific peripheral 

tissues that are commonly altered in cachexia.  No significant changes were 

identified in total body weight or lean muscle mass.  However, a trend toward 

decreased inguinal white adipose tissue (WAT) was observed in mice with 

shBECN1 tumors (Figure 3.7A and 3.7B).  Although muscle wasting is commonly 

observed in cancer cachexia, depletion of WAT usually precedes loss of muscle 

mass, indicating that mice bearing shBECN1 tumors may be in early stages of 

cachexia.  

 

shBECN1 tumors show evidence of elevated de novo lipogenesis  

Tumors can utilize fat to support rapid proliferation either through uptake of fatty 

acids from the environment or through de novo lipogenesis.  Our finding that 

mice with shBECN1 tumors tend to have reduced WAT (Figure 3.7B) suggested 

that shBECN1 tumors may utilize lipids as a metabolic source to support 

proliferation and in doing so, deplete the adipose tissue stores.  To assess lipid 

uptake in the tumors, mice were injected with 2-[3-3H] Palmitate, a saturated long 

chain fatty acid.  Unfortunately, this analysis was inconclusive due to the 

variability of the data within each tumor group (Figure 3.7C). Additional studies 

with a larger cohort of mice will be necessary to directly measure lipid uptake by 

the tumors.   
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As an alternative approach to assess lipid metabolism in the shBECN1 tumors, 

we examined our RPPA dataset for alterations in the expression of proteins that 

may drive this metabolic phenotype.  CD36, the cell surface glycoprotein that 

determines the rate of fatty acid uptake into cells, was not included in the RPPA 

analysis.  However, enzymes important for de novo lipogenesis showed elevated 

expression in shBECN1 tumors (Figure 3.7D).  Specifically, the enzyme acetyl-

CoA carboxylase 1 (ACC1) was significantly upregulated in shBECN1 tumors 

when compared with shGFP and shBECN1:Beclin 1 tumors (Figure 3.7D).  

ACC1 is a key regulator of de novo lipogenesis as it catalyzes the conversion of 

acetyl CoA to malonyl CoA, shifting fat catabolism to fat generation229,230. 

Expression of fatty acid synthase (FASN), which synthesizes palmitate from 

acetyl-CoA and malonyl CoA, was also elevated in shBECN1 tumors (Figure 

3.7D).  In contrast, phosphorylation of AMP-activated protein kinase (AMPK), an 

inhibitor of ACC1 and de novo lipogenesis, was reduced in shBECN1 tumors 

(Figure 3.7D).  The upregulation of ACC in the shBECN1 tumors (Figure 3.7E) 

was confirmed by immunoblot of additional tumors (n=7).  The upregulation of 

ACC1 and FASN and downregulation of pAMPK provides evidence that 

shBECN1 tumors may depend on lipid metabolism, in particular de novo 

lipogenesis, to support their enhanced proliferation.  
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Figure 3.6. shBECN1 tumor bearing mice exhibit increased energy 
expenditure. (A-B) Mice with tumors expressing shGFP, shBECN1, or 
shATG5 were assayed for metabolic activity during a metabolic cage study. A 
metabolic cage from TSE-systems was used to automatically measure 
mouse movement/activity in a 24 hours period.  Energy expenditure was 
measured as (A) total and (B) day time expenditure. *p<0.05, n=13 for 
shGFP and shBECN1 tumor bearing mice, and n=6 for shATG5 tumor 
bearing mice.  
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Figure 3.7. Mice with shBECN1 tumors have decreased inguinal fat 
mass. (A-B) Mice with tumors expressing shGFP, shBECN1, or shATG5 
were assayed for body composition. Inguinal fat was measured following 
hyperinsulinemic-euglycemic clamp study. (C) Graph highlighting proteins 
involved in de novo lipogenesis that were assayed through reverse phase 
protein array (RPPA). (D) Tumor fatty acid uptake was measured under non-
stimulated conditions by measuring hydrogen labeled palmitate (2-[3-3H] 
Palmitate) after a 5 minute injection. (E) Immunoblot validation of total ACC 
expression in shGFP and shBECN1 tumors. n=7 tumors per group. *p<0.05 
 

106	



	 107	

DISCUSSION 

Our study demonstrates that Beclin 1 regulates both local and systemic glucose 

metabolism in an autophagy-independent manner and reveals a potential role for 

Beclin 1 in the of regulation lipid metabolism. Specifically, tumors with reduced 

Beclin 1 expression have decreased insulin-stimulated glucose uptake and mice 

bearing these tumors display systemic insulin resistance. shBECN1 tumor 

bearing mice also have increased daytime energy expenditure and reduced white 

adipose fat depots. Together these phenotypes are evidence of early cancer 

cachexia, a condition that occurs often at the end stage of cancer and can lead to 

patient death. We note that shBECN1 tumors have elevated expression of ACC1 

and FASN, enzymes involved in de novo lipogenesis, which may signify a 

reliance of these tumors on lipid metabolism for proliferation. Taken together, our 

data support a novel mechanism by which Beclin 1 regulates tumor progression 

and impacts cancer outcomes. 

 

Our data suggesting that Beclin 1 may play a role in regulating de novo 

lipogenesis contributes to our understanding of how Beclin 1 controls tumor 

proliferation.  The ability of tumor cells to reprogram their metabolism is a 

hallmark of cancer and is essential to support the enhanced biosynthetic activity 

necessary for rapidly dividing cells.  I observed a trend in increased basal 

glucose uptake, however this increase was modest and needs to be further 

validated.  In contrast, I identified a significant increase in the expression of 
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enzymes that control fatty acid synthesis, ACC1 and FASN, and decrease in the 

expression of phosphorylated AMPK, an inhibitor of ACC1 activity.  This “de novo 

lipogenesis signature” supports that loss of Beclin 1 expression results in the 

reprogramming of lipid metabolism.  Lipid metabolism is highly active in breast 

tumors and metastatic tumors are reported to have high levels of fatty acid 

utilization. Triple negative breast carcinoma cells generate high levels of ATP 

through fatty acid oxidation231.  Silencing of ACC1 in breast cancer cells reduces 

de novo lipogenesis and induces apoptosis, suggesting that ACC is also 

important for breast tumor survival232.  Future studies to examine de novo 

lipogenesis and its role in the proliferation of tumors with low Beclin 1 expression 

are necessary to establish the contribution of this pathway to the aggressive 

behavior of these tumors.  Of clinical relevance, an allosteric inhibitor of ACC1 

and ACC2 has been developed that suppresses fatty acid synthesis and inhibits 

non-small cell lung cancer growth in vivo233.  Tumors with low Beclin 1 

expression may be more sensitive to this targeted therapy.   

 

Our study highlights a role for Beclin 1 in the energy wasting syndrome of cancer 

cachexia234.  Mice with shBECN1 tumors have increased daytime energy 

expenditure, reduced inguinal fat mass and systemic insulin resistance, a finding 

not observed in mice with shATG5 tumors. These symptoms are often the first 

signs of cancer cachexia, which affects cancer patients in the later stages of 

disease and contributes to their morbidity and mortality. Little is known about 
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mediators of cancer cachexia, although some cytokines including TNF-α and IL-6 

are associated with cancer cachexia syndrome in different human cancers235,236.   

However these factors cannot explain all cases of cachexia and the reasons why 

some patients develop this wasting syndrome and others do not are unknown.  

Identifying factors that drive cachexia is necessary for developing approaches to 

treat these patients. Given that Beclin 1 expression is reduced across multiple 

human tumors, it could serve as a biomarker for patients that may be prone to 

the development of cancer cachexia. Future studies using mouse models of 

cachexia may help to understand how Beclin 1 influences tumor function to 

induce cancer cachexia.  Moreover, additional metabolic analyses of shBECN1 

tumors may reveal factors that control this devastating condition.    
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Summary of Findings 

BECN1 is a haploinsufficient tumor suppressor gene that is often reduced in 

multiple cancers such as breast, ovarian, and prostate. Additionally, low Beclin 1 

expression is an independent predictor of prognosis in different cancers and is 

associated with poor outcomes. Despite this, many studies have been unable to 

elucidate why a reduction in Beclin 1 expression is associated with aggressive 

tumor behavior. My work was designed to understand the implications of reduced 

Beclin 1 expression in a TNBC model in vivo. In this thesis, I present an 

explanation as to why reduced Beclin 1 expression is associated with poor 

prognosis as well as a novel therapeutic approach for TNBC. Additionally, my 

studies provide evidence of autophagy-independent roles that add to our 

understanding of Beclin 1 as a tumor suppressor, where previously this role was 

attributed solely to autophagy. My work reveals a novel mechanism for Beclin 1 

in the regulation of endocytic trafficking by regulating the recruitment of HRS to 

endosomes. HRS sorts ubiquitinated cargo to be degraded at the lysosome. I 

observed that loss of this recruitment leads to enhanced and sustained signaling 

of receptors, which enhances proliferation in vivo. This phenomenon occurs with 

both growth factor (EGFR) and nutrient (TFR1) receptors that are degraded 

through the endolysosomal machinery. As a result, tumors that express low 

levels of Beclin 1 are sensitive to inhibition of EGFR and downstream signaling 

effectors ex vivo, and respond with a reduction in overall proliferation, 

representing a possible therapeutic strategy to target these tumors in the clinic. 
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To further understand the impact of reduced Beclin 1 expression in vivo, I was 

able to show that Beclin 1 alters glucose metabolism in a hyperinsulinemic-

euglycemic clamp study. shBECN1 tumors have reduced local glucose uptake 

and have reduced systemic white adipose tissue suggesting that they use fat as 

an energy source. Additionally, I show a potential novel role for Beclin 1 in the 

negative regulation of de novo lipogenesis as shBECN1 tumors upregulate 

proteins involved in this process. Interestingly, Beclin 1 may also be a biomarker 

for cancer cachexia, in which there are few known mediators, as mice with 

shBECN1 tumors exhibit early signs of this wasting disease.  

 

My study also adds to our knowledge of the autophagy-independent functions of 

Beclin 1. Knockdown of ATG5, another essential autophagy gene that is 

important for the elongation and closure of the autophagosome, does not result 

in the same outcomes as knockdown of Beclin 1. ATG5 does not alter HRS 

recruitment to affect degradation of ubiquitinated cargos nor does it alter glucose 

metabolism at either the local or systemic levels in mice with shATG5 tumors. My 

work highlights the importance of these functions in breast cancer but these roles 

can impact other cancer types.  

  

Beclin 1 as a tumor suppressor 

Several studies support a tumor suppressive role for Beclin 1, but the 

mechanisms governing this role are still poorly understand. Heterozygous loss of 
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Beclin 1 in vivo leads to the development of lung adenocarcinomas, liver 

adenocarcinoma and lymphomas in mice. Additionally, these mice develop pre-

malignant changes in the mammary gland compared to WT matched 

controls42,45. In another model, overexpression of Beclin 1 in MCF7 cells prevents 

tumor formation in mice and suppresses proliferation in vitro, further supporting 

this tumor suppressive role65. Beclin 1 as a tumor suppressor has been 

examined in the context of autophagy. Autophagy can clear damaged protein 

and organelles that can cause cellular stress. For example, immortalized baby 

mouse kidney (iBMK) cells with reduced Beclin 1 expression show reduced 

autophagy and accumulate reactive oxygen species, p62 aggregates, and 

damaged mitochondria34,36. The authors concluded that these aggregates 

promote tumor progression when Beclin 1 expression is reduced because these 

factors can cause genomic instability. My data indicating that Beclin 1 regulates 

growth factor and nutrient receptor signaling to regulate proliferation provides 

mechanistic insight into the role of Beclin 1 as a tumor suppressor that is 

independent of its function in autophagy. Regulating the recruitment of HRS to 

endosomes, governing the degradation of receptors that are often highly active in 

cancer and controlling signaling provide a molecular mechanism by which Beclin 

1 functions as tumor suppressor.  

 

Studies using genetic mouse models carrying heterozygous loss of Beclin 1 

reached conflicting conclusions about the role of Beclin 1 as a tumor suppressor. 



	 114	

For example, heterozygous loss of Beclin 1 promotes mammary tumorigenesis in 

mice following parity and promotes WNT-1 driven tumorigenesis. On the other 

hand, in genetic models driven with either the polyoma middle T antigen (PyMT) 

or a HER2, heterozygous loss of Beclin 1 does not promote mammary 

tumorigenesis. My data showing that Beclin 1 regulates endocytic trafficking of 

certain receptors explains these different findings in Beclin 1 dependent 

tumorigenesis. Certain receptors are regulated through endolysosomal trafficking 

through HRS such as some RTKs and the Frizzled receptor family. Once 

activated, the Frizzled receptors then activate Wnt signaling downstream. It is 

possible that the enhanced mammary tumorigenesis following parity observed in 

mice was due to loss of Beclin 1 expression resulting in the reduction of 

endolysosomal degradation of the Frizzled receptors, resulting in enhanced WNT 

signaling and promotion of tumorigenesis. On the other hand, PyMT and HER2 

are not regulated in the same manner. While HER2 is endocytosed, it is resistant 

to degradation and is instead recycled to the cell surface237. Interestingly, 

heterodimerization of EGFR and HER2 leads to delayed receptor degradation 

and increased recycling of this heterodimer to the cell surface238,239. Given how 

HER2 receptor trafficking is regulated, loss of Beclin 1 expression is not likely to 

alter HER2 expression and function and is unlikely to change tumor growth in a 

HER2 model. These differences in receptor trafficking likely explain the 

discrepancies in previous studies regarding the role of Beclin 1 in the regulation 

of mammary tumorigenesis. These studies suggest that the role of Beclin 1 in 
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mammary tumor growth is context specific. However, my work reveals that the 

role of Beclin 1 in tumorigenesis is directly linked to the regulation of receptor 

trafficking. By understanding the context of how receptors are trafficked, we can 

identify signaling pathways that may be altered when Beclin 1 expression is 

reduced. To further study the regulation of receptor trafficking in vivo, I would use 

cell lines with sustained activity of different RTKs that undergo endolysosomal 

receptor degradation through HRS and examine tumor growth in vivo using a 

xenograft model. For example, I could generate shBECN1 expressing non-small 

cell lung cancer cell lines that have an activating EGFR mutation and examine 

tumor growth in NOD/SCID mice. I hypothesize that shBECN1 EGFR mutant 

cells would exhibit enhanced tumor growth due to reduced receptor degradation 

through the endolysosomal pathway compared to shGFP expressing EGFR 

mutant cells. This would further suggest that Beclin 1 regulates RTK expression 

and function of RTKs that are regulated through HRS and would also show that 

this regulation happens in other cancers in addition to breast cancer. 

 

Beclin 1 and growth factor signaling in cancer 

Growth factor receptor signaling is often aberrantly regulated in cancer 

pathogenesis. Enhanced signaling downstream of receptors such as RTKs leads 

to the activation of multiple downstream signaling pathways that promote cancer 

growth and survival. For example, both EGFR and IGF-1R activity are enhanced 

in multiple cancer types including breast cancer. Overexpression of EGFR and 
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IGF-1R are observed in over 50% and up to 46% of all TNBC respectively240,241. 

This overexpression translates to elevated receptor activity and abnormal 

signaling. While there are multiple mechanisms for this aberrant signaling, one 

mechanism includes the inability of endocytosed receptors to be degraded. For 

example, disruption of endocytic processing of EGFR by interrupting 

endoplasmic reticulum contact sites has been shown to cause delayed 

degradation and enhanced signaling downstream of the EGFR242. Additionally, 

overexpression of EGFR at the plasma membrane causes the increase of either 

homodimerization or heterodimerization, leading to enhanced kinase activity243. 

Overexpression of IGF-1R leads to enhanced signaling and can be observed 

when IGF-1R heterodimerizes with the Insulin Receptor (IR)244. The overall result 

of this enhanced receptor expression is the upregulation of downstream 

signaling, which is often observed in aggressive breast cancer subtypes. My 

work provides a novel mechanism into how the activity of certain signaling 

pathways can be enhanced in cancer and is the first to show that Beclin 1 

regulates growth factor signaling in vivo. Taken together, my work emphasizes 

the importance of regulating growth factor signaling in cancer.  

 

In my orthotopic xenograft model, I have shown that loss of Beclin 1 results in 

enhanced signaling downstream of the EGFR receptor because of the ability of 

Beclin 1 to regulate HRS recruitment to the endosome. Although the 

endolysosomal degradation of other RTKs such as IGF-1R, PDGFR and the IR is 
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regulated in a similar manner to EGFR, the ubiquitin ligases responsible for 

ubiquitinating these receptors are different. As mentioned previously, c-Cbl, a 

member of the Cbl family of ubiquitin ligases, ubiquitinates EGFR, while Nedd4, 

an E3 ubiquitin ligase, ubiquitinates IGF-1R87,90,91. However, both of these 

receptors (EGFR and IGF-1R), when ubiquitinated, are recognized by HRS and 

sorted for degradation. Therefore, I hypothesize that in other breast cancer 

models with reduced Beclin 1 expression, enhanced signaling of these receptors 

(IGF-1R, PDGF, or Insulin) may also be due to diminished HRS recruitment to 

endosomes. I can test this in vitro by stimulating cells with the respective ligands 

of these receptors and immunoblotting for changes in phospho-HRS as a 

surrogate marker for HRS recruitment to endosome. I can also use 

immunofluorescence staining to look for reduced HRS puncta. I can further test 

whether Beclin 1 can regulate the signaling of these receptors in vivo by 

performing IPs for HRS and immunoblotting for phospho-tyrosine expression in 

shBECN1 expressing tumors, specifically in tumor models that show enhanced 

signaling downstream of these receptors. Furthermore, I can explore the ability of 

Beclin 1 to regulate HRS recruitment to endosomes to modulate RTK signaling 

by examining other cancers. Beclin 1 expression is reduced in multiple 

aggressive tumor types including oral tongue squamous cell carcinoma, prostate, 

ovarian, gastric cancer and hypopharyngeal cancer59,62-64. Therefore, it is 

important to explore whether the regulation of signaling by Beclin 1 in breast 

cancer is a conserved mechanism across multiple cancers. 
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My study models the reduction of Beclin 1 expression observed in many cancers 

that results in disruption of the PI3KC3 interaction. However, Beclin 1 can 

undergo post-translational modifications that interrupt its ability to interact with 

PI3KC3. For example, AKT phosphorylates Beclin 1 at the S295 site and EGFR 

phosphorylates Beclin 1 at Y229, Y233 and Y352 sites to disrupt the interaction 

of Beclin 1 and PI3KC3245,246. In normal physiology, this short-term regulation 

may serve as a way to regulate the duration of signaling downstream of active 

receptors. However, this regulation may provide an advantage to cancer cells to 

promote sustained activation of receptor signaling. Beth Levine’s group 

generated Beclin 1 mutant phosphorylation constructs that either mimic Beclin 1 

phosphorylation (Beclin 1 EEE) or are unable to be phosphorylated (Beclin 1 

FFF).  The Beclin 1 EEE phosphomimetic was shown to increase proliferation 

and tumor growth in non-small cell lung cancer model while the Beclin 1 FFF 

mutant suppressed tumor growth246. This group concluded that the functional 

outcome of the phosphomimetic Beclin 1 mutant was due to a deregulation of 

autophagy. However, I hypothesize that the Beclin 1 phosphomimetic (Beclin 1-

EEE) reduces HRS recruitment to endosomes and results in sustained signaling 

downstream of growth factor receptors which promotes tumor growth. One way 

to test this hypothesis is to generate shBECN1 rescue cells that express the 

Beclin 1 EEE mutant and examine whether these cells, when stimulated with 

EGF, exhibit reduced pHRS via immunoblot or reduced HRS puncta via IF. I can 
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also stimulate cells that express this mutant to explore whether EGFR signaling 

is sustained.  Since these Beclin 1 mutants were only explored in the context of 

autophagy, it would be important to elucidate whether or not these mutants 

affects endocytic receptor trafficking thereby affecting receptor signaling. If the 

Beclin 1 EEE or FFF mutant alter receptor signaling in vitro, it would be important 

to explore these mutants in vivo to further examine the role of Beclin 1 in the 

regulation of growth factor signaling and tumor growth.  

 

Beth Levine’s group also generated a TAT-Beclin 1 peptide that was shown to 

increase autophagy and reduce tumor growth in a xenograft model247. The TAT-

Beclin 1 peptide contains 11 amino acids from the evolutionary conserved 

domain of Beclin 1 and an 11 amino acid sequence from HIV that allows it to be 

cell permeable248. This peptide increases autophagy in a dose dependent 

manner in a breast cancer cell line and is thought to activate autophagy in a 

canonical manner as treatment of shBECN1 or shATG7 cells with this peptide 

results in a reduction of LC3 puncta, indicating reduced autophagy248. Beth 

Levine’s group hypothesized that TAT-Beclin 1 may exert its affects on 

autophagy by inhibiting the interaction of Beclin 1 and Golgi associated plant 

pathogenesis-related 1 (GAPR-1) which associates with the golgi complex, 

thereby releasing Beclin 1 from the golgi to function in autophagy248. However, 

they did not explore whether TAT-Beclin 1 could alter endocytic receptor 

degradation. First it would be important to determine whether the TAT-Beclin 1 



	 120	

peptide induces endocytic receptor degradation.  If so, then it would be of interest 

to use this peptide to explore the novel role of Beclin 1 in the regulation of HRS 

recruitment in vitro and in vivo.  

 

In my studies I use an ex vivo approach to treat tumor fragments with different 

RTK and downstream signaling inhibitors and monitor proliferation through IHC. 

Using this approach I was able to determine that low Beclin 1 expressing 

mammary tumors are sensitive to both Lapatinib and PD98059, and exhibit 

reduced proliferation in the presence of these drugs. Using this technique, I can 

use other inhibitors of RTKs to screen low Beclin 1 tumors for reduced 

proliferation following treatment. This is a great platform to screen different 

inhibitors to develop novel treatment approaches for multiple cancer types that 

have reduced Beclin 1 expression. Additionally, drug treatments that result in 

reduced proliferation ex vivo can be used to screen for efficacy in shBECN1 

tumors in vivo. Orthotopic xenograft studies can be used to examine tumor 

growth regression upon drug treatment as well as determine an adequate drug 

dosing schedule that is reasonable for human use249.  

  

Beclin 1 and TFR1 in Cancer 

Iron is an essential element that is important for multiple cellular enzymes that 

function in cellular metabolism and cellular proliferation.  Given this critical 

requirement, cancer cells have generated mechanisms to increase intracellular 
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iron stores. The transferrin receptor  (TFR1) is the major regulator of iron uptake 

into the cell. Many cancers including breast, bladder and lung cancer have 

increased TFR1 expression250.  Conversely, iron transport out of the cell is 

mediated by the transporter ferroportin and consequently, ferroportin expression 

is reduced in many cancers including breast251,252. This mechanism employed by 

cancer cells to regulate both iron influx and efflux allows for iron levels to remain 

elevated, which facilitates rapid proliferation. For example, breast tumors have 

elevated levels of TFR1 expression and reduced expression of ferroportin, 

supporting a tumor microenvironment that has elevated iron levels compared to 

normal tissue251. Additionally, it was observed that breast tumors have an iron 

gene regulatory signature that can predict patient outcomes253. Our data shows, 

for the first time, that Beclin 1 can regulate TFR1 expression in vivo. Given that 

TFR1 regulates iron uptake into cells, one logical question would be to determine 

whether the proliferation phenotype findings observed in shBECN1 tumors are 

sensitive to iron chelation. Studies suggest that iron chelation can have anti-

tumor effects in vivo, therefore it would be of interest to use iron chelators in the 

orthotopic xenograft model to see if we can reduce proliferation in shBECN1 

tumors, thereby inhibiting tumor growth254. This could serve as a new mechanism 

to treat low Beclin 1 expressing tumors that have elevated TFR1 expression.  

 

Our studies from Chapter II provide a novel mechanism by which TFR1 

expression is regulated by endolysosomal degradation. Previously it was shown 
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that the iron-responsive proteins 1 & 2 regulate TFR1 mRNA expression. 

However, previous studies suggest that the endolysosomal pathway can also 

regulate TFR1 protein expression. TFR1 is ubiquitinated by membrane-

associated RING-CH (MARCH) 8, a member of the MARCH family of ubiquitin 

ligases255. In Chapter II, I observed that TFR1 remains ubiquitinated in shBECN1 

tumors. I hypothesize that decreased HRS recruitment in shBECN1 tumors 

allows for the escape of ubiquitinated TFR1 that leads to the increase in TFR1 

expression. However, it would be important to look at this regulation more 

closely. Using immunofluorescence to examine colocalization of TFR1 and HRS 

would help to support a role for HRS in the regulation of TFR1 expression 

through the endolysosomal pathway. I hypothesize that shBECN1 expressing 

cells would exhibit a reduction in HRS colocalization with TFR1 compared to 

shGFP control cells.  

 

TFR1 is a very interesting candidate for anti-tumor therapy because this protein 

can be targeted to prevent iron uptake into cells or its physiological function can 

be utilized for drug delivery. As mentioned previously, iron chelators are being 

explored as a potential anti-tumor treatment because of the importance of iron in 

cellular proliferation.  However, targeting TFR1 itself is being considered as a 

potential anti-tumor therapy256. For example, mice treated with single-chain 

antibodies targeting TFR1 exhibited reduced tumor growth in a leukemic mouse 

model by reducing intracellular iron257. Transferrin (TF) is the ligand for TFR1 that 
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binds iron and is constitutively taken up by cells. Another line of therapy is to use 

transferrin-chemotherapeutic conjugates. For example, TF-cisplatin or TF-

doxirubicin have been used both in vitro and in vivo and are cytotoxic to cancer 

cells258. Our study suggests that Beclin 1 may be a biomarker to identify tumors 

with high TFR1 expression, which can be candidates for TF-chemotherapeutic 

conjugates. Additionally, using TF conjugated to inhibitors of downstream RTK 

signaling pathway members would be worth exploring in our tumor model. I can 

also use my ex vivo drug treatment system to determine which TF-conjugates 

are effective in multiple cancers and then use these same conjugates in vivo to 

explore their efficacy in reducing tumor growth in low Beclin 1 expressing tumors.  

 

Beclin 1, HRS and the Endolysosomal Pathway 

Several studies in lower organisms have implicated a role for Beclin 1 in 

endocytosis and have hinted at a potential role for Beclin 1 in the regulation of 

subcellular signaling50,52. In the mammalian system, the Stenmark group showed 

that the Beclin-1-PI3KC3-UVRAG interaction (Complex II) was important for 

endosomal maturation and regulation of EGFR degradation48. Our lab’s 

previously published work supports this role for Complex II as we showed that 

Beclin 1 regulates endosomal maturation and reduced Beclin 1 expression allows 

receptors to signal from immature but signaling competent endosomes. Both of 

these studies were done in an in vitro model system. My work in this dissertation 

expands on these studies and now provides a novel explanation for the 
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regulation of endocytic trafficking by Beclin 1 in vivo using a breast cancer model. 

However, as mentioned, this regulation may also be present in other cancer 

types. Additionally it provides more support for the role of Beclin 1 in the 

regulation of growth factor receptor signaling which can contribute to its role as a 

tumor suppressor.  

 

My work shows that Beclin 1 promotes the recruitment of HRS to endosomes, 

which sorts cargos for degradation in the endolysosomal pathway. By 

immunofluorescence staining, I show a reduction in HRS puncta in shBECN1 

cells as compared to control cells. Given that HRS is recruited to early 

endosomes and that our previous work shows that Beclin 1 regulates early 

endosomal maturation, using co-staining techniques with other endosomal 

markers would be necessary to confirm that the HRS puncta I visualized 

represent early endosomes. I can use Rab5, which is a marker of early 

endosomes, to confirm that the HRS is recruited to the early endosome. I can 

also stimulate breast carcinoma cells expressing shGFP or shBECN1 with EGF 

and perform an IP with HRS. I can then blot for early endosomal markers such as 

Rab 5 or early endosomal antigen 1 (EEA1) to show that there is decreased 

interaction between HRS and early endosomal markers in shBECN1 expressing 

breast carcinoma cells. This would help to further support a role for Beclin 1 in 

the endosomal recruitment of HRS. Signal transduction through active receptors 

and degradation of these receptors through HRS recruitment is a dynamic 
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process. One caveat to my study is that I examine recruitment of HRS in a short 

time course of either 10 to 15 minutes following EGF stimulation. Therefore 

additional studies are required to further look at the recruitment of HRS and 

longer time courses may be necessary to examine this dynamic process.  

 

As mentioned previously, HRS is a member of the endosomal-sorting complex 

required for transport (ESCRT) machinery. This machinery sorts cargos into 

intraluminal vesicles (ILVs) that go on to form multivesicular bodies (MVB) which 

fuse with lysosomes to degrade their content. HRS is a member of ESCRT-0. I 

could examine TSG101 recruitment to HRS puncta since TSG101 is member of 

the ESCRT-I complex and is recruited to endosomes after ESCRT-0. I 

hypothesize that shBECN1 expressing cells would exhibit a reduction in TSG101 

positive staining as TSG101 is recruited to endosomes by HRS. To confirm that 

this is happening in vivo, I could use Amnis Flow Cytometry Flowsight to examine 

freshly dissociated tumor cells for colocalization of different markers such HRS, 

TSG101 and Rab5. Amnis Flow cytometry Flowsight is an imaging flow 

cytometer that takes images of individual cells and allows for the localization and 

quantification of colocalized proteins in single cells.  

 

HRS is recruited to early endosomes in a PI3P-dependent manner100,102. 

Previously our lab showed that loss of Beclin 1 leads to a reduction in growth 

factor stimulated PI3P production that results in delayed maturation of 
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endosomes131. We also observed a reduction in the recruitment of early 

endosome antigen 1 (EEA1) to early endosomes in shBECN1 cells. EEA1 is also 

recruited in a PI3P-dependent manner131.  In my work, I hypothesize that HRS 

recruitment to the endosome is reduced in shBECN1 expressing LM2 cells 

because of a reduction in PI3P. However, it would be important to show that this 

regulation is occurring in the LM2 shBECN1 cells and shBECN1 tumors. To 

determine if reduced recruitment of HRS is due to reduced PI3P, I could examine 

the recruitment of other PI3P-dependent proteins to the endosome as our lab 

previously showed in another breast cancer cell line131. EEA1 is an early 

endosomal protein that is recruited to the endosome by the binding of its FYVE 

domain to PI3P259,260. Since Beclin 1 regulates PI3P production, I would expect 

reduced EEA1 endosomal recruitment in shBECN1 cells compared to shGFP 

control cells. Although we previously showed this finding in another cell line, it 

would still be of interest to show that this happens in the LM2 shBECN1 cells. 

These results would support a hypothesis that the reduction in HRS recruitment 

to the endosome is due to reduced PI3P production.  

 

As I mentioned previously, HRS initiates the MVB pathway by recognizing and 

binding ubiquitinated cargos destined for sorting into ILVs111,261. This signal 

allows for the sequential recruitment of other ESCRT complexes. This key step of 

ubiquitination has been shown to be essential for degradation of multiple RTKs 

including the EGFR262. In my work, I also show that TFR1 remains ubiquitinated 
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in shBECN1 tumors.  I hypothesize that ubiquitinated receptors escape 

degradation, which causes elevated receptor expression levels. It is important to 

investigate the ubiquitination of other receptors both in vivo and in vitro to further 

support a role for Beclin 1 in regulation of HRS and the degradation of different 

growth factor and nutrient receptors. In order to examine whether proteins 

escape degradation by remaining ubiquitinated, I could stimulate cells expressing 

shBECN1 with EGF ligand (or other receptor ligands), treat with a deubiquitinase 

inhibitor such as N-ethylmaleimide (NEM), perform an IP for EGFR (or other 

RTKs), and blot for ubiquitin. Compared to shGFP expressing cells, shBECN1 

expressing cells may exhibit a prolonged ubiquitination of the EGFR receptor. 

This data would support that reduced Beclin 1 expression allows for enhanced 

signaling because receptors escape degradation and remain ubiquitinated. I can 

also express a mutant EGFR construct in the LM2 cells that is unable to be 

ubiquitinated. The Sorkin group generated a EGFR construct that has either 15 

or 16 lysine-arginine (KR) mutations in the kinase domain of EGFR that prevent 

EGFR from being ubiquitinated263. I can express this mutant EGFR in EGFR 

knockout LM2 breast carcinoma cells that have reduced Beclin 1 expression and 

stimulate with EGF to examine downstream signaling. In shGFP cells, this 

mutant EGFR construct should exhibit reduced degradation and sustained 

signaling to a greater extent compared to shBECN1 expressing cells. shBECN1 

cells may still exhibit an increase in signaling but the fold change will not be as 

significant as the shGFP control cells. I can also use these EGFR knockout cells 
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that express the EGFR ubiquitin mutant in vivo to examine tumor growth. I expect 

that shGFP LM2 cells that express the EGFR ubiquitin mutant will exhibit a more 

significant enhancement in EGFR signaling and increased tumor growth. LM2 

shBECN1 cells that express the EGFR ubiquitin mutant in vivo may exhibit 

increased growth however as stated previously, the fold change may not be a 

significant as observed for the shGFP tumors.   

 

Autophagy-Independent/alternative Roles for Beclin 1 in Cancer 

Autophagy can suppress tumor initiation and progression through multiple 

mechanisms. Autophagy can help to clear damaged proteins and organelles to 

suppress tumorigenesis by reducing reactive oxygen species, which promotes 

genomic instability. As stated previously, reduction of Beclin 1 and Atg5 

expression in iBMK cells was shown to lead to the accumulation of both p62 and 

damaged mitochondria, resulting in elevated ROS and oxidative stress, which in 

turn promotes DNA damage34,36. Autophagy can also prevent malignant tumor 

formation; mice with systemic mosaic deletion of Atg5 or liver specific knockout 

of Atg7 develop liver adenomas, which are non-malignant tumors, and 

accumulate ROS37.  However, these benign liver tumors fail to progress to 

hepatocellular carcinoma despite having increased ROS levels and genomic 

instability37. On the other hand, mice heterozygous for Becn1 develop multiple 

spontaneous malignancies including lung adenocarcinoma, liver 

adenocarcinomas and lymphomas. This difference in tumor development 
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between essential autophagy genes suggests that Beclin 1 has autophagy-

independent or autophagy alternative functions that are required for cancer 

development.  

 

My orthotopic xenograft studies indicate that shBECN1 expressing tumors exhibit 

increased tumor growth compared to shATG5 expressing tumors. I show that 

autophagy is equivalently reduced in these tumors, however there is a difference 

in tumor growth. shBECN1 expressing tumors also exhibit an increase an 

EGFR/MAPK signaling due to diminished recruitment of HRS which prevents 

endolysosomal degradation of EGFR thereby promoting sustained signaling. This 

data suggest that it is the endolysosomal regulation by Beclin 1 that promotes 

enhanced tumor growth. I hypothesize that shATG5 tumors do not exhibit 

increased tumor growth because ATG5 does not regulate endolysosomal 

degradation. It would be interesting to explore this further by manipulating 

endolysosomal degradation in shATG5 expressing cells. I can express an HRS 

FYVE domain deletion mutant to perturb endolysosomal degradation. As stated 

previously, HRS is recruited to endosomes through its FYVE domain that binds 

PI3P. Using this mutant, I could compare tumor growth of shATG5 (autophagy 

deficiency) and shATG5:HRS-FYVE domain deletion (autophagy and 

endolysosomal degradation deficient) cells. I hypothesize that shATG5:HRS-

FYVE domain tumors would exhibit increased tumor growth compared to 

shATG5 and shGFP control tumors because receptor degradation would be 
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disturbed. Expressing the HRS mutant in shATG5 cells may allow the shATG5 

tumors to behavior more similarly to shBECN1 tumor because they will now 

exhibit defective endolysosomal degradation.  

 

My work highlights a novel role of Beclin 1 in the regulation of growth factor and 

nutrient receptor signaling in vivo that is autophagy-independent. As shown in 

Chapter II, knockdown of Beclin 1 or ATG5 results in equivalent reduction in 

autophagy. However, when I examined the functionality of this loss through 

tumor growth and proliferation, I note that reduction of ATG5 does not result in 

enhanced tumor growth or changes in proliferation compared to control tumors. 

Additionally, ATG5 does not regulate HRS recruitment to endosomes and 

therefore does not alter growth factor or nutrient receptor signaling. This finding 

helps to justify a role for Beclin 1 in cancer that is autophagy-independent.  

 

In my study I knockdown Beclin 1 expression which affects both Complex I 

(autophagy) and Complex II (autophagy-independent). In order to determine if 

the autophagy-independent phenomenon I observed is regulated by Complex II, 

it would be important to investigate these complexes separately. I could knock 

down either ATG14 or UVRAG independently to examine their role in HRS 

recruitment. Based on my work, I hypothesize that Complex II, with UVRAG, 

mediates the recruitment of HRS to endosomes by Beclin 1.  However, one 

caveat to this approach is that ATG14 and UVRAG are needed for complex 
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stability and knockdown of either of these proteins results in a reduction of Beclin 

1264. It may be possible to prevent changes in Beclin 1 expression by targeting 

regulators of ATG14 or UVRAG. One group showed that Dapper 1 (Dpr1), a 

Dishevelled (Dvl)-interacting protein that can prevent both canonical and non-

canonical WNT signaling, can regulate autophagy by enhancing the interaction of 

Complex I with Beclin 1, PI3KC3, and ATG1413. By targeting Dapper 1, I could 

reduce the interaction of Beclin 1 with ATG14 and increase the interaction of 

Beclin 1 with UVRAG. UVRAG and ATG14 bind Beclin 1 through its coiled-coil 

domain (CCD), however studies show that UVRAG has a stronger affinity for 

Beclin 1 and can out compete ATG14. Recent biochemical work has aimed to 

weaken the Beclin 1/UVRAG interaction by mutating the CCD of UVRAG265. 

These mutations help to enhance the binding of Beclin 1 to ATG14.  As a result, 

this mutant causes an increase in Complex I activity, which mediates autophagy, 

but has reduced endocytic receptor trafficking. This UVRAG CCD mutant would 

be interesting to explore in future experiments. I hypothesize that expression of 

the UVRAG CCD mutant would cause a reduction in endocytic receptor 

degradation, while maintaining autophagy. In contrast, silencing Dapper 1 would 

increase Complex II activity, which would enhance recruitment of HRS to early 

endosomes and promote receptor degradation, resulting in reduced receptor 

signaling.  Both of these methods would allow me to analyze HRS endosomal 

recruitment in a complex dependent manner.  
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Beclin 1 interacts with UVRAG and ATG14 through the coiled coil domain. This 

interaction with UVRAG or ATG14 regulates the functional outcomes of Beclin 1. 

As stated previously, Beclin 1 is a haploinsufficient tumor suppressor and 

expression of Beclin 1 is reduced in multiple cancer types. Given the reduction of 

Beclin 1, this begs the question, what regulates Beclin 1 complex formation with 

UVRAG or ATG14 in a setting of reduced Beclin 1 expression? It is important to 

explore this regulation closer to understand the role of Beclin 1 in cancer. I have 

shown that Beclin 1 regulates endocytic receptor trafficking by regulating HRS 

recruitment. I could stimulate cells with EGF and perform an IP with Beclin 1 and 

blot for UVRAG and ATG14. I hypothesize Beclin 1 regulates endocytic 

trafficking through Complex II. Therefore cell stimulated with EGF ligand may 

show an increased interaction between UVRAG and Beclin 1. Additionally, I 

could initiate autophagy in the same cells and examine whether this now 

increases the interaction of ATG14 and Beclin 1. I hypothesize that in the setting 

of low Beclin 1 expression, all Beclin 1 interacts with either Complex I or 

Complex II. However, both autophagy and endocytic receptor signaling can occur 

in a disease state. For example, RAS transformed cancer cells have increased 

autophagic activity and endocytic receptor signaling224. 

 

Recent work has generated inhibitors of PI3KC3 (VPS34) to treat cancer by 

inhibiting autophagy266-268. PI3KC3 inhibitors were shown to have antitumor 

effects on cancer cell lines and synergize with mTOR inhibitors to block 
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proliferation268. Although VPS34 inhibitors may be useful for inhibiting autophagy 

in some cancers, they may not work well for others. In the setting of low Beclin 1 

tumors, it is possible that adding a VPS34 inhibitor may worsen prognosis as this 

would lead to less HRS recruitment because of a reduction in PI3P. This would 

further suppress the degradation of both growth factor and nutrient receptors 

resulting in sustained signaling. However, if the downstream signaling is known, 

using a VPS34 inhibitor to reduce autophagy in combination with the inhibitors of 

downstream effectors is worth exploring in future experiments. My pilot studies 

suggest that knockdown of VPS34 in breast tumor cells causes sustained and 

enhanced signaling following IGF-1 ligand treatment. It would be interesting to 

explore combination therapy in these cells. I hypothesize that dual inhibition of 

VPS34 and downstream signaling effectors such as MEK, ERK, PI3K, or AKT 

would be cytotoxic to cancer cells because both the autophagy pathway and 

growth factor signaling advantage would be inhibited. However, it would be 

important to first identify which signaling pathways are elevated in different 

cancer cell lines to determine which inhibitor to use in combination with a VPS34 

inhibitor.  

 

Metastasis and Tumor Microenvironment 

Our study supports previous work that shows that Beclin 1 suppresses 

tumorigenesis and proliferation58,59.  In this study we explore tumor progression 

in an in vivo model of breast tumor growth. However, it is important to explore a 
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role for Beclin 1 in tumor metastasis, because metastatic burden often leads to 

patient demise. In my study I use LM2 cells, which are a variant of MDA-MB-231 

cells that were selected for their ability to metastasize to lung269. However, to 

observe metastatic lung lesions, survival surgery is necessary. Our previous 

work in breast carcinoma cells in vitro showed that low Beclin 1 expressing cells 

have both sustained AKT activation following IGF-1 ligand stimulation and 

enhanced invasion in a 2D Transwell Matrigel assay131. AKT signaling promotes 

tumor cell invasion which is an important initial step in the metastatic 

cascade270,271. I hypothesize that mice with low Beclin 1 expressing tumors will 

have increased metastatic burden. Using different cancer cell lines, I could test 

metastatic burden following survival surgery. In this model I could look at cancer 

progression (xenograft tumor growth) and metastasis (survival surgery) in 

multiple cancer cell lines with reduced Beclin 1 expression. It is also important to 

assess low Beclin 1 expressing tumors in a syngeneic model. One model I could 

use would be the 4T1/67nr mammary cell model in which 4T1 is the metastatic 

counterpart of the 67nr non-metastatic cell line272,273. Using the 4T1 and 67nr 

mammary cells derived from BALB/c mice, I could test a role for Beclin 1 in the 

promotion of metastasis by examining metastatic burden in BALB/c mice with 

4T1 shBECN1 tumors. I can also assess the ability of Beclin 1 to regulate the 

transformation of a non-metastatic cell line to a metastatic cell line by exploring 

the 67nr cells. In addition to survival surgery, another way to examine metastatic 

burden would be to use a luciferase reporter cell line. I could then use a non-
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invasive approach to observe metastasis through imaging. It will also serve as a 

way to detect early metastatic lesions. 

 

Our study shows that low Beclin 1 expressing tumors have elevated TFR1 

expression. However, in in vitro studies performed with shBECN1 cells, no 

increase in TFR1 expression was observed when compared to control shGFP 

cells. These data suggest that the tumor microenvironment may play a role in the 

modulation of TFR1 expression exhibited in shBECN1 tumors. Given the 

importance of the supporting cells in the tumor microenvironment, it is important 

to investigate their role in promoting changes in TFR1 expression. For example, 

macrophages can uptake, store, and release iron into the microenvironment to 

modulate iron metabolism274. My model uses NOD/SCID mice, which are 

immunocompromised but still have detectable macrophages275. It would be 

important to assess the contribution macrophages provide to TFR1 expression 

regulation. It is possible that both the tumor microenvironment and effects of low 

Beclin 1 expression synergistically impact TFR1 expression and function.  

 

Iron regulatory proteins 1 and 2 (IRP1/IRP2) regulate TFR1 mRNA expression. 

Specifically, in low iron conditions IRPs bind iron response elements (IREs) in 

TFR1 mRNA to stabilize the mRNA and in high iron concentrations these 

proteins dissociate from TFR1 mRNA to destabilize the mRNA promoting 

degradation276. While iron regulates IRP activity, other stimuli can also influence 
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IRPs such as hypoxia. IRP-2 RNA binding activity is induced in hypoxic 

conditions in HEK293 cells due to post-translational regulation277. As stated 

previously, shBECN1 expressing LM2 cells do not exhibit increased TFR1 

expression in vitro, whereas shBECN1 expressing tumors have increased TFR1 

expression in vivo. Given that IRPs bind to IREs in TFR1 mRNA, hypoxia may be 

able to induce TRF1 expression. The oxygen tension varies in different regions of 

tumors and certain areas are more hypoxic than others. Therefore, it is important 

to assess the affect of hypoxic induction of TFR1 expression in cells. shBECN1 

expressing LM2 cells can be cultured in hypoxic conditions to examine changes 

in TFR1 protein expression. It is possible that shBECN1 cells are more sensitive 

to hypoxic induction of TFR1 expression compared to shGFP control cells. Low 

oxygen tension in rapidly proliferating shBECN1 expressing tumors could drive 

increased TFR1 expression.  The difference in oxygen content in vivo compared 

to in vitro may help to explain the discrepancy in TFR1 expression in low Beclin 1 

expressing cells in vitro and tumors in vivo.  

 

Beclin 1 in Tumor Metabolism 

Cancer cells are efficient at metabolic reprogramming to create an excess of 

building blocks to support rapid proliferation and enhanced growth.  This 

requirement to alter cellular metabolism has now been considered an additional 

“Hallmark of Cancer”218. In addition to glucose utilization, cancer cells have been 

shown to rely on glutamine or fatty acids to support cellular processes. For 
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example, T cells that upregulate the transcription factor c-myc have elevated 

glutamine utilization and concordantly, deprivation of glutamine in these cells 

reduces their capacity to proliferate278. Additionally, cancer cells upregulate 

multiple genes that are important for lipid biogenesis and exhibit high levels of fat 

utilization279. In my work, I show that tumors with low Beclin 1 expression have 

reduced insulin-stimulated glucose uptake and that mice with these tumors 

exhibit systemic insulin-resistance. Additionally, mice with shBECN1 tumors 

exhibit reduced inguinal white fat and increased energy expenditure, symptoms 

that are early signs of cancer cachexia. These results suggest that Beclin 1 can 

alter metabolism and upon further exploration may provide a novel mechanism 

by which Beclin 1 regulates tumor biology and promotes aggressive tumor 

phenotypes.  

 

Recent work showed that autophagy can regulate glucose metabolism. Inhibition 

of autophagy in KRAS mutant mouse embryonic fibroblasts (MEF) reduces 

glucose uptake and glycolysis224. However, in my work I observe that RAS 

mutant tumors with low Beclin 1 expression have reduced glucose uptake while 

low ATG5 expressing tumors maintain glucose uptake. One explanation for this 

difference is that Jay Debnath’s group used a complete knockout of autophagy 

genes Atg7 and Atg5. However, my study uses shRNA to reduce Beclin1 and 

ATG5 expression.  Maintenance of some level of protein expression may allow 
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for some Beclin 1 and ATG5 specific functions to occur which may explain the 

difference in the glucose uptake phenotype observed in my study.  

 

While preliminary, my data suggest a novel role for Beclin 1 in de novo 

lipogenesis, a lipid pathway that is often upregulated in multiple cancer types. 

shBECN1 tumors appear to have elevated ACC1 and FASN expression, 

enzymes that are essential for de novo lipogenesis, as well as low pAMPK S345 

expression. AMPK phosphorylates ACC1 to inhibit lipid metabolism280. To further 

understand whether Beclin 1 has a novel function in de novo lipogenesis, an 

investigation of lipid metabolism in Beclin 1 deficient cells and tumors is 

warranted as it could provide novel insight into Beclin 1 function in the aggressive 

behavior of tumors. Acetate incorporation into different lipid products such as 

triglycerides or phospholipids can be used to assess de novo lipogenesis. 

Additionally, I can probe for the upregulation of other proteins that are important 

for de novo lipogenesis such as ATP-citrate lyase (ACYL) which converts citrate 

to Acetyl-CoA, the substrate for fatty acid synthesis279. De novo lipogenesis is of 

clinical interest as inhibitors of ACC1 and FASN have been used to inhibit 

proliferation in cancer cells281,282. Exploration of ACC1 inhibitors in my ex vivo 

drug analysis may reduce proliferation in shBECN1 tumors and can potentially be 

used as a novel therapeutic treatment for low Beclin 1 expressing tumors. It is 

possible that Beclin 1 exerts its effects on tumor metabolism by modulating 

multiple metabolic pathways. In order to examine multiple metabolic pathways, 
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metabolomics profiling through liquid chromatography mass spectrometry can be 

performed. This technique can also provide more evidence for a role of Beclin 1 

in de novo lipogenesis as well as other metabolic pathways that can be exploited 

for cancer therapy.   

 

Deregulation of metabolism is present in multiple pathogenic diseases including 

cancer. My studies in Chapter III suggest that mice with shBECN1 tumors exhibit 

early signs of cancer cachexia, a wasting disease present in end stage cancer 

that is a major cause of mortality and morbidity. Patients with cancer cachexia 

experience metabolic disturbances such as insulin resistance, muscle wasting, 

fat loss, and increase energy expenditure283. While my results are preliminary, it 

is important to address the role of Beclin 1 in the cancer cachexia phenotype as 

Beclin 1 may serve as biomarker for this disease in which few biomarkers exist. 

There are several rodent models of cancer cachexia such as the Yoshida ascites 

hepatoma rat model, a lung cancer model and murine colon cancer model284-286.  

I could use these models to examine the progression of cancer cachexia in mice 

with shBECN1 tumors compared to control mice. Moreover, studying the role of 

Beclin 1 in cancer cachexia may provide novel therapeutic strategies for this 

devastating cancer related disease.  

 

 

 



	 140	

Significance of Findings 

Beclin 1 is a predictor of prognosis in multiple cancer types but the role of Beclin 

1 in these aggressive cancers has yet to be identified.  Additionally, studies that 

focus on Beclin 1 attribute its function in cancer to autophagy without 

acknowledging its autophagy-independent functions. In my study, I have found 

that Beclin 1 is able to control the expression and function of both growth factor 

and nutrient receptors by regulating HRS recruitment to endosomes in an 

autophagy-independent manner. In regard to a TNBC model, I have shown that 

EGFR signaling is elevated in this breast cancer subtype and tumors with this 

aberrant signaling are sensitive to inhibitors of this pathway. My work also 

identifies a potential role for Beclin 1 in lipid metabolism that may provide an 

approach for treatment. Overall my study provides future strategies for the 

treatment of low Beclin 1 expressing breast tumors with the goal of improving 

patient outcomes.  
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In Chapter II, I showed that loss of Beclin 1 expression in a triple negative breast 

cancer (TNBC) cell line resulted in enhanced tumor growth and proliferation. I 

demonstrated that Beclin 1 regulates HRS recruitment to endosomes to 

modulate growth factor and nutrient receptor degradation. To understand further 

the mechanism by which low Beclin 1 expression promotes tumor growth, I 

performed RNA-sequencing on 4 shGFP and 4 shBECN1 tumors to identify 

differentially expressed genes. RNA was extracted from each tumor using the 

RNeasy kit (Qiagen). RNA-sequencing was performed by Applied Biological 

Material, Inc. (ABM, Canada) using single-end sequencing with a reading length 

of 75 base pairs and sequencing depth of 20 million reads/sample.  Only 53 

differentially expressed genes were identified (Appendix A, Figure 1A). 

Importantly, reduced BECN1 expression was observed in shBECN1 tumors 

(Appendix A, Figure 1A, red arrow).  

 

One of the downregulated genes in shBECN1 tumors encodes for Insulin-like 

growth factor binding protein-1 (IGFBP1), a 30 kd secreted protein that acts as a 

decoy for the IGF-1 and -2 ligands to prevent their binding to the IGF-1, IGF-2 

and Insulin (IR) receptors (Appendix A, Figure 1A, gray arrow)287,288. This target 

was of interest to us because we previously showed that Beclin 1 regulates 

growth factor receptor signaling downstream of the IGF-1R and IR and that 

reduced Beclin 1 expression in TNBC cells results in sustained and enhanced 

activation of AKT, a protein that promotes cancer cell invasion and survival131.  
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We hypothesized that a reduction in IGFBP1 expression could promote 

enhanced IGF-1R or IR signaling because IGFBP1 antagonizes their action. I 

used RQ-PCR to validate several of the up- and down-regulated genes identified 

by the RNA-Seq analysis in a larger panel of tumors and I confirmed that IGFBP1 

is a significantly down-regulated gene in shBECN1 tumors (Appendix A, Figure 

1B).  IGFBP1 protein expression was also reduced in shBECN1 tumors 

(Appendix A, Figure 1C). Furthermore, restoration of Beclin 1 expression 

increased IGFBP1 mRNA expression (Appendix A, Figure 2A and 2B). These 

findings support that Beclin 1 regulates IGFBP1 expression at the level of gene 

expression. Moreover, regulation of IGFBP1 expression may serve as another 

novel mechanism by which Beclin 1 can regulate growth factor receptor 

signaling, in addition to its function in endocytic receptor trafficking.  

 

As stated previously, the role of Beclin 1 in cancer has been attributed primarily 

to its function in autophagy. In Chapter II, we showed that Beclin 1 regulates 

growth factor receptor degradation through HRS and that this regulation is 

independent of autophagy. To determine if the regulation of IGFBP1 by Beclin 1 

is also autophagy-independent, I examined IGFBP1 expression in breast 

carcinoma cells with low ATG5 expression.  My data indicate that loss of ATG5 

expression does not alter IGFBP1 mRNA expression (Appendix A, Figure 3A and 

3B). The regulation of IGFBP1 expression by Beclin 1 but not ATG5 was also  
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Figure A.1. IGFBP1 expression is reduced in shBECN1 tumors. (A) RNA 
sequencing was performed on 4 shGFP and 4 shBECN1 tumors. 53 
differentially expressed genes were identified. Red arrow indicate BECN1. 
Gray arrow represents IGFBP1. (B) Relative mRNA expression of IGFBP1 and 
BECN1 were determined by real-time quantitative PCR (RQ-PCR) in tumor 
expressing shGFP and shBECN1. The data shown represent the mean +/-
SEM mRNA expression from nine tumors. (C) Immunoblot analysis of Beclin 1 
and IGFPB1 expression in tumors expressing shGFP, shBECN1 and 
shBECN1:Beclin 1. *p<0.05	
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Figure A.2. Beclin 1 regulates IGFBP1 expression. (A) Immunoblot analysis 
of Beclin 1 expression in LM2 cells expressing shGFP, shBECN1 and 
shBECN1:Beclin 1. (B) Relative mRNA expression of IGFBP1 was determined 
by real-time quantitative PCR (RQ-PCR) in LM2 cells expressing shGFP, 
shBECN1 and shBECN1:Beclin 1. The data shown represent the mean +/-
SEM mRNA expression from three independent experiments. *p<0.05	
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Figure A.3. ATG5 does not regulate IGFBP1 expression. (A) Relative 
mRNA expression was determined by real-time quantitative PCR (RQ-PCR) in 
LM2 cells expressing shGFP, shBECN1 #1, shBECN1 #2, shATG5 #1 and 
shATG5 #2. The data shown represent the mean +/-SEM mRNA expression 
from three independent experiments. (B) Immunoblot analysis of IGFBP1 
expression in shGFP, shBECN1 #1, shBECN1 #2, shATG5 #1 and shATG5 #2 
LM2 cells. (C) Immunoblot analysis of shGFP and shATG5 tumors. The data 
shown in the graph represent the mean +/-SEM expression of six tumors from 
each genotype and are shown as fold change in expression relative to shGFP 
tumors. *p<0.05 	
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observed in a lung carcinoma cell line (Appendix A, Figure 3C and 3D). 

Furthermore, analysis of ATG5 deficient tumors showed no change in IGFBP1 

protein expression when compared to control shGFP tumors (Appendix A, Figure 

3E). These results suggest that Beclin 1 regulates IGFBP1 expression in an 

autophagy-independent manner.  

 

Given that IGFBP1 can negatively regulate IGF-1R signaling it was important to 

determine whether restoration of IGFBP1 expression could suppress the growth 

of shBECN1 tumors.  To do so, an IGFBP1-myc tag cDNA was cloned into the 

pCDH-puro lentiviral plasmid to infect shBECN1 cells.  Beclin 1 knockdown cells 

were generated using a neomycin-selected shRNA for this study. Cells co-

expressing shBECN1 and either empty pCDH or pCDH-IGFBP1 were injected 

into the mammary fat pad of NOD-SCID mice (Appendix A, Figure 4A). 

Overexpression of IGFBP1 in shBECN1 tumors inhibited tumor growth to shGFP 

tumor levels (Appendix A, Figure 4B). Examination of PH3 staining in 

shBECN1:IGFBP1 tumors revealed that restoration of IGFBP1 expression in 

shBECN1 tumors reduced proliferation to the level of proliferation observed in 

shGFP tumors (Appendix A, Figure 4C). Together these results indicate that the 

reduction of IGFBP1 expression in tumors with low Beclin 1 expression may 

contribute to enhanced tumor growth.  
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Previous work has shown that autophagy competent RAS transformed cells 

secrete factors that promote invasion289. Knockdown of Atg7 in RAS transformed 

mouse embryonic fibroblasts prevents the secretion of IL-6, a cytokine that 

promotes migration289.  Treatment of Atg7-/- mouse embryonic fibroblasts with 

media from autophagy-competent cells restored their capacity to invade289. Given 

that autophagy genes can govern secretion, I examined if Beclin 1 regulates 

IGFBP1 by a mechanism involving secretion of a regulatory factor.  Conditioned 

media from shBECN1 cells was used to treat shGFP cells. Interestingly, shGFP 

cells incubated in shBECN1 conditioned media for 24 hours exhibited a reduction 

in IGFBP1 mRNA expression (Appendix A, Figure 5).  This preliminary finding 

suggests that shBECN1 cells secrete a negative regulator of IGFBP1 expression. 

Additional experiments are necessary to confirm this mechanism of regulation 

and to identify this secreted factor to determine how Beclin 1 regulates IGFBP1 

expression.  

 

Our work presented in this Appendix indicates that Beclin 1 regulates IGFBP1 

expression to suppress tumor growth. Ongoing studies are needed to understand 

the role of IGFBP1 in human tumors with low Beclin 1 expression. IGFBP1 

antagonizes IGF1 and IGF2 action and prevents activation of the IGF1R and IR 

to promote cellular survival and invasion; therefore it would be an interesting 

clinical target. One hypothesis is that reduced IGFBP1 expression may increase 

levels of free IGF ligand resulting in increased activation of downstream  
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Figure A.4. Rescue of IGFBP1 suppresses growth of shBECN1 tumors.  
(A) Expression of Beclin 1 and IGFBP1 in cell lines prior to mouse injection. 
(B) Tumor growth of orthotopic xenografts in NOD-SCID mice. (C) 
Representative images of Phospho-histone H3 (PH3) staining in shGFP, 
shBECN1, shBECN1:Beclin 1 and shBECN1:IGFBP1 tumors.  The data 
shown in the graphs represent the mean +/-SEM positive nuclei/high powered 
field (hpf; five independent images/five tumors; n = 25).  Scale bar = 50uM. 	
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Figure A.5. Beclin 1 regulates IGFBP1 expression through a secreted 
factor. Conditioned media (CM) from shBECN1 cells was collected and 
transferred to shGFP cells for 24 hours. Relative mRNA expression was 
determined by real-time quantitative PCR (RQ-PCR). The data shown 
represent the mean +/-SEM mRNA expression from two independent 
experiments. *p<0.05 
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receptors in a feed forward loop. However, in my studies, shBECN1 tumors do 

not exhibit increased IGF-1R or IR activity as evidenced by no changes in 

receptor phosphorylation or activation of their key downstream signaling effector 

PI3K in our RPPA dataset. This was confirmed through immunoblot analysis of 

shBECN1 tumors. These findings suggest that IGFBP1 is likely acting 

independently of these receptors. IGFBP1 does have reported functions that are 

independent of its regulation of IGF1 and IGF2 action through their receptors. 

IGFBP1 contains an Arg-Gly-Asp (RDG) motif that promotes interactions with 

integrins287. In fact, IGFBP1 interacts with the α5β1 integrin to promote migration 

in Chinese hamster ovary cells and these same results were seen in human 

trophoblastic cells290,291. Integrins are important for cancer cell interactions and 

expression of integrins, either increased or decreased, can promote tumor 

progression292. These alternative functions of IGFBP1 may play a role in the 

shBECN1 tumor growth phenotype and warrant deeper exploration. 

  

 

 

 

 

 

 

 
 



	 152	

BIBLIOGRAPHY  
 
1 Liang XH, Kleeman LK, Jiang HH, Gordon G, Goldman JE, Berry G et al. 

Protection against fatal Sindbis virus encephalitis by beclin, a novel Bcl-2-
interacting protein. Journal of virology 1998; 72: 8586-8596. 

 
2 Liang XH, Yu J, Brown K, Levine B. Beclin 1 contains a leucine-rich 

nuclear export signal that is required for its autophagy and tumor 
suppressor function. Cancer research 2001; 61: 3443-3449. 

 
3 Itakura EK, Chieko; Inoue, Kinji; Mizushima, Noboru. Beclin 1 Forms Two 

Distinct Phosphatidylinostiol 3-Kinase Complexes with Mammalian Atg14 
and UVRAG. molecular Biology of the Cell 2008; 19: 5360-5372. 

 
4 Itakura E, Mizushima N. Atg14 and UVRAG: Mutually exclusive subunits 

of mammalian Beclin 1-PI3K complexes. Autophagy 2014; 5: 534-536. 
 
5 Itakura E, Mizushima N. Atg14 and UVRAG: mutually exclusive subunits 

of mammalian Beclin 1-PI3K complexes. Autophagy 2009; 5: 534-536. 
 
6 He C, Levine B. The beclin 1 interactome. Current opinion in cell biology 

2010; 22: 140-149. 
 
7 Furuya N, Yu J, Byfield M, Pattingre S, Levine B. The evolutionarily 

conserved domain of Beclin 1 is required for Vps34 binding, autophagy, 
and tumor suppressor function. Autophagy 2005; 1: 46-52. 

 
8 Funderburk SF, Wang QJ, Yue Z. The Beclin 1-VPS34 complex--at the 

crossroads of autophagy and beyond. Trends Cell Biol 2010; 20: 355-362. 
 
9 Vicinanza M, D'angelo G, Di Campli A, De Matteis MA. Function and 

dysfunction of the PI system in membrane trafficking. The EMBO journal 
2008; 27: 2457-2470. 

 
10 Kametaka S, Okano T, Ohsumi M, Ohsumi Y. Apg14p and Apg6/Vps30p 

form a protein complex essential for autophagy in the yeast, 
Saccharomyces cerevisiae. Journal of Biological Chemistry 1998; 273: 
22284-22291. 

 
11 Matsunaga K, Morita E, Saitoh T, Akira S, Ktistakis NT, Izumi T et al. 

Autophagy requires endoplasmic reticulum targeting of the PI3-kinase 
complex via Atg14L. J Cell Biol 2010; 190: 511-521. 

 



	 153	

12 Fan W, Nassiri A, Zhong Q. Autophagosome targeting and membrane 
curvature sensing by Barkor/Atg14 (L). Proceedings of the National 
Academy of Sciences 2011; 108: 7769-7774. 

 
13 Ma B, Cao W, Li W, Gao C, Qi Z, Zhao Y et al. Dapper1 promotes 

autophagy by enhancing the Beclin1-Vps34-Atg14L complex formation. 
Cell research 2014; 24: 912. 

 
14 Itakura E, Kishi C, Inoue K, Mizushima N. Beclin 1 forms two distinct 

phosphatidylinositol 3-kinase complexes with mammalian Atg14 and 
UVRAG. Molecular biology of the cell 2008; 19: 5360-5372. 

 
15 Kihara A, Noda T, Ishihara N, Ohsumi Y. Two Distinct Vps34 

Phosphatidylinositol 3–Kinase complexes function in autophagy and 
carboxypeptidase Y Sorting inSaccharomyces cerevisiae. The Journal of 
cell biology 2001; 152: 519-530. 

 
16 Lee HN, Zarza X, Kim JH, Yoon MJ, Kim S-H, Lee J-H et al. Arabidopsis 

VPS38 is required for vacuolar trafficking but dispensable for autophagy. 
Plant physiology 2017: pp. 01297.02017. 

 
17 Liang C, Lee JS, Inn KS, Gack MU, Li Q, Roberts EA et al. Beclin1-

binding UVRAG targets the class C Vps complex to coordinate 
autophagosome maturation and endocytic trafficking. Nat Cell Biol 2008; 
10: 776-787. 

 
18 Deretic V. Autophagy in immunity and cell-autonomous defense against 

intracellular microbes. Immunological reviews 2011; 240: 92-104. 
 
19 Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell 

2011; 147: 728-741. 
 
20 Feng Y, He D, Yao Z, Klionsky DJ. The machinery of macroautophagy. 

Cell research 2014; 24: 24. 
 
21 Hansen M, Rubinsztein DC, Walker DW. Autophagy as a promoter of 

longevity: insights from model organisms. Nat Rev Mol Cell Biol 2018; 19: 
579-593. 

 
22 Orenstein SJ, Cuervo AM. Chaperone-mediated autophagy: molecular 

mechanisms and physiological relevance. Seminars in cell & 
developmental biology, vol. 21. Elsevier, 2010, pp 719-726. 

 



	 154	

23 Ganley IG, Lam dH, Wang J, Ding X, Chen S, Jiang X. ULK1· ATG13· 
FIP200 complex mediates mTOR signaling and is essential for autophagy. 
Journal of Biological Chemistry 2009; 284: 12297-12305. 

 
24 Hara T, Takamura A, Kishi C, Iemura S-i, Natsume T, Guan J-L et al. 

FIP200, a ULK-interacting protein, is required for autophagosome 
formation in mammalian cells. The Journal of cell biology 2008; 181: 497-
510. 

 
25 Jung CH, Jun CB, Ro S-H, Kim Y-M, Otto NM, Cao J et al. ULK-Atg13-

FIP200 complexes mediate mTOR signaling to the autophagy machinery. 
Molecular biology of the cell 2009; 20: 1992-2003. 

 
26 Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y et al. 

Nutrient-dependent mTORC1 association with the ULK1–Atg13–FIP200 
complex required for autophagy. Molecular biology of the cell 2009; 20: 
1981-1991. 

 
27 Russell RC, Tian Y, Yuan H, Park HW, Chang Y-Y, Kim J et al. ULK1 

induces autophagy by phosphorylating Beclin-1 and activating VPS34 lipid 
kinase. Nature cell biology 2013; 15: 741. 

 
28 Ylä-Anttila P, Vihinen H, Jokitalo E, Eskelinen E-L. 3D tomography reveals 

connections between the phagophore and endoplasmic reticulum. 
Autophagy 2009; 5: 1180-1185. 

 
29 Mizushima N, Kuma A, Kobayashi Y, Yamamoto A, Matsubae M, Takao T 

et al. Mouse Apg16L, a novel WD-repeat protein, targets to the autophagic 
isolation membrane with the Apg12-Apg5 conjugate. Journal of cell 
science 2003; 116: 1679-1688. 

 
30 Geng J, Klionsky DJ. The Atg8 and Atg12 ubiquitin-like conjugation 

systems in macroautophagy. EMBO reports 2008; 9: 859-864. 
 
31 Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T et al. 

LC3, a mammalian homologue of yeast Apg8p, is localized in 
autophagosome membranes after processing. The EMBO journal 2000; 
19: 5720-5728. 

 
32 Webb JL, Ravikumar B, Rubinsztein DC. Microtubule disruption inhibits 

autophagosome-lysosome fusion: implications for studying the roles of 
aggresomes in polyglutamine diseases. The international journal of 
biochemistry & cell biology 2004; 36: 2541-2550. 

 



	 155	

33 Itakura E, Kishi-Itakura C, Mizushima N. The hairpin-type tail-anchored 
SNARE syntaxin 17 targets to autophagosomes for fusion with 
endosomes/lysosomes. Cell 2012; 151: 1256-1269. 

 
34 Karantza-Wadsworth V, Patel S, Kravchuk O, Chen G, Mathew R, Jin S et 

al. Autophagy mitigates metabolic stress and genome damage in 
mammary tumorigenesis. Genes & development 2007; 21: 1621-1635. 

 
35 Mathew R, Kongara S, Beaudoin B, Karp CM, Bray K, Degenhardt K et al. 

Autophagy suppresses tumor progression by limiting chromosomal 
instability. Genes & development 2007; 21: 1367-1381. 

 
36 Mathew R, Karp CM, Beaudoin B, Vuong N, Chen G, Chen H-Y et al. 

Autophagy suppresses tumorigenesis through elimination of p62. Cell 
2009; 137: 1062-1075. 

 
37 Takamura A, Komatsu M, Hara T, Sakamoto A, Kishi C, Waguri S et al. 

Autophagy-deficient mice develop multiple liver tumors. Genes & 
development 2011; 25: 795-800. 

 
38 Kang MR, Kim MS, Oh JE, Kim YR, Song SY, Kim SS et al. Frameshift 

mutations of autophagy-related genes ATG2B, ATG5, ATG9B and ATG12 
in gastric and colorectal cancers with microsatellite instability. The Journal 
of Pathology: A Journal of the Pathological Society of Great Britain and 
Ireland 2009; 217: 702-706. 

 
39 Degenhardt K, Mathew R, Beaudoin B, Bray K, Anderson D, Chen G et al. 

Autophagy promotes tumor cell survival and restricts necrosis, 
inflammation, and tumorigenesis. Cancer cell 2006; 10: 51-64. 

 
40 Rosenfeldt MT, O'Prey J, Morton JP, Nixon C, MacKay G, Mrowinska A et 

al. p53 status determines the role of autophagy in pancreatic tumour 
development. Nature 2013; 504: 296-300. 

 
41 Yang A, Rajeshkumar NV, Wang X, Yabuuchi S, Alexander BM, Chu GC 

et al. Autophagy is critical for pancreatic tumor growth and progression in 
tumors with p53 alterations. Cancer Discov 2014; 4: 905-913. 

 
42 Yue Z, Jin S, Yang C, Levine AJ, Heintz N. Beclin 1, an autophagy gene 

essential for early embryonic development, is a haploinsufficient tumor 
suppressor. Proc Natl Acad Sci U S A 2003; 100: 15077-15082. 

 



	 156	

43 Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, Yoshimori T et al. 
The role of autophagy during the early neonatal starvation period. Nature 
2004; 432: 1032. 

 
44 Komatsu M, Waguri S, Ueno T, Iwata J, Murata S, Tanida I et al. 

Impairment of starvation-induced and constitutive autophagy in Atg7-
deficient mice. J Cell Biol 2005; 169: 425-434. 

 
45 Qu X. Promotion of tumorigenesis by heterozygous disruption of the beclin 

1 autophagy gene. Journal of Clinical Investigation 2003; 112: 1809-1820. 
 
46 Wirawan E, Lippens S, Vanden Berghe T, Romagnoli A, Fimia GM, 

Piacentini M et al. Beclin1: a role in membrane dynamics and beyond. 
Autophagy 2012; 8: 6-17. 

 
47 Sagona AP, Nezis IP, Pedersen NM, Liestøl K, Poulton J, Rusten TE et al. 

PtdIns (3) P controls cytokinesis through KIF13A-mediated recruitment of 
FYVE-CENT to the midbody. Nature cell biology 2010; 12: 362. 

 
48 Thoresen SB, Pedersen NM, Liestøl K, Stenmark H. A 

phosphatidylinositol 3-kinase class III sub-complex containing VPS15, 
VPS34, Beclin 1, UVRAG and BIF-1 regulates cytokinesis and 
degradative endocytic traffic. Experimental cell research 2010; 316: 3368-
3378. 

 
49 McKnight NC, Zhong Y, Wold MS, Gong S, Phillips GR, Dou Z et al. 

Beclin 1 is required for neuron viability and regulates endosome pathways 
via the UVRAG-VPS34 complex. PLoS Genet 2014; 10: e1004626. 

 
50 Shravage BV, Hill JH, Powers CM, Wu L, Baehrecke EH. Atg6 is required 

for multiple vesicle trafficking pathways and hematopoiesis in Drosophila. 
Development 2013: dev. 089490. 

 
51 Lőrincz P, Lakatos Z, Maruzs T, Szatmári Z, Kis V, Sass M. 

Atg6/UVRAG/Vps34-containing lipid kinase complex is required for 
receptor downregulation through endolysosomal degradation and 
epithelial polarity during Drosophila wing development. BioMed research 
international 2014; 2014. 

 
52 Ruck A, Attonito J, Garces KT, Núnez L, Palmisano NJ, Rubel Z et al. The 

Atg6/Vps30/Beclin 1 ortholog BEC-1 mediates endocytic retrograde 
transport in addition to autophagy in C. elegans. Autophagy 2011; 7: 386-
400. 

 



	 157	

53 Zeng X, Overmeyer JH, Maltese WA. Functional specificity of the 
mammalian Beclin-Vps34 PI 3-kinase complex in macroautophagy versus 
endocytosis and lysosomal enzyme trafficking. Journal of cell science 
2006; 119: 259-270. 

 
54 Knaevelsrud H, Ahlquist T, Merok MA, Nesbakken A, Stenmark H, Lothe 

RA et al. UVRAG mutations associated with microsatellite unstable colon 
cancer do not affect autophagy. Autophagy 2010; 6: 863-870. 

 
55 Kim MS, Jeong EG, Ahn CH, Kim SS, Lee SH, Yoo NJ. Frameshift 

mutation of UVRAG, an autophagy-related gene, in gastric carcinomas 
with microsatellite instability. Human pathology 2008; 39: 1059-1063. 

 
56 Liang C, Feng P, Ku B, Dotan I, Canaani D, Oh BH et al. Autophagic and 

tumour suppressor activity of a novel Beclin1-binding protein UVRAG. Nat 
Cell Biol 2006; 8: 688-699. 

 
57 Zhao Z, Oh S, Li D, Ni D, Pirooz SD, Lee J-H et al. A dual role for UVRAG 

in maintaining chromosomal stability independent of autophagy. 
Developmental cell 2012; 22: 1001-1016. 

 
58 Cicchini M, Chakrabarti R, Kongara S, Price S, Nahar R, Lozy F et al. 

Autophagy regulator BECN1 suppresses mammary tumorigenesis driven 
by WNT1 activation and following parity. Autophagy 2014; 10: 2036-2052. 

 
59 Aita VM, Liang XH, Murty V, Pincus DL, Yu W, Cayanis E et al. Cloning 

and genomic organization of beclin 1, a candidate tumor suppressor gene 
on chromosome 17q21. Genomics 1999; 59: 59-65. 

 
60 Laddha SV, Ganesan S, Chan CS, White E. Mutational landscape of the 

essential autophagy gene BECN1 in human cancers. Molecular cancer 
research 2014; 12: 485-490. 

 
61 Tang H, Sebti S, Titone R, Zhou Y, Isidoro C, Ross TS et al. Decreased 

mRNA Expression in Human Breast Cancer is Associated with Estrogen 
Receptor-Negative Subtypes and Poor Prognosis. EBioMedicine 2015; 2: 
255-263. 

 
62 Hu Z, Zhong Z, Huang S, Wen H, Chen X, Chu H et al. Decreased 

expression of Beclin‑1 is significantly associated with a poor prognosis in 
oral tongue squamous cell carcinoma. Molecular medicine reports 2016; 
14: 1567-1573. 

 



	 158	

63 Yu S, Li G, Wang Z, Wang Z, Chen C, Cai S et al. Low expression of 
MAP1LC3B, associated with low Beclin-1, predicts lymph node metastasis 
and poor prognosis of gastric cancer. Tumor Biology 2016; 37: 15007-
15017. 

 
64 Wang J, Pan X-L, Ding L-J, Liu D-Y, Lei D-P, Jin T. Aberrant expression of 

Beclin-1 and LC3 correlates with poor prognosis of human 
hypopharyngeal squamous cell carcinoma. PloS one 2013; 8: e69038. 

 
65 Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, Hibshoosh H et 

al. Induction of autophagy and inhibition of tumorigenesis by beclin 1. 
Nature 1999; 402: 672. 

 
66 Lozy F, Cai-McRae X, Teplova I, Price S, Reddy A, Bhanot G et al. 

ERBB2 overexpression suppresses stress-induced autophagy and 
renders ERBB2-induced mammary tumorigenesis independent of 
monoallelic Becn1 loss. Autophagy 2014; 10: 662-676. 

 
67 Elkin SR, Lakoduk AM, Schmid SL. Endocytic pathways and endosomal 

trafficking: a primer. Wiener Medizinische Wochenschrift 2016; 166: 196-
204. 

 
68 Mayle KM, Le AM, Kamei DT. The intracellular trafficking pathway of 

transferrin. Biochimica et Biophysica Acta (BBA)-General Subjects 2012; 
1820: 264-281. 

 
69 Cocucci E, Aguet F, Boulant S, Kirchhausen T. The first five seconds in 

the life of a clathrin-coated pit. Cell 2012; 150: 495-507. 
 
70 Ferguson S, Raimondi A, Paradise S, Shen H, Mesaki K, Ferguson A et 

al. Coordinated actions of actin and BAR proteins upstream of dynamin at 
endocytic clathrin-coated pits. Developmental cell 2009; 17: 811-822. 

 
71 Schmid SL, Frolov VA. Dynamin: functional design of a membrane fission 

catalyst. Annual review of cell and developmental biology 2011; 27: 79-
105. 

 
72 Kiss AL, Botos E. Endocytosis via caveolae: alternative pathway with 

distinct cellular compartments to avoid lysosomal degradation? Journal of 
cellular and molecular medicine 2009; 13: 1228-1237. 

 
73 Pelkmans L, Helenius A. Endocytosis via caveolae. Traffic 2002; 3: 311-

320. 
 



	 159	

74 Machleidt T, Li W-P, Liu P, Anderson RG. Multiple domains in caveolin-1 
control its intracellular traffic. The Journal of cell biology 2000; 148: 17-28. 

 
75 Lee H, Volonte’ D, Galbiati F, Iyengar P, Lublin DM, Bregman DB et al. 

Constitutive and growth factor-regulated phosphorylation of caveolin-1 
occurs at the same site (Tyr-14) in vivo: identification of a c-Src/Cav-
1/Grb7 signaling cassette. Molecular Endocrinology 2000; 14: 1750-1775. 

 
76 Botos E, Turi Á, Müllner N, Kovalszky I, Tátrai P, Kiss AL. Regulatory role 

of kinases and phosphatases on the internalisation of caveolae in HepG2 
cells. Micron 2007; 38: 313-320. 

 
77 Oh P, McIntosh DP, Schnitzer JE. Dynamin at the neck of caveolae 

mediates their budding to form transport vesicles by GTP-driven fission 
from the plasma membrane of endothelium. The Journal of cell biology 
1998; 141: 101-114. 

 
78 Mundy DI, Machleidt T, Ying Y-s, Anderson RG, Bloom GS. Dual control 

of caveolar membrane traffic by microtubules and the actin cytoskeleton. 
Journal of cell science 2002; 115: 4327-4339. 

 
79 Galvez T, Gilleron J, Zerial M, O'Sullivan GA. SnapShot: Mammalian Rab 

proteins in endocytic trafficking. Cell 2012; 151: 234-234. e232. 
 
80 Yarden Y, Schlessinger J. Epidermal growth factor induces rapid, 

reversible aggregation of the purified epidermal growth factor receptor. 
Biochemistry 1987; 26: 1443-1451. 

 
81 Yarden Y, Schlessinger J. Self-phosphorylation of epidermal growth factor 

receptor: evidence for a model of intermolecular allosteric activation. 
Biochemistry 1987; 26: 1434-1442. 

 
82 Wee P, Wang Z. Epidermal growth factor receptor cell proliferation 

signaling pathways. Cancers 2017; 9: 52. 
 
83 Rappoport JZ, Simon SM. Endocytic trafficking of activated EGFR is AP-2 

dependent and occurs through preformed clathrin spots. J Cell Sci 2009; 
122: 1301-1305. 

 
84 Sorkin A, Goh LK. Endocytosis and intracellular trafficking of ErbBs. 

Experimental cell research 2009; 315: 683-696. 
 



	 160	

85 Sigismund S, Argenzio E, Tosoni D, Cavallaro E, Polo S, Di Fiore PP. 
Clathrin-mediated internalization is essential for sustained EGFR signaling 
but dispensable for degradation. Developmental cell 2008; 15: 209-219. 

 
86 Kazazic M, Roepstorff K, Johannessen LE, Pedersen NM, van Deurs B, 

Stang E et al. EGF-induced activation of the EGF receptor does not trigger 
mobilization of caveolae. Traffic 2006; 7: 1518-1527. 

 
87 Thien CB, Langdon WY. Cbl: many adaptations to regulate protein 

tyrosine kinases. Nature reviews Molecular cell biology 2001; 2: 294. 
 
88 Mosesson Y, Shtiegman K, Katz M, Zwang Y, Vereb G, Szollosi J et al. 

Endocytosis of receptor tyrosine kinases is driven by monoubiquitylation, 
not polyubiquitylation. Journal of Biological Chemistry 2003; 278: 21323-
21326. 

 
89 Haglund K, Shimokawa N, Szymkiewicz I, Dikic I. Cbl-directed 

monoubiquitination of CIN85 is involved in regulation of ligand-induced 
degradation of EGF receptors. Proceedings of the National Academy of 
Sciences 2002; 99: 12191-12196. 

 
90 Monami G, Emiliozzi V, Morrione A. Grb10/Nedd4-mediated 

multiubiquitination of the insulin-like growth factor receptor regulates 
receptor internalization. Journal of cellular physiology 2008; 216: 426-437. 

 
91 Vecchione A, Marchese A, Henry P, Rotin D, Morrione A. The 

Grb10/Nedd4 complex regulates ligand-induced ubiquitination and stability 
of the insulin-like growth factor I receptor. Molecular and cellular biology 
2003; 23: 3363-3372. 

 
92 Girnita L, Girnita A, Larsson O. Mdm2-dependent ubiquitination and 

degradation of the insulin-like growth factor 1 receptor. Proceedings of the 
National Academy of Sciences 2003; 100: 8247-8252. 

 
93 Sehat B, Andersson S, Girnita L, Larsson O. Identification of c-Cbl as a 

new ligase for insulin-like growth factor-I receptor with distinct roles from 
Mdm2 in receptor ubiquitination and endocytosis. Cancer Research 2008; 
68: 5669-5677. 

 
94 Williams RL, Urbe S. The emerging shape of the ESCRT machinery. 

Nature reviews Molecular cell biology 2007; 8: 355. 
 



	 161	

95 Leung KF, Dacks JB, Field MC. Evolution of the multivesicular body 
ESCRT machinery; retention across the eukaryotic lineage. Traffic 2008; 
9: 1698-1716. 

 
96 Raymond CK, Howald-Stevenson I, Vater C, Stevens T. Morphological 

classification of the yeast vacuolar protein sorting mutants: evidence for a 
prevacuolar compartment in class E vps mutants. Molecular biology of the 
cell 1992; 3: 1389-1402. 

 
97 Schmidt O, Teis D. The ESCRT machinery. Current Biology 2012; 22: 

R116-R120. 
 
98 Katzmann DJ, Stefan CJ, Babst M, Emr SD. Vps27 recruits ESCRT 

machinery to endosomes during MVB sorting. J Cell Biol 2003; 162: 413-
423. 

 
99 Bache KG, Raiborg C, Mehlum A, Stenmark H. STAM and Hrs are 

subunits of a multivalent ubiquitin-binding complex on early endosomes. 
Journal of Biological Chemistry 2003; 278: 12513-12521. 

 
100 Komada M, Kitamura N. Growth factor-induced tyrosine phosphorylation 

of Hrs, a novel 115-kilodalton protein with a structurally conserved putative 
zinc finger domain. Molecular and Cellular Biology 1995; 15: 6213-6221. 

 
101 Komada M, Kitamura N. The Hrs/STAM complex in the downregulation of 

receptor tyrosine kinases. Journal of biochemistry 2005; 137: 1-8. 
 
102 Petiot A, Fauré J, Stenmark H, Gruenberg J. PI3P signaling regulates 

receptor sorting but not transport in the endosomal pathway. The Journal 
of cell biology 2003; 162: 971-979. 

 
103 Lu Q, Hope LW, Brasch M, Reinhard C, Cohen SN. TSG101 interaction 

with HRS mediates endosomal trafficking and receptor down-regulation. 
Proceedings of the National Academy of Sciences 2003; 100: 7626-7631. 

 
104 Teo H, Gill DJ, Sun J, Perisic O, Veprintsev DB, Vallis Y et al. ESCRT-I 

core and ESCRT-II GLUE domain structures reveal role for GLUE in 
linking to ESCRT-I and membranes. Cell 2006; 125: 99-111. 

 
105 McCullough J, Frost A, Sundquist WI. Structures, functions, and dynamics 

of ESCRT-III/Vps4 membrane remodeling and fission complexes. Annual 
review of cell and developmental biology 2018; 34: 85-109. 

 



	 162	

106 Scheuring S, Röhricht RA, Schöning-Burkhardt B, Beyer A, Müller S, Abts 
HF et al. Mammalian cells express two VPS4 proteins both of which are 
involved in intracellular protein trafficking. Journal of molecular biology 
2001; 312: 469-480. 

 
107 Longva KE, Blystad FD, Stang E, Larsen AM, Johannessen LE, Madshus 

IH. Ubiquitination and proteasomal activity is required for transport of the 
EGF receptor to inner membranes of multivesicular bodies. The Journal of 
cell biology 2002; 156: 843-854. 

 
108 Urbé S, Sachse M, Row PE, Preisinger C, Barr FA, Strous G et al. The 

UIM domain of Hrs couples receptor sorting to vesicle formation. Journal 
of cell science 2003; 116: 4169-4179. 

 
109 Ettenberg SA, Magnifico A, Cuello M, Nau MM, Rubinstein YR, Yarden Y 

et al. cbl-b dependent coordinated degradation of the epidermal growth 
factor receptor signaling complex. Journal of Biological Chemistry 2001. 

 
110 Morcavallo A, Stefanello M, Iozzo RV, Belfiore A, Morrione A. Ligand-

mediated endocytosis and trafficking of the insulin-like growth factor 
receptor I and insulin receptor modulate receptor function. Frontiers in 
endocrinology 2014; 5: 220. 

 
111 Eden ER, Huang F, Sorkin A, Futter CE. The role of EGF receptor 

ubiquitination in regulating its intracellular traffic. Traffic 2012; 13: 329-
337. 

 
112 Chi S, Cao H, Wang Y, McNiven MA. Recycling of the epidermal growth 

factor receptor is mediated by a novel form of the clathrin adaptor EPS15. 
Journal of Biological Chemistry 2011: jbc. M111. 247577. 

 
113 Di Guglielmo G, Baass P, Ou W, Posner B, Bergeron J. 

Compartmentalization of SHC, GRB2 and mSOS, and 
hyperphosphorylation of Raf-1 by EGF but not insulin in liver parenchyma. 
The EMBO journal 1994; 13: 4269-4277. 

 
114 Li Hs, Stolz DB, Romero G. Characterization of endocytic vesicles using 

magnetic microbeads coated with signalling ligands. Traffic 2005; 6: 324-
334. 

 
115 Grimes ML, Zhou J, Beattie EC, Yuen EC, Hall DE, Valletta JS et al. 

Endocytosis of activated TrkA: evidence that nerve growth factor induces 
formation of signaling endosomes. Journal of Neuroscience 1996; 16: 
7950-7964. 



	 163	

 
116 Wu C, Lai C-F, Mobley WC. Nerve growth factor activates persistent Rap1 

signaling in endosomes. Journal of Neuroscience 2001; 21: 5406-5416. 
 
117 Cui B, Wu C, Chen L, Ramirez A, Bearer EL, Li W-P et al. One at a time, 

live tracking of NGF axonal transport using quantum dots. Proceedings of 
the National Academy of Sciences 2007; 104: 13666-13671. 

 
118 Burke P, Schooler K, Wiley HS. Regulation of epidermal growth factor 

receptor signaling by endocytosis and intracellular trafficking. Molecular 
biology of the cell 2001; 12: 1897-1910. 

 
119 Villaseñor R, Nonaka H, Del Conte-Zerial P, Kalaidzidis Y, Zerial M. 

Regulation of EGFR signal transduction by analogue-to-digital conversion 
in endosomes. Elife 2015; 4: e06156. 

 
120 Bonifacino JS, Neefjes J. Moving and positioning the endolysosomal 

system. Current opinion in cell biology 2017; 47: 1-8. 
 
121 Katoh H, Hiramoto K, Negishi M. Activation of Rac1 by RhoG regulates 

cell migration. Journal of cell science 2006; 119: 56-65. 
 
122 Palamidessi A, Frittoli E, Garre M, Faretta M, Mione M, Testa I et al. 

Endocytic trafficking of Rac is required for the spatial restriction of 
signaling in cell migration. Cell 2008; 134: 135-147. 

 
123 Ménard L, Parker PJ, Kermorgant S. Receptor tyrosine kinase c-Met 

controls the cytoskeleton from different endosomes via different pathways. 
Nature communications 2014; 5: 3907. 

 
124 Gladden AB, Hebert AM, Schneeberger EE, McClatchey AI. The NF2 

tumor suppressor, Merlin, regulates epidermal development through the 
establishment of a junctional polarity complex. Developmental cell 2010; 
19: 727-739. 

 
125 Curto M, Cole BK, Lallemand D, Liu C-H, McClatchey AI. Contact-

dependent inhibition of EGFR signaling by Nf2/Merlin. J Cell Biol 2007; 
177: 893-903. 

 
126 Chiasson-MacKenzie C, Morris ZS, Baca Q, Morris B, Coker JK, Mirchev 

R et al. NF2/Merlin mediates contact-dependent inhibition of EGFR 
mobility and internalization via cortical actomyosin. J Cell Biol 2015; 211: 
391-405. 

 



	 164	

127 Pike LJ, Casey L. Cholesterol levels modulate EGF receptor-mediated 
signaling by altering receptor function and trafficking. Biochemistry 2002; 
41: 10315-10322. 

 
128 Furuchi T, Anderson RG. Cholesterol depletion of caveolae causes 

hyperactivation of extracellular signal-related kinase (ERK). Journal of 
Biological Chemistry 1998; 273: 21099-21104. 

 
129 Karlsson M, Thorn H, Danielsson A, Stenkula KG, Öst A, Gustavsson J et 

al. Colocalization of insulin receptor and insulin receptor substrate-1 to 
caveolae in primary human adipocytes: Cholesterol depletion blocks 
insulin signalling for metabolic and mitogenic control. European Journal of 
Biochemistry 2004; 271: 2471-2479. 

 
130 McGuire T, Corey S, Sebti S. Lovastatin inhibits platelet-derived growth 

factor (PDGF) stimulation of phosphatidylinositol 3-kinase activity as well 
as association of p85 subunit to tyrosine-phosphorylated PDGF receptor. 
Journal of Biological Chemistry 1993; 268: 22227-22230. 

 
131 Rohatgi RA, Janusis J, Leonard D, Bellve KD, Fogarty KE, Baehrecke EH 

et al. Beclin 1 regulates growth factor receptor signaling in breast cancer. 
Oncogene 2015. 

 
132 Zoncu R, Perera RM, Balkin DM, Pirruccello M, Toomre D, De Camilli P. A 

phosphoinositide switch controls the maturation and signaling properties 
of APPL endosomes. Cell 2009; 136: 1110-1121. 

 
133 Qu X, Yu J, Bhagat G, Furuya N, Hibshoosh H, Troxel A et al. Promotion 

of tumorigenesis by heterozygous disruption of the beclin 1 autophagy 
gene. J Clin Invest 2003; 112: 1809-1820. 

 
134 Tang H, Sebti S, Titone R, Zhou Y, Isidoro C, Ross TS et al. Decreased 

BECN1 mRNA Expression in Human Breast Cancer is Associated with 
Estrogen Receptor-Negative Subtypes and Poor Prognosis. EBioMedicine 
2015; 2: 255-263. 

 
135 Cicchini M, Chakrabarti R, Kongara S, Price S, Nahar R, Lozy F et al. 

Autophagy regulator BECN1 suppresses mammary tumorigenesis driven 
by WNT1 activation and following parity. Autophagy 2014; 10: 2036-2052. 

 
136 Levine B, Klionsky DJ. Development by self-digestion: molecular 

mechanisms and biological functions of autophagy. Dev Cell 2004; 6: 463-
477. 

 



	 165	

137 Cuervo AM. Autophagy: in sickness and in health. Trends Cell Biol 2004; 
14: 70-77. 

 
138 Karantza-Wadsworth V, Patel S, Kravchuk O, Chen G, Mathew R, Jin S et 

al. Autophagy mitigates metabolic stress and genome damage in 
mammary tumorigenesis. Genes Dev 2007; 21: 1621-1635. 

 
139 Cicchini M, Karantza V, Xia B. Molecular pathways: autophagy in cancer--

a matter of timing and context. Clin Cancer Res 2015; 21: 498-504. 
 
140 Liu J, Debnath J. The Evolving, Multifaceted Roles of Autophagy in 

Cancer. Adv Cancer Res 2016; 130: 1-53. 
 
141 Guo JY, Karsli-Uzunbas G, Mathew R, Aisner SC, Kamphorst JJ, 

Strohecker AM et al. Autophagy suppresses progression of K-ras-induced 
lung tumors to oncocytomas and maintains lipid homeostasis. Genes Dev 
2013; 27: 1447-1461. 

 
142 Stack JH, Herman PK, Schu PV, Emr SD. A membrane-associated 

complex containing the Vps15 protein kinase and the Vps34 PI 3-kinase is 
essential for protein sorting to the yeast lysosome-like vacuole. EMBO J 
1993; 12: 2195-2204. 

 
143 Stephens L, Cooke FT, Walters R, Jackson T, Volinia S, Gout I et al. 

Characterization of a phosphatidylinositol-specific phosphoinositide 3-
kinase from mammalian cells. Curr Biol 1994; 4: 203-214. 

 
144 Kihara A, Noda T, Ishihara N, Ohsumi Y. Two distinct Vps34 

phosphatidylinositol 3-kinase complexes function in autophagy and 
carboxypeptidase Y sorting in Saccharomyces cerevisiae. J Cell Biol 
2001; 152: 519-530. 

 
145 Itakura E, Kishi C, Inoue K, Mizushima N. Beclin 1 forms two distinct 

phosphatidylinositol 3-kinase complexes with mammalian Atg14 and 
UVRAG. Mol Biol Cell 2008; 19: 5360-5372. 

 
146 Thoresen SB, Pedersen NM, Liestol K, Stenmark H. A phosphatidylinositol 

3-kinase class III sub-complex containing VPS15, VPS34, Beclin 1, 
UVRAG and BIF-1 regulates cytokinesis and degradative endocytic traffic. 
Exp Cell Res 2010; 316: 3368-3378. 

 
147 Shravage BV, Hill JH, Powers CM, Wu L, Baehrecke EH. Atg6 is required 

for multiple vesicle trafficking pathways and hematopoiesis in Drosophila. 
Development 2013; 140: 1321-1329. 



	 166	

 
148 Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, Hibshoosh H et 

al. Induction of autophagy and inhibition of tumorigenesis by beclin 1. 
Nature 1999; 402: 672-676. 

 
149 Takahashi Y, Coppola D, Matsushita N, Cualing HD, Sun M, Sato Y et al. 

Bif-1 interacts with Beclin 1 through UVRAG and regulates autophagy and 
tumorigenesis. Nat Cell Biol 2007; 9: 1142-1151. 

 
150 Mosesson Y, Mills GB, Yarden Y. Derailed endocytosis: an emerging 

feature of cancer. Nat Rev Cancer 2008; 8: 835-850. 
 
151 Sorkin A, von Zastrow M. Endocytosis and signalling: intertwining 

molecular networks. Nat Rev Mol Cell Biol 2009; 10: 609-622. 
 
152 Platta HW, Stenmark H. Endocytosis and signaling. Curr Opin Cell Biol 

2011; 23: 393-403. 
 
153 Kawabata H. Transferrin and transferrin receptors update. Free Radic Biol 

Med 2019; 133: 46-54. 
 
154 Gruenberg J, Stenmark H. The biogenesis of multivesicular endosomes. 

Nat Rev Mol Cell Biol 2004; 5: 317-323. 
 
155 Dobrowolski R, De Robertis EM. Endocytic control of growth factor 

signalling: multivesicular bodies as signalling organelles. Nat Rev Mol Cell 
Biol 2011; 13: 53-60. 

 
156 Grant BD, Donaldson JG. Pathways and mechanisms of endocytic 

recycling. Nat Rev Mol Cell Biol 2009; 10: 597-608. 
 
157 Runkle KB, Meyerkord CL, Desai NV, Takahashi Y, Wang HG. Bif-1 

suppresses breast cancer cell migration by promoting EGFR endocytic 
degradation. Cancer Biol Ther 2012; 13: 956-966. 

 
158 Raiborg C, Schink KO, Stenmark H. Class III phosphatidylinositol 3-kinase 

and its catalytic product PtdIns3P in regulation of endocytic membrane 
traffic. FEBS J 2013; 280: 2730-2742. 

 
159 Rohatgi RA, Janusis J, Leonard D, Bellve KD, Fogarty KE, Baehrecke EH 

et al. Beclin 1 regulates growth factor receptor signaling in breast cancer. 
Oncogene 2015; 34: 5352-5362. 

 



	 167	

160 Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD et al. Genes that 
mediate breast cancer metastasis to lung. Nature 2005; 436: 518-524. 

 
161 Mercado-Matos J, Janusis J, Zhu S, Chen SS, Shaw LM. Identification of 

a Novel Invasion-Promoting Region in Insulin Receptor Substrate 2. Mol 
Cell Biol 2018; 38. 

 
162 Zhu S, Ward BM, Yu J, Matthew-Onabanjo AN, Janusis J, Hsieh CC et al. 

IRS2 mutations linked to invasion in pleomorphic invasive lobular 
carcinoma. JCI Insight 2018; 3. 

 
163 Eden ER, Huang F, Sorkin A, Futter CE. The role of EGF receptor 

ubiquitination in regulating its intracellular traffic. Traffic 2012; 13: 329-
337. 

 
164 Polo S, Di Fiore PP, Sigismund S. Keeping EGFR signaling in check: 

ubiquitin is the guardian. Cell Cycle 2014; 13: 681-682. 
 
165 Komada M, Kitamura N. Growth factor-induced tyrosine phosphorylation 

of Hrs, a novel 115-kilodalton protein with a structurally conserved putative 
zinc finger domain. Mol Cell Biol 1995; 15: 6213-6221. 

 
166 Petiot A, Faure J, Stenmark H, Gruenberg J. PI3P signaling regulates 

receptor sorting but not transport in the endosomal pathway. J Cell Biol 
2003; 162: 971-979. 

 
167 Komada M, Kitamura N. The Hrs/STAM complex in the downregulation of 

receptor tyrosine kinases. J Biochem 2005; 137: 1-8. 
 
168 Komada M, Masaki R, Yamamoto A, Kitamura N. Hrs, a tyrosine kinase 

substrate with a conserved double zinc finger domain, is localized to the 
cytoplasmic surface of early endosomes. J Biol Chem 1997; 272: 20538-
20544. 

 
169 Raiborg C, Bremnes B, Mehlum A, Gillooly DJ, D'Arrigo A, Stang E et al. 

FYVE and coiled-coil domains determine the specific localisation of Hrs to 
early endosomes. J Cell Sci 2001; 114: 2255-2263. 

 
170 Futter CE, Collinson LM, Backer JM, Hopkins CR. Human VPS34 is 

required for internal vesicle formation within multivesicular endosomes. J 
Cell Biol 2001; 155: 1251-1264. 

 
171 Urbe S, Mills IG, Stenmark H, Kitamura N, Clague MJ. Endosomal 

localization and receptor dynamics determine tyrosine phosphorylation of 



	 168	

hepatocyte growth factor-regulated tyrosine kinase substrate. Mol Cell Biol 
2000; 20: 7685-7692. 

 
172 Ringner M, Fredlund E, Hakkinen J, Borg A, Staaf J. GOBO: gene 

expression-based outcome for breast cancer online. PLoS One 2011; 6: 
e17911. 

 
173 Li Z, Chen B, Wu Y, Jin F, Xia Y, Liu X. Genetic and epigenetic silencing 

of the beclin 1 gene in sporadic breast tumors. BMC Cancer 2010; 10: 98. 
 
174 Bache KG, Raiborg C, Mehlum A, Madshus IH, Stenmark H. 

Phosphorylation of Hrs downstream of the epidermal growth factor 
receptor. Eur J Biochem 2002; 269: 3881-3887. 

 
175 Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, Acevedo 

Arozena A et al. Guidelines for the use and interpretation of assays for 
monitoring autophagy (3rd edition). Autophagy 2016; 12: 1-222. 

 
176 Akbani R, Becker KF, Carragher N, Goldstein T, de Koning L, Korf U et al. 

Realizing the promise of reverse phase protein arrays for clinical, 
translational, and basic research: a workshop report: the RPPA (Reverse 
Phase Protein Array) society. Mol Cell Proteomics 2014; 13: 1625-1643. 

 
177 Nishizuka SS, Mills GB. New era of integrated cancer biomarker discovery 

using reverse-phase protein arrays. Drug Metab Pharmacokinet 2016; 31: 
35-45. 

 
178 Roife D, Dai B, Kang Y, Perez MVR, Pratt M, Li X et al. Ex Vivo Testing of 

Patient-Derived Xenografts Mirrors the Clinical Outcome of Patients with 
Pancreatic Ductal Adenocarcinoma. Clin Cancer Res 2016; 22: 6021-
6030. 

 
179 Xia W, Mullin RJ, Keith BR, Liu LH, Ma H, Rusnak DW et al. Anti-tumor 

activity of GW572016: a dual tyrosine kinase inhibitor blocks EGF 
activation of EGFR/erbB2 and downstream Erk1/2 and AKT pathways. 
Oncogene 2002; 21: 6255-6263. 

 
180 Dudley DT, Pang L, Decker SJ, Bridges AJ, Saltiel AR. A synthetic 

inhibitor of the mitogen-activated protein kinase cascade. Proc Natl Acad 
Sci U S A 1995; 92: 7686-7689. 

 
181 Lehmann BD, Bauer JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y 

et al. Identification of human triple-negative breast cancer subtypes and 



	 169	

preclinical models for selection of targeted therapies. J Clin Invest 2011; 
121: 2750-2767. 

 
182 Brunet A, Roux D, Lenormand P, Dowd S, Keyse S, Pouyssegur J. 

Nuclear translocation of p42/p44 mitogen-activated protein kinase is 
required for growth factor-induced gene expression and cell cycle entry. 
EMBO J 1999; 18: 664-674. 

 
183 Vander Heiden MG, Cantley LC, Thompson CB. Understanding the 

Warburg effect: the metabolic requirements of cell proliferation. Science 
2009; 324: 1029-1033. 

 
184 Torti SV, Torti FM. Iron and cancer: more ore to be mined. Nat Rev 

Cancer 2013; 13: 342-355. 
 
185 Puig S, Ramos-Alonso L, Romero AM, Martinez-Pastor MT. The 

elemental role of iron in DNA synthesis and repair. Metallomics 2017; 9: 
1483-1500. 

 
186 Larrick JW, Cresswell P. Modulation of cell surface iron transferrin 

receptors by cellular density and state of activation. J Supramol Struct 
1979; 11: 579-586. 

 
187 Hentze MW, Caughman SW, Casey JL, Koeller DM, Rouault TA, Harford 

JB et al. A model for the structure and functions of iron-responsive 
elements. Gene 1988; 72: 201-208. 

 
188 Tachiyama R, Ishikawa D, Matsumoto M, Nakayama KI, Yoshimori T, 

Yokota S et al. Proteome of ubiquitin/MVB pathway: possible involvement 
of iron-induced ubiquitylation of transferrin receptor in lysosomal 
degradation. Genes Cells 2011; 16: 448-466. 

 
189 Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q et al. An 

online survival analysis tool to rapidly assess the effect of 22,277 genes 
on breast cancer prognosis using microarray data of 1,809 patients. 
Breast Cancer Res Treat 2010; 123: 725-731. 

 
190 Baulida J, Kraus MH, Alimandi M, Di Fiore PP, Carpenter G. All ErbB 

receptors other than the epidermal growth factor receptor are endocytosis 
impaired. J Biol Chem 1996; 271: 5251-5257. 

 
191 Worthylake R, Opresko LK, Wiley HS. ErbB-2 amplification inhibits down-

regulation and induces constitutive activation of both ErbB-2 and 
epidermal growth factor receptors. J Biol Chem 1999; 274: 8865-8874. 



	 170	

 
192 Wang RC, Wei Y, An Z, Zou Z, Xiao G, Bhagat G et al. Akt-mediated 

regulation of autophagy and tumorigenesis through Beclin 1 
phosphorylation. Science 2012; 338: 956-959. 

 
193 Wei Y, Zou Z, Becker N, Anderson M, Sumpter R, Xiao G et al. EGFR-

mediated Beclin 1 phosphorylation in autophagy suppression, tumor 
progression, and tumor chemoresistance. Cell 2013; 154: 1269-1284. 

 
194 Platta HW, Abrahamsen H, Thoresen SB, Stenmark H. Nedd4-dependent 

lysine-11-linked polyubiquitination of the tumour suppressor Beclin 1. 
Biochem J 2012; 441: 399-406. 

 
195 Ranganathan P, Weaver KL, Capobianco AJ. Notch signalling in solid 

tumours: a little bit of everything but not all the time. Nat Rev Cancer 
2011; 11: 338-351. 

 
196 Tomas A, Futter CE, Eden ER. EGF receptor trafficking: consequences for 

signaling and cancer. Trends Cell Biol 2014; 24: 26-34. 
 
197 VanderVorst K, Hatakeyama J, Berg A, Lee H, Carraway KL, 3rd. Cellular 

and molecular mechanisms underlying planar cell polarity pathway 
contributions to cancer malignancy. Semin Cell Dev Biol 2018; 81: 78-87. 

 
198 Abella JV, Peschard P, Naujokas MA, Lin T, Saucier C, Urbe S et al. 

Met/Hepatocyte growth factor receptor ubiquitination suppresses 
transformation and is required for Hrs phosphorylation. Mol Cell Biol 2005; 
25: 9632-9645. 

 
199 Babina IS, Turner NC. Advances and challenges in targeting FGFR 

signalling in cancer. Nat Rev Cancer 2017; 17: 318-332. 
 
200 Lorincz P, Lakatos Z, Maruzs T, Szatmari Z, Kis V, Sass M. 

Atg6/UVRAG/Vps34-containing lipid kinase complex is required for 
receptor downregulation through endolysosomal degradation and 
epithelial polarity during Drosophila wing development. Biomed Res Int 
2014; 2014: 851349. 

 
201 Nielsen TO, Hsu FD, Jensen K, Cheang M, Karaca G, Hu Z et al. 

Immunohistochemical and clinical characterization of the basal-like 
subtype of invasive breast carcinoma. Clin Cancer Res 2004; 10: 5367-
5374. 

 



	 171	

202 Rives AF, Rochlin KM, Wehrli M, Schwartz SL, DiNardo S. Endocytic 
trafficking of Wingless and its receptors, Arrow and DFrizzled-2, in the 
Drosophila wing. Dev Biol 2006; 293: 268-283. 

 
203 Bakker J, Spits M, Neefjes J, Berlin I. The EGFR odyssey - from activation 

to destruction in space and time. J Cell Sci 2017; 130: 4087-4096. 
 
204 Lozy F, Cai-McRae X, Teplova I, Price S, Reddy A, Bhanot G et al. 

ERBB2 overexpression suppresses stress-induced autophagy and 
renders ERBB2-induced mammary tumorigenesis independent of 
monoallelic Becn1 loss. Autophagy 2014; 10: 662-676. 

 
205 Webster MA, Hutchinson JN, Rauh MJ, Muthuswamy SK, Anton M, 

Tortorice CG et al. Requirement for both Shc and phosphatidylinositol 3' 
kinase signaling pathways in polyomavirus middle T-mediated mammary 
tumorigenesis. Mol Cell Biol 1998; 18: 2344-2359. 

 
206 Cairo G, Bernuzzi F, Recalcati S. A precious metal: Iron, an essential 

nutrient for all cells. Genes Nutr 2006; 1: 25-39. 
 
207 Miller LD, Coffman LG, Chou JW, Black MA, Bergh J, D'Agostino R, Jr. et 

al. An iron regulatory gene signature predicts outcome in breast cancer. 
Cancer Res 2011; 71: 6728-6737. 

 
208 Casey JL, Koeller DM, Ramin VC, Klausner RD, Harford JB. Iron 

regulation of transferrin receptor mRNA levels requires iron-responsive 
elements and a rapid turnover determinant in the 3' untranslated region of 
the mRNA. EMBO J 1989; 8: 3693-3699. 

 
209 Kim HY, Klausner RD, Rouault TA. Translational repressor activity is 

equivalent and is quantitatively predicted by in vitro RNA binding for two 
iron-responsive element-binding proteins, IRP1 and IRP2. J Biol Chem 
1995; 270: 4983-4986. 

 
210 Bartee E, Mansouri M, Hovey Nerenberg BT, Gouveia K, Fruh K. 

Downregulation of major histocompatibility complex class I by human 
ubiquitin ligases related to viral immune evasion proteins. J Virol 2004; 78: 
1109-1120. 

 
211 Fujita H, Iwabu Y, Tokunaga K, Tanaka Y. Membrane-associated RING-

CH (MARCH) 8 mediates the ubiquitination and lysosomal degradation of 
the transferrin receptor. J Cell Sci 2013; 126: 2798-2809. 

 



	 172	

212 Baselga J, Arteaga CL. Critical update and emerging trends in epidermal 
growth factor receptor targeting in cancer. J Clin Oncol 2005; 23: 2445-
2459. 

 
213 Crepin R, Goenaga AL, Jullienne B, Bougherara H, Legay C, Benihoud K 

et al. Development of human single-chain antibodies to the transferrin 
receptor that effectively antagonize the growth of leukemias and 
lymphomas. Cancer Res 2010; 70: 5497-5506. 

 
214 Whitnall M, Howard J, Ponka P, Richardson DR. A class of iron chelators 

with a wide spectrum of potent antitumor activity that overcomes 
resistance to chemotherapeutics. Proc Natl Acad Sci U S A 2006; 103: 
14901-14906. 

 
215 Tortorella S, Karagiannis TC. Transferrin receptor-mediated endocytosis: 

a useful target for cancer therapy. J Membr Biol 2014; 247: 291-307. 
 
216 Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon 

SJ et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, 
Redox Biology, and Disease. Cell 2017; 171: 273-285. 

 
217 Hanahan D, Weinberg RA. The hallmarks of cancer. cell 2000; 100: 57-70. 
 
218 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. cell 

2011; 144: 646-674. 
 
219 House SW, Warburg O, Burk D, Schade AL. On respiratory impairment in 

cancer cells. Science 1956; 124: 267-272. 
 
220 Gaglio D, Metallo CM, Gameiro PA, Hiller K, Danna LS, Balestrieri C et al. 

Oncogenic K-Ras decouples glucose and glutamine metabolism to 
support cancer cell growth. Molecular systems biology 2011; 7: 523. 

 
221 Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio M et al. Glutamine 

supports pancreatic cancer growth through a KRAS-regulated metabolic 
pathway. Nature 2013; 496: 101. 

 
222 de Gonzalo-Calvo D, López-Vilaró L, Nasarre L, Perez-Olabarria M, 

Vázquez T, Escuin D et al. Intratumor cholesteryl ester accumulation is 
associated with human breast cancer proliferation and aggressive 
potential: a molecular and clinicopathological study. BMC cancer 2015; 
15: 460. 

 



	 173	

223 Yue S, Li J, Lee S-Y, Lee HJ, Shao T, Song B et al. Cholesteryl ester 
accumulation induced by PTEN loss and PI3K/AKT activation underlies 
human prostate cancer aggressiveness. Cell metabolism 2014; 19: 393-
406. 

 
224 Lock R, Roy S, Kenific CM, Su JS, Salas E, Ronen SM et al. Autophagy 

facilitates glycolysis during Ras-mediated oncogenic transformation. Mol 
Biol Cell 2011; 22: 165-178. 

 
225 Kim JK. Hyperinsulinemic–euglycemic clamp to assess insulin sensitivity 

in vivo. Type 2 Diabetes. Springer, 2009, pp 221-238. 
 
226 Soeters MR, Soeters PB. The evolutionary benefit of insulin resistance. 

Clinical nutrition 2012; 31: 1002-1007. 
 
227 Dev R, Bruera E, Dalal S. Insulin resistance and body composition in 

cancer patients. Annals of Oncology 2018; 29: ii18-ii26. 
 
228 De Luca C, Olefsky JM. Inflammation and insulin resistance. FEBS letters 

2008; 582: 97-105. 
 
229 Lally JS, Ghoshal S, DePeralta DK, Moaven O, Wei L, Masia R et al. 

Inhibition of Acetyl-CoA carboxylase by phosphorylation or the inhibitor 
ND-654 suppresses lipogenesis and hepatocellular carcinoma. Cell 
metabolism 2019; 29: 174-182. e175. 

 
230 McGarry JD, Leatherman GF, Foster DW. Carnitine palmitoyltransferase I. 

The site of inhibition of hepatic fatty acid oxidation by malonyl-CoA. 
Journal of Biological Chemistry 1978; 253: 4128-4136. 

 
231 Park JH, Vithayathil S, Kumar S, Sung P-L, Dobrolecki LE, Putluri V et al. 

Fatty acid oxidation-driven Src links mitochondrial energy reprogramming 
and oncogenic properties in triple-negative breast cancer. Cell reports 
2016; 14: 2154-2165. 

 
232 Chajès V, Cambot M, Moreau K, Lenoir GM, Joulin V. Acetyl-CoA 

carboxylase α is essential to breast cancer cell survival. Cancer research 
2006; 66: 5287-5294. 

 
233 Svensson RU, Parker SJ, Eichner LJ, Kolar MJ, Wallace M, Brun SN et al. 

Inhibition of acetyl-CoA carboxylase suppresses fatty acid synthesis and 
tumor growth of non-small-cell lung cancer in preclinical models. Nature 
medicine 2016; 22: 1108. 

 



	 174	

234 Bruggeman AR, Kamal AH, LeBlanc TW, Ma JD, Baracos VE, Roeland 
EJ. Cancer cachexia: beyond weight loss. Journal of oncology practice 
2016; 12: 1163-1171. 

 
235 Oliff A, Defeo-Jones D, Boyer M, Martinez D, Kiefer D, Vuocolo G et al. 

Tumors secreting human TNF/cachectin induce cachexia in mice. Cell 
1987; 50: 555-563. 

 
236 Martignoni ME, Kunze P, Hildebrandt W, Künzli B, Berberat P, Giese T et 

al. Role of mononuclear cells and inflammatory cytokines in pancreatic 
cancer-related cachexia. Clinical Cancer Research 2005; 11: 5802-5808. 

 
237 Hommelgaard AM, Lerdrup M, van Deurs B. Association with membrane 

protrusions makes ErbB2 an internalization-resistant receptor. Molecular 
biology of the cell 2004; 15: 1557-1567. 

 
238 Mellman I, Yarden Y. Endocytosis and cancer. Cold Spring Harbor 

perspectives in biology 2013; 5: a016949. 
 
239 Bertelsen V, Stang E. The mysterious ways of ErbB2/HER2 trafficking. 

Membranes 2014; 4: 424-446. 
 
240 Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA et al. 

Triple-negative breast cancer: clinical features and patterns of recurrence. 
Clinical cancer research 2007; 13: 4429-4434. 

 
241 Farabaugh SM, Boone DN, Lee AV. Role of IGF1R in breast cancer 

subtypes, stemness, and lineage differentiation. Frontiers in endocrinology 
2015; 6: 59. 

 
242 Eden ER, White IJ, Tsapara A, Futter CE. Membrane contacts between 

endosomes and ER provide sites for PTP1B–epidermal growth factor 
receptor interaction. Nature cell biology 2010; 12: 267. 

 
243 Chung I, Akita R, Vandlen R, Toomre D, Schlessinger J, Mellman I. 

Spatial control of EGF receptor activation by reversible dimerization on 
living cells. Nature 2010; 464: 783. 

 
244 Pandini G, Vigneri R, Costantino A, Frasca F, Ippolito A, Fujita-Yamaguchi 

Y et al. Insulin and insulin-like growth factor-I (IGF-I) receptor 
overexpression in breast cancers leads to insulin/IGF-I hybrid receptor 
overexpression: evidence for a second mechanism of IGF-I signaling. 
Clinical Cancer Research 1999; 5: 1935-1944. 

 



	 175	

245 Wang RC, Wei Y, An Z, Zou Z, Xiao G, Bhagat G et al. Akt-mediated 
regulation of autophagy and tumorigenesis through Beclin 1 
phosphorylation. Science 2012; 338: 956-959. 

 
246 Wei Y, Zou Z, Becker N, Anderson M, Sumpter R, Xiao G et al. EGFR-

mediated Beclin 1 phosphorylation in autophagy suppression, tumor 
progression, and tumor chemoresistance. Cell 2013; 154: 1269-1284. 

 
247 Vega-Rubín-de-Celis S, Zou Z, Fernández ÁF, Ci B, Kim M, Xiao G et al. 

Increased autophagy blocks HER2-mediated breast tumorigenesis. 
Proceedings of the National Academy of Sciences 2018; 115: 4176-4181. 

 
248 Shoji-Kawata S, Sumpter R, Leveno M, Campbell GR, Zou Z, Kinch L et 

al. Identification of a candidate therapeutic autophagy-inducing peptide. 
Nature 2013; 494: 201. 

 
249 Kim WY, Sharpless NE. Drug efficacy testing in mice. Therapeutic Kinase 

Inhibitors. Springer, 2010, pp 19-38. 
 
250 Torti SV, Torti FM. Iron and cancer: more ore to be mined. Nature reviews 

Cancer 2013; 13: 342. 
 
251 Pinnix ZK, Miller LD, Wang W, D’Agostino R, Kute T, Willingham MC et al. 

Ferroportin and iron regulation in breast cancer progression and 
prognosis. Science translational medicine 2010; 2: 43ra56-43ra56. 

 
252 Xue D, Zhou CX, Shi YB, Lu H, He XZ. Decreased expression of 

ferroportin in prostate cancer. Oncology letters 2015; 10: 913-916. 
 
253 Miller LD, Coffman LG, Chou JW, Black MA, Bergh J, D'Agostino R et al. 

An iron regulatory gene signature predicts outcome in breast cancer. 
Cancer research 2011; 71: 6728-6737. 

 
254 Bedford MR, Ford SJ, Horniblow RD, Iqbal TH, Tselepis C. Iron chelation 

in the treatment of cancer: a new role for deferasirox? The Journal of 
Clinical Pharmacology 2013; 53: 885-891. 

 
255 Fujita H, Iwabu Y, Tokunaga K, Tanaka Y. Membrane-associated RING-

CH (MARCH) 8 mediates the ubiquitination and lysosomal degradation of 
the transferrin receptor. J Cell Sci 2013; 126: 2798-2809. 

 
256 Luria-Pérez R, Helguera G, Rodríguez JA. Antibody-mediated targeting of 

the transferrin receptor in cancer cells. Boletín Médico del Hospital Infantil 
de México 2016; 73: 372-379. 



	 176	

 
257 Crépin R, Goenaga A-L, Jullienne B, Bougherara H, Legay C, Benihoud K 

et al. Development of human single-chain antibodies to the transferrin 
receptor that effectively antagonize the growth of leukemias and 
lymphomas. Cancer research 2010; 70: 5497-5506. 

 
258 Daniels TR, Bernabeu E, Rodríguez JA, Patel S, Kozman M, Chiappetta 

DA et al. The transferrin receptor and the targeted delivery of therapeutic 
agents against cancer. Biochimica et Biophysica Acta (BBA)-General 
Subjects 2012; 1820: 291-317. 

 
259 Gaullier J-M, Simonsen A, D'Arrigo A, Bremnes B, Stenmark H, Aasland 

R. FYVE fingers bind PtdIns (3) P. Nature 1998; 394: 432. 
 
260 Stenmark H, Aasland R, Toh B-H, D'Arrigo A. Endosomal localization of 

the autoantigen EEA1 is mediated by a zinc-binding FYVE finger. Journal 
of Biological Chemistry 1996; 271: 24048-24054. 

 
261 Polo S, Di Fiore PP, Sigismund S. Keeping EGFR signaling in check: 

Ubiquitin is the guardian. Cell Cycle 2014; 13: 681-682. 
 
262 Stern KA, Smit GDV, Place TL, Winistorfer S, Piper RC, Lill NL. Epidermal 

growth factor receptor fate is controlled by Hrs tyrosine phosphorylation 
sites that regulate Hrs degradation. Molecular and cellular biology 2007; 
27: 888-898. 

 
263 Huang F, Goh LK, Sorkin A. EGF receptor ubiquitination is not necessary 

for its internalization. Proceedings of the National Academy of Sciences 
2007; 104: 16904-16909. 

 
264 Li X, He L, Che KH, Funderburk SF, Pan L, Pan N et al. Imperfect 

interface of Beclin1 coiled-coil domain regulates homodimer and 
heterodimer formation with Atg14L and UVRAG. Nat Commun 2012; 3: 
662. 

 
265 Wu S, He Y, Qiu X, Yang W, Liu W, Li X et al. Targeting the potent Beclin 

1–UVRAG coiled-coil interaction with designed peptides enhances 
autophagy and endolysosomal trafficking. Proceedings of the National 
Academy of Sciences 2018; 115: E5669-E5678. 

 
266 Pasquier B. SAR405, a PIK3C3/Vps34 inhibitor that prevents autophagy 

and synergizes with MTOR inhibition in tumor cells. Autophagy 2015; 11: 
725-726. 

 



	 177	

267 Pasquier B, El-Ahmad Y, Filoche-Romme B, Dureuil C, Fassy F, 
Abecassis P-Y et al. Discovery of (2 S)-8-[(3 R)-3-methylmorpholin-4-yl]-1-
(3-methyl-2-oxobutyl)-2-(trifluoromethyl)-3, 4-dihydro-2 H-pyrimido [1, 2-a] 
pyrimidin-6-one: A novel potent and selective inhibitor of Vps34 for the 
treatment of solid tumors. Journal of medicinal chemistry 2014; 58: 376-
400. 

 
268 Ronan B, Flamand O, Vescovi L, Dureuil C, Durand L, Fassy F et al. A 

highly potent and selective Vps34 inhibitor alters vesicle trafficking and 
autophagy. Nat Chem Biol 2014; 10: 1013-1019. 

 
269 Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD et al. Genes that 

mediate breast cancer metastasis to lung. Nature 2005; 436: 518. 
 
270 Dillon RL, Marcotte R, Hennessy BT, Woodgett JR, Mills GB, Muller WJ. 

Akt1 and akt2 play distinct roles in the initiation and metastatic phases of 
mammary tumor progression. Cancer research 2009; 69: 5057-5064. 

 
271 van Zijl F, Krupitza G, Mikulits W. Initial steps of metastasis: cell invasion 

and endothelial transmigration. Mutation Research/Reviews in Mutation 
Research 2011; 728: 23-34. 

 
272 Miller F. Tumor subpopulation interactions in metastasis. Invasion & 

metastasis 1983; 3: 234-242. 
 
273 Miller F, Miller B, Heppner G. Characterization of metastatic heterogeneity 

among subpopulations of a single mouse mammary tumor: heterogeneity 
in phenotypic stability. Invasion & metastasis 1983; 3: 22-31. 

 
274 Jung M, Weigert A, Mertens C, Rehwald C, Brüne B. Iron Handling in 

Tumor-Associated Macrophages—Is There a New Role for Lipocalin-2? 
Frontiers in immunology 2017; 8: 1171. 

 
275 Shibata S, Asano T, Noguchi A, Naito M, Ogura A, Doi K. Peritoneal 

macrophages play an important role in eliminating human cells from 
severe combined immunodeficient mice transplanted with human 
peripheral blood lymphocytes. Immunology 1998; 93: 524. 

 
276 Anderson CP, Shen M, Eisenstein RS, Leibold EA. Mammalian iron 

metabolism and its control by iron regulatory proteins. Biochimica et 
Biophysica Acta (BBA)-Molecular Cell Research 2012; 1823: 1468-1483. 

 



	 178	

277 Hanson ES, Foot LM, Leibold EA. Hypoxia post-translationally activates 
iron-regulatory protein 2. Journal of Biological Chemistry 1999; 274: 5047-
5052. 

 
278 Wang R, Dillon CP, Shi LZ, Milasta S, Carter R, Finkelstein D et al. The 

transcription factor Myc controls metabolic reprogramming upon T 
lymphocyte activation. Immunity 2011; 35: 871-882. 

 
279 Baenke F, Peck B, Miess H, Schulze A. Hooked on fat: the role of lipid 

synthesis in cancer metabolism and tumour development. Disease models 
& mechanisms 2013; 6: 1353-1363. 

 
280 Fullerton MD, Galic S, Marcinko K, Sikkema S, Pulinilkunnil T, Chen Z-P 

et al. Single phosphorylation sites in Acc1 and Acc2 regulate lipid 
homeostasis and the insulin-sensitizing effects of metformin. Nature 
medicine 2013; 19: 1649. 

 
281 Jones JE, Esler WP, Patel R, Lanba A, Vera NB, Pfefferkorn JA et al. 

Inhibition of acetyl-CoA carboxylase 1 (ACC1) and 2 (ACC2) reduces 
proliferation and de novo lipogenesis of EGFRvIII human glioblastoma 
cells. PloS one 2017; 12: e0169566. 

 
282 Alwarawrah Y, Hughes P, Loiselle D, Carlson DA, Darr DB, Jordan JL et 

al. Fasnall, a selective FASN inhibitor, shows potent anti-tumor activity in 
the MMTV-Neu model of HER2+ breast cancer. Cell chemical biology 
2016; 23: 678-688. 

 
283 Petruzzelli M, Wagner EF. Mechanisms of metabolic dysfunction in 

cancer-associated cachexia. Genes & development 2016; 30: 489-501. 
 
284 Baracos VE, DeVivo C, Hoyle D, Goldberg AL. Activation of the ATP-

ubiquitin-proteasome pathway in skeletal muscle of cachectic rats bearing 
a hepatoma. American Journal of Physiology-Endocrinology And 
Metabolism 1995; 268: E996-E1006. 

 
285 Chacon-Cabrera A, Fermoselle C, Urtreger AJ, Mateu-Jimenez M, 

Diament MJ, de Kier Joffé EDB et al. Pharmacological strategies in lung 
cancer-induced cachexia: Effects on muscle proteolysis, autophagy, 
structure, and weakness. Journal of cellular physiology 2014; 229: 1660-
1672. 

 
286 Tian M, Nishijima Y, Asp ML, Stout MB, Reiser PJ, Belury MA. Cardiac 

alterations in cancer-induced cachexia in mice. International journal of 
oncology 2010; 37: 347-353. 



	 179	

 
287 Wheatcroft SB, Kearney MT. IGF-dependent and IGF-independent actions 

of IGF-binding protein-1 and-2: implications for metabolic homeostasis. 
Trends in Endocrinology & Metabolism 2009; 20: 153-162. 

 
288 Kelley KM, Oh Y, Gargosky SE, Gucev Z, Matsumoto T, Hwa V et al. 

Insulin-like growth factor-binding proteins (IGFBPs) and their regulatory 
dynamics. The international journal of biochemistry & cell biology 1996; 
28: 619-637. 

 
289 Lock R, Kenific CM, Leidal AM, Salas E, Debnath J. Autophagy-

dependent production of secreted factors facilitates oncogenic RAS-driven 
invasion. Cancer Discov 2014; 4: 466-479. 

 
290 Jones JI, Gockerman A, Busby WH, Wright G, Clemmons DR. Insulin-like 

growth factor binding protein 1 stimulates cell migration and binds to the 
alpha 5 beta 1 integrin by means of its Arg-Gly-Asp sequence. 
Proceedings of the National Academy of Sciences 1993; 90: 10553-
10557. 

 
291 Gleeson LM, Chakraborty C, McKinnon T, Lala PK. Insulin-like growth 

factor-binding protein 1 stimulates human trophoblast migration by 
signaling through α5β1 integrin via mitogen-activated protein kinase 
pathway. The Journal of Clinical Endocrinology & Metabolism 2001; 86: 
2484-2493. 

 
292 Desgrosellier JS, Cheresh DA. Integrins in cancer: biological implications 

and therapeutic opportunities. Nature Reviews Cancer 2010; 10: 9. 
 
 




