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Elucidating the Functions of GRASP55:  

Intersections with Autophagy and the ER-Golgi Interface 

by Jennifer Yang Liu 

 

Abstract 

 The Golgi reassembly stacking proteins (GRASPs) have fascinated the scientific 

community due to their myriad functions throughout the cell. While originally identified 

as required factors for in vitro stacking of Golgi cisternae,1,2 GRASPs have also been 

implicated in autophagy and linked to the ER-Golgi interface, although the underlying 

mechanisms and biological significance have not been fully delineated. To better 

understand mammalian GRASP55, I leveraged genetic inhibition of GRASP55 and 

found that loss of GRASP55 was associated with both increased early-stage autophagy 

and impaired late-stage autophagy, suggesting that GRASP55 both inhibits and 

promotes autophagy at different steps. I also found that loss of GRASP55 phenocopied 

the effects of starvation on increasing colocalization of early secretory markers, 

suggesting that GRASP55 negatively regulates coalescence of the early secretory 

pathway. Interestingly, GRASP55 was not degraded during starvation, but the presence 

of GRASP55 dimers was enhanced by starvation, raising the possibility that the 

dimerization status of GRASP55 directs its functions in autophagy and secretory marker 

colocalization during starvation. Proximity-dependent biotinylation combined with mass 

spectrometry led us to identify a GRASP55 proximal interactome that was enriched in 

ER-Golgi interface proteins. Overall, these findings shed light on the intersections 

between GRASP55, autophagy, and the ER-Golgi interface. 



 vii 

TABLE OF CONTENTS 

 

Chapter 1 Introduction 1 

Chapter 2 Review of the Role of Autophagy in Cancer 30 

Chapter 3 Identification of a GRASP55 Proximal Interactome 58 

Chapter 4 Dissecting the Functions of GRASP55 in Autophagy and at the 

ER-Golgi Interface 

95 

References  144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 viii 

LIST OF FIGURES 

 

Chapter 3 

Figure 3.1 Overview of GRASP55 proximity-dependent biotinylation 

(BioID) 

67 

Figure 3.2 Validation of GRASP55 BioID constructs 69 

Figure 3.3 Identification of a GRASP55 proximal interactome by BioID 71 

Figure 3.4 Validation of selected GRASP55 proximal interactors by 

immunoblot analysis 

76 

 

Chapter 4 

Figure 4.1 Effect of loss of GRASP55 on autophagy 107 

Figure 4.S1 Supplemental data to Figure 4.1 110 

Figure 4.2 Effect of starvation on GM130, GRASP55, and ERES marker 

colocalization 

112 

Figure 4.3 Effect of loss of GRASP55 on GM130 and ERES marker 

colocalization 

114 

Figure 4.4 Effect of amino acid starvation on GRASP55 dimerization 116 

Figure 4.5 Effect of GRASP55 dimer mutants on proximity-dependent 

biotinylation of ER-Golgi interface proteins 

119 

 

 

 



 ix 

LIST OF TABLES 

 

Chapter 3 

Table 3.1 GRASP55 proximal interactome determined by BioID 74-75 

Table 3.2 Selected autophagy-related proteins in GRASP55 BioID 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

 

 

 

 

 

CHAPTER 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2 

Acknowledgment of Previously Published Materials  

 

This chapter contains text modified from the following publication:  

 

Liu, J. & Debnath, J. Chapter One - The Evolving, Multifaceted Roles of Autophagy in 

Cancer. in Advances in Cancer Research (eds. Tew, K. D. & Fisher, P. B.) 130, 1–53 

(Academic Press, 2016). 

 

Contributions: I was primarily responsible for conducting the literature review and 

writing the first draft of the above manuscript. Jayanta Debnath, the co-author listed in 

this publication, supervised the project. Together we edited and revised the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 



 3 

GRASPs 

 

Background and Structure 

The Golgi reassembly stacking proteins (GRASPs) were originally identified in 

mammalian cells based on their requirement for in vitro cisternae stacking of mitotic 

Golgi fragments.1,2 Mammals have two structurally similar GRASP isoforms – a 55 kDa 

protein called GRASP55 that localizes classically to the medial-Golgi and a 65 kDa 

protein called GRASP65 that localizes to the cis-Golgi.1–3 In contrast, some other 

species have a single homologue, called Grh1 in yeast,4,5 GrpA in Dictyostelium 

discoideum,6 and dGRASP in Drosophila melanogaster.7 GRASP55 and GRASP65 

appear to be widely expressed across different cell types, although the relative 

expression between the two isoforms can vary.2,8 Homozygous GRASP65-LacZ knockin 

mice were viable, healthy, and fertile,9 while GRASP55-/- mice had impairments 

including male infertility and defective spermatogenesis10 as well as deficient intestinal 

fat absorption and impaired trafficking of lipases.11 

Structurally, mammalian GRASPs consist of two evolutionarily conserved N-

terminal tandem PDZ domains along with a more variable C-terminal tail.1–3,12–14 Both 

GRASP55 and GRASP65 also undergo myristoylation at the glycine residue at position 

2,1,2 which is required for efficient targeting to the Golgi membrane2,15 as well as 

orienting the protein to favor the trans interactions involved in its tethering functions.16,17  

In addition to myristoylation, proper targeting to the Golgi membrane also involves 

interaction with a receptor protein – GM130 in the case of GRASP6515,18 and golgin-45 

in the case of GRASP55.19 Many of the functions of GRASPs are thought to be related 
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to their ability to oligomerize and tether. Indeed, both GRASP55 and GRASP65 have 

been reported to exist in the dimerized state.3,12,20,21 GRASPs can undergo homotypic 

trans-oligomerization, which is thought to be mediated predominantly by the N-terminal 

PDZ domains.3,12,13,17,22 However, the precise mechanism of trans-oligomerization is not 

fully understood; in one model, the PDZ2 domain contains an internal ligand which 

interacts with the binding pocket of the PDZ1 domain of an adjacent GRASP protein,13 

while in a second model, multimerization is mediated by PDZ2-PDZ2 interactions 

between adjacent GRASP proteins that are strengthened by interaction of an internal 

ligand on the C-terminal tail with the PDZ1 binding pocket of an adjacent protein.3 The 

C-terminal tail of GRASPs is less strongly conserved and can be variable in both length 

and composition,6,14 although these structures tend to be enriched in serine/threonine 

and proline residues.14 Indeed, the C-terminal tails of both GRASP55 and GRASP65 

are targets for phosphorylation events that govern Golgi fragmentation and progression 

into mitosis.23–27 

 

Functions of GRASPs 

Canonically, GRASP function has been largely linked to structural organization of 

the Golgi apparatus. Follow up studies in mammalian cells demonstrated mixed results 

on the strict requirement for GRASPs in Golgi cisternae stacking in vivo; some studies 

concluded that GRASP55 and/or GRASP65 are required for proper stacking,20,27,28 

while others proposed that GRASPs are dispensable for maintaining stacking.9,23,24 

While a strict requirement for GRASPs in cisternae stacking is debated, the GRASPs 

have also been implicated in lateral linking and fusion of stacks into Golgi ribbons; in 
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particular, GRASP65 was found to work in conjunction with the cis-Golgi protein GM130 

to promote lateral fusion of Golgi cisternae,18 and loss of GRASP65 resulted in impaired  

fluorescence recovery after photobleaching (FRAP) of a fluorescently tagged cis-Golgi 

protein.9 The literature on GRASP55, however, is more mixed – although there are 

reports that GRASP55 was required for normal Golgi ribbon length24 and that FRAP of a 

Golgi enzyme was impaired in cells depleted of GRASP55,24,27 another study found that 

loss of GRASP55 did not impair Golgi enzyme FRAP.23 Interestingly, a more recent 

study using chromophore-assisted light inactivation found that Golgi ribbons were 

rapidly unlinked upon inactivation of KillerRed-tagged GRASP55 and GRASP65.29 

As part of their role in maintaining Golgi structure, GRASPs are also required for 

Golgi morphology changes during cell cycle progression. For example, phosphorylation 

of GRASP55 at the G2/M transition is required for fragmentation and progression into 

mitosis,23,24 and this is at least partially controlled via the MEK/ERK pathway.24,27 In 

contrast, phosphorylation of GRASP65 by Cdk1 appeared to delay progression into 

mitosis, possibly serving as a recruitment site for binding of Plk1,25,26 which can also 

phosphorylate GRASP6520,22,30 and is thought to be required for complete mitotic Golgi 

fragmentation.20,22,25 A subsequent study found that temporally regulated 

phosphorylation and dephosphorylation events at various sites on GRASP65 were 

required for progression through different stages of mitosis.31 

In light of these structural roles for GRASP55 and GRASP65, several groups 

have investigated the effect of loss of GRASPs on protein trafficking through the 

secretory pathway. Interestingly, loss of GRASP55 did not impair trafficking of VSV-G to 

the plasma membrane23,24 or secretion of ss-HRP into the extracellular medium.23 
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Similarly, loss of GRASP65 was also not associated with overt impairments in KDEL-

receptor localization to the Golgi or VSV-G transport to the plasma membrane.32 These 

findings suggested that GRASPs are not required for bulk flow through the secretory 

pathway. However, other groups have reported more specific defects in cells depleted 

of GRASP55 and/or GRASP65, including perturbed glycosylation24,33 and accelerated 

protein trafficking through the Golgi.33 Additionally, GRASPs can be found in complexes 

with other Golgi matrix proteins required for normal architecture and trafficking, such as 

GM130, which interacts with GRASP65,1,18 and golgin-45 (BLZF1), which interacts with 

GRASP55,19 raising the possibility that GRASPs may optimize or regulate the activity of 

these proteins. Moreover, GRASPs have also been shown to bind cargo receptors34 or 

even cargo directly,10,11,35,36 suggesting that GRASPs may be involved in the trafficking 

of specific cargo even if they are not required for bulk secretion. Adding further intrigue 

to the structural and trafficking roles for mammalian GRASPs are studies of other 

species which do not appear to require GRASP for these essential processes. For 

example, in Pichia pastoris, depletion of the single homologue Grh1 did not overtly 

affect Golgi organization,37 and Saccharomyces cerevisiae, which express a single 

GRASP homologue, have unstacked Golgi apparatuses comprised of single 

cisternae.37,38 In Drosophila, trafficking of a transmembrane reporter protein to the 

plasma membrane was not overtly impaired when the single homologue dGRASP was 

depleted.7 Moreover, depletion of the single homologue GrpA in Dictyostelium did not 

significantly impair cell growth.6 Taken together, these findings indicate that while 

GRASPs may be involved in the trafficking of specific cargo or optimal glycosylation of 
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cargo, they are not necessarily required for the overall function of the secretory 

pathway, leading to the possibility that they may have additional functions in the cell. 

Recently, there has been great interest in understanding the role of GRASPs in 

unconventional protein secretion and trafficking. Classically, proteins destined for 

secretion or the plasma membrane are co-translationally translocated into the 

endoplasmic reticulum (ER) lumen upon recognition of an N-terminal signal peptide; in 

the ER, they undergo post-translational modifications and folding before transiting from 

the ER at ER exit sites (ERES) through the ER-Golgi intermediate compartment 

(ERGIC) and then through the Golgi apparatus, where they undergo additional post-

translational modifications before being packaged into vesicles destined for the plasma 

membrane.39,40 In contrast, unconventional protein secretion describes a variety of 

pathways by which proteins lacking a signal peptide are secreted or by which plasma 

membrane proteins are able to bypass the typical ER-Golgi route.41 The exact 

mechanisms underlying these pathways are not fully understood, but intriguingly the 

GRASPs have been extensively implicated in this phenomenon. A 2007 study revealed 

that in Dictyostelium, the presence of the single GRASP homologue GrpA was required 

for efficient secretion of acyl-CoA binding protein (AcbA), which lacks a signal peptide.6 

Subsequent studies in Saccharomyces cerevisiae and Pichia pastoris found that Grh1, 

the yeast GRASP homologue, was required for the unconventional secretion of the 

yeast homologue Acb1.42,43 In Drosophila melanogaster, the dGRASP homolog was 

required for unconventional trafficking of the αPS1 integrin subunit to the plasma 

membrane during development.44 In mammalian cells, GRASP55 has been implicated 

in the unconventional secretion or trafficking of diverse targets. In a study of mouse 
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macrophage cells, GRASP55 was required for efficient secretion of the inflammatory 

signaling proteins IL-1β and IL-18, which both lack a signal peptide.45 Similarly, in a 

reconstituted IL-1β secretion model, the presence of activated mature IL-1β in the 

extracellular medium was impaired by knockdown of either GRASP55 or GRASP65.46 

Additionally, GRASP55 was found to be necessary for the unconventional trafficking of 

the deltaF508 CFTR mutant to the plasma membrane following induction of ER stress, 

and overexpression of GRASP55 alone was sufficient to activate this trafficking.8 The 

mechanisms underlying how GRASPs mediate unconventional secretion are not fully 

understood but may involve direct cargo binding,8,21  regulation of autophagy, which has 

also been implicated in unconventional secretion,45 and/or tethering activities.44 

 

 

AUTOPHAGY 

 

Introduction and Overview 

Autophagy, literally defined as self-eating, is a conserved catabolic pathway by 

which cells degrade and recycle cytoplasmic material in the lysosome.47 Studies in 

yeast and higher eukaryotes point to an evolutionarily conserved role for the autophagy 

pathway as a cellular response to starvation and stress.48 Autophagy actually refers to a 

trio of tightly regulated catabolic processes, all of which deliver cytoplasmic components 

to the lysosome for degradation – macroautophagy, microautophagy,49 and chaperone- 

mediated autophagy;50 this work will focus on macroautophagy (hereafter used 

interchangeably with autophagy). In mammals, diverse stimuli, including nutrient 
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starvation, infection, hypoxia, oxidative stress, and endoplasmic reticulum (ER) stress, 

induce autophagy.51 On the single-cell level, autophagy provides a source of 

biomaterials and metabolites to enable continued cell function and survival in response 

to these stresses; in addition, basal autophagy plays a homeostatic function by 

removing damaged or toxic cellular components within cells.52,53 Although generally 

considered cytoprotective, autophagy may also be involved in programmed cell death 

under certain conditions.54,55 In humans, autophagy has been implicated in diverse 

pathologies, including aging,56 neurodegeneration,57 cardiovascular disease,58 liver 

disease,59 myopathy,58 inflammation and infection,60 metabolic diseases,61 and 

cancer.62 The role of autophagy in cancer will be discussed in detail in Chapter 2. 

Macroautophagy is a multistep process involving the formation of an 

autophagosome, a double membrane-bound structure that sequesters cytoplasmic 

components, and the ultimate fusion of this vesicle with a lysosome, resulting in the 

degradation of engulfed proteins and organelles.63 Studies in yeast have identified over 

30 autophagy-related genes (ATGs) and proteins (Atgs), and many of their orthologs 

have also been established in mammals and other higher eukaryotes.63,64  

 

Molecular Machinery of Autophagosome Biogenesis 

Three steps of autophagosome biogenesis – initiation, nucleation, and elongation 

– have been characterized. In yeast, this process is proposed to occur at a single 

location called the phagophore assembly site,65 whereas in mammals, autophagosomes 

are thought to form via multiple membrane sites in the cytoplasm.66 This section will 
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provide an overview of autophagy trafficking from a mechanistic standpoint; more 

detailed reviews on this topic are available elsewhere.67–69 

Initiation of Autophagosome Biogenesis by the ULK Complex. In mammals, 

autophagosome biogenesis begins with the initiation complex, which is comprised of 

unc-51-like kinase 1 or 2 (ULK1 or ULK2, orthologs of yeast Atg1), mAtg13, focal 

adhesion kinase family-interacting protein of 200 kDa (FIP200), and Atg101.70 When 

nutrients are abundant, mammalian target of rapamycin complex 1 (mTORC1) 

associates with and inhibits the ULK complex; under starvation conditions, mTORC1 

dissociates, leading to activation of the complex.71 Biochemically, this switch to initiation 

is mediated by changes in phosphorylation status of the complex members. ULK 

complex-associated mTORC1 phosphorylates ULK1/2 and mAtg13 to inhibit autophagy; 

dissociation of mTORC1 leads to dephosphorylation of these proteins, allowing for 

ULK1/2-mediated phosphorylation of mAtg13 and FIP200 and initiation of 

autophagy.72,73 

Nucleation of the Phagophore by the Class III PI3K Complex. Following 

activation of the ULK complex, additional proteins are recruited to form an initial double 

membrane structure called the phagophore.74 Nucleation requires the activity of the 

class III phosphatidylinositol 3-kinase (PI3K) complex, which produces the 

phosphatidylinositol(3)-phosphate necessary for recruiting other autophagy-related 

proteins.75 In humans, the class III PI3K complex includes human vacuolar protein 

sorting-associated protein 34 (hVps34, a lipid kinase), Beclin 1 (an ortholog of yeast 

Atg6), and p150 (an ortholog of yeast Vps15).71  
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Several key modulators interact with the class III PI3K complex in order to 

regulate autophagy at this step. Atg14-like protein (Atg14L, a homolog of yeast Atg14), 

also known as Beclin 1-associated autophagy-related key regulator (Barkor), is believed 

to promote autophagy by localizing the class III PI3K complex to sites of 

autophagosome biogenesis via its interaction with Beclin 1.76–78 Another protein, 

ultraviolet irradiation resistance-associated gene (UVRAG, an ortholog of yeast Vps38), 

may also promote autophagy through its interaction with Beclin 1,79 in addition to its 

roles in the endocytic trafficking pathway.76,80 The UVRAG-associated class III PI3K 

complex also forms a platform for the binding of Bax-interacting factor 1 (Bif-1), which is 

implicated in curving the phagophore membrane,81 and RUN domain Beclin 1-

interacting and cysteine-rich containing protein (Rubicon), which negatively regulates 

autophagosome maturation.77,82 Other proteins which interact with Beclin 1 have been 

identified: activating molecule in Beclin 1-regulated autophagy (Ambra 1) promotes 

autophagy,83 while the apoptosis regulator Bcl-2,84,85 serine/threonine-protein kinase 

Akt,86 and epidermal growth factor receptor are inhibitory.87 

Elongation of the Phagophore by the mAtg12 and LC3 Conjugation Systems. 

The nascent phagophore membrane is then elongated by dual interrelated conjugation 

systems that involve the ubiquitin-like proteins mAtg12 and mammalian orthologs of 

Atg8.88 In one system, mAtg12 is covalently bound to mAtg5 by the E1-like activating 

enzyme mAtg7 and the E2-like conjugating enzyme mAtg10.89 Next, Atg16-like 1 

protein (Atg16L1, an ortholog of yeast Atg16) associates with mAtg5, ultimately forming 

a dimeric mAtg12–mAtg5–Atg16L1 complex.88,89 In the second system, a mammalian 

Atg8 ortholog is first proteolytically cleaved by a mammalian ortholog of Atg4.90 Of note, 
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mammals have four Atg4 isoforms, of which mAtg4B has the widest activity against 

Atg8 orthologs.91 Additionally, there are at least eight mammalian Atg8 orthologs which 

can be subdivided into two groups: the microtubule-associated protein 1 light chain 3 

(LC3) subfamily is thought to function earlier in the formation of autophagosomes, and 

the γ-aminobutyric acid receptor-associated protein (GABARAP) subfamily is believed 

to be important later during maturation.92 Next, LC3-I, the mAtg4-cleaved version of 

LC3, is activated by mAtg7 and covalently conjugated to phosphatidylethanolamine 

(PE) by the E2-like conjugating enzyme mAtg3 to form LC3-II.90 At this step, the 

mAtg12–mAtg5–Atg16L1 complex can function as an E3-like ligase to aid in the 

generation of LC3-II at the growing phagophore membrane.93,94 Of note, Atg4 has also 

been demonstrated to cleave membrane-bound Atg8-PE in yeast, thereby mediating the 

process of deconjugation.95,96 

 

Fusion 

Less is known mechanistically about how autophagosomes mature and fuse 

following their biogenesis. Atg2A and Atg2B are required for closure of the phagophore 

to form the closed autophagosome.97 Other major factors involved in mediating 

autophagosome maturation and fusion events include the soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) family member vesicle-associated 

membrane protein 3 (VAMP-3),98 the small GTPase Rab7,99,100 and the class C Vps 

complex.80 Importantly, fusion of the mature autophagosome with the lysosome or early 

endosome is temporally regulated by the SNARE family member syntaxin-17, which is 

recruited to the closed autophagosome but not the open phagophore.101 
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Mammalian autophagosomes may fuse directly with lysosomes to form 

autolysosomes in which the sequestered cargo is degraded, and/or they may generate 

intermediate structures called amphisomes by first fusing with endosomes.102 Evidence 

for involvement of the endocytic pathway came from studies in which impairment of the 

endosomal sorting complex required for transport (ESCRT) system, which facilitates 

multivesicular body formation, resulted in buildup of autophagosomes103,104 and 

disruption of autophagy-mediated degradation.105 Furthermore, recent work identified an 

interaction between the ESCRT-associated protein PDCD6IP, also known as Alix, and 

the core autophagy regulators mAtg12 and mAtg3, which promoted both late endosome 

and autophagosome trafficking to the lysosome, further highlighting functional 

interconnections between these pathways.106 

Finally, the actin and microtubule cytoskeletal networks have been found to 

uniquely direct autophagosome maturation in a context-dependent manner. Inhibition of 

actin polymerization by treatment with latrunculin impaired in vitro fusion of 

autophagosomes with lysosomes under full growth medium conditions but not under 

starvation conditions, suggesting that actin remodeling is required for autophagosome 

maturation in basal, but not stress-induced, autophagy.107 In addition, the microtubular 

network has been implicated in mediating autophagosome trafficking;108–110 in particular, 

the minus end-directed motor protein dynein is thought to facilitate translocation of 

autophagosomes toward lysosomes.111,112 
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Regulation of Mammalian Autophagy 

Autophagy can be modulated by various metabolic and stress signaling 

pathways. This section will briefly outline several key regulatory systems. 

Nutrient and Growth Factor Starvation. Nutrient and growth factor deprivation 

potently upregulate autophagy through two main signaling mediators: mTORC1 and 5’-

adenosine monophosphate-activated protein kinase (AMPK).113,114 mTORC1 is a central 

sensor of metabolic status in the cell, incorporating signals from various upstream 

nutrient pathways to govern cellular activity.115 Amino acids can activate mTORC1 via 

Ras-related GTP-binding protein (Rag GTPase)-facilitated transport of mTOR to the 

protein Ras homolog enriched in brain (Rheb), its direct activator.116 hVps34 has also 

been implicated as an intermediate in amino acid-induced mTOR stimulation.117 

Additionally, in a colon cancer cell line, amino acids downregulated autophagy by 

preventing activation of Galpha-interacting protein (GAIP) by the Ras–Raf1–MEK–ERK 

signaling pathway.118 Growth factors can also activate mTORC1 via the class I PI3K–

Akt signal transduction pathway, which relieves tuberous sclerosis complex 1/2 

(TSC1/2)-dependent inhibition of Rheb activity.74 

AMPK plays another key metabolic role by sensing cellular energy status and 

upregulating autophagy in response to decreased glucose.114 Low energy states, as 

determined by increased levels of AMP relative to ATP, lead to activation of AMPK, 

which promotes TSC1/2-based inhibition of mTOR activity.119 Additionally, AMPK may 

exert its effects by directly phosphorylating other proteins including regulatory-

associated protein of mTOR (raptor), a member of mTORC1,120 ULK1, a component of 
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the autophagy initiation complex,121 and Beclin 1, when associated with Atg14L in the 

proautophagy class III PI3K complex.122 

Additional studies indicate that starvation-induced autophagy is also tightly 

controlled at the transcriptional level. The transcription factor EB was shown to 

upregulate expression of both autophagy-related and lysosomal genes in response to 

nutrient starvation.123 Moreover, starvation-dependent hepatic autophagy was found to 

be coordinated through competition of the nuclear receptors peroxisome proliferator-

activated receptor-α (PPARα), which upregulates autophagy, and farnesoid X receptor 

(FXR), which suppresses autophagy, for binding to shared sites on the promoters of 

ATGs.124 Finally, Akt signaling may modulate transcriptional regulation of autophagy 

through Forkhead box protein O3 (FoxO3), which was shown to govern expression of 

several ATGs including LC3B and ATG12 in muscle cells.125 

Hypoxia. Conditions of low oxygen also contribute to regulation of autophagy, 

although the exact mechanisms are less well understood and may be cell type-

dependent.126 The transcriptional regulator hypoxia-inducible factor 1 (HIF-1) has been 

shown to promote autophagy by increasing expression of Bcl-2/adenovirus E1B 19 kDa 

protein-interacting protein 3 (BNIP3) and the related BNIP3-like protein (BNIP3L), which 

are thought to displace Beclin 1 from the antiautophagic Bcl-2.127 The central stress 

sensor AMPK has also been connected to hypoxia-related autophagy via its regulation 

of TSC2,128 and platelet-derived growth factor receptor (PDGFR) was shown to 

modulate HIF-1 activity through autocrine signaling.129 

Oxidative Stress. The presence of reactive oxygen species (ROS) has been 

linked to autophagy induction through several mechanisms. For example, H2O2 was 
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shown to directly inhibit mAtg4 via oxidation of its cysteine residues, thus preventing 

delipidation of LC3 at the growing phagophore membrane.130 Additionally, ROS may 

regulate autophagy through general mediators of the cellular response to oxidative 

stress. c-Jun-N-terminal kinases (JNKs) are activated under conditions of oxidative 

stress,131 and JNK isoform 1 (JNK1) was shown to block antiautophagic Bcl-2 from 

interacting with Beclin 1.132 Moreover, tumor suppressor p53 can also be activated by 

oxidative stress133 and was demonstrated to indirectly block mTOR via transcriptional 

upregulation of Sestrins.134 

Endoplasmic Reticulum Stress. ER stress regulates autophagy through the 

unfolded protein response (UPR) as well as calcium-dependent signaling.135 

Phosphorylation of eukaryotic translation initiation factor 2α (eIF2α) by the UPR effector 

molecule protein kinase RNA-like ER kinase (PERK) was implicated in enhancing LC3-

II formation during elongation, possibly via transcriptional upregulation of mAtg12.136 

Additionally, inositol-requiring enzyme 1 (IRE1), another effector of the UPR, appears to 

mediate ER stress-induced autophagy via activation of JNK.137 Release of calcium from 

the ER was also proposed to induce autophagy through calcium/calmodulin-dependent 

protein kinase kinase-β (CaMKK-β)-mediated activation of AMPK.138 

DNA Damage. Autophagy is activated in response to multiple DNA damage 

inducers, including cytotoxic chemotherapeutic agents,139–141 UV radiation,142 and 

ionizing radiation (IR).143–147 The tumor suppressor p53, which is activated by DNA 

damage, transcriptionally upregulates multiple genes involved in autophagy, including 

those encoding the lysosomal protein Damage-regulated autophagy modulator 

(DRAM)148 and several core Atgs.149 Other effectors of autophagy induced by DNA-
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damaging agents include the transcription factor E2F1141 and poly ADP-ribose 

polymerase 1 (PARP-1).140 

Ionizing Radiation. Exposure to IR, a mainstay of cancer therapy, has been 

shown to induce autophagy in cancer cells in vitro.143–147 Although radio-sensitization 

was increased by genetic or pharmacological inhibition of autophagy in certain cell 

lines,143–145 implying a cytoprotective role, in other contexts, radio-sensitization was 

increased upon pharmacological stimulation of autophagy,147 consistent with a cytotoxic 

function. Recent work has suggested that functional p53 is necessary for the 

cytoprotective effect of autophagy on survival of irradiated cancer cells.150 

Immune System Activation. Given that autophagy is intricately linked to immune 

system processes including antimicrobial defense, inflammation, and adaptive 

immunity, several immune molecules have been shown to regulate autophagy.60,151 

Identified proautophagy mediators include Toll-like receptors (TLRs),152 interleukin-1β 

(IL-1β),153 interleukin-6 (IL-6),154 interferon-γ (IFN-γ),155 tumor necrosis factor-α (TNF-

α),156 high-mobility group box 1 protein (HMGB1),157 and transforming growth factor-β 

(TGF-β).158 Identified inhibitors of autophagy include IL-4,159 IL-10,160,161 and IL-13.159 

Tumor Suppressor p53. The tumor suppressor p53 can both promote and inhibit 

autophagy in a context-dependent manner. Nuclear p53 upregulates the transcription of 

multiple genes involved in autophagy regulation and/or autophagosome biogenesis, 

such as DRAM,148 core ATGs including ATG7, ATG10, ULK1, ULK2, and UVRAG,149 

and regulators of mTORC1 including Sestrin1 and Sestrin2134 and AMPKβ1 and 

TSC2.162 In contrast, cytosolic p53 inhibits autophagy, putatively by regulating mTORC1 
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activity.163 Interestingly, some autophagy-associated p53 target genes can also be 

upregulated by p63 and p73, other members of the p53 family.149 

Epigenetic Modifications and mRNA Silencing. In addition to changes in cell 

signaling and transcription, including those described above, there is emerging 

evidence for epigenetic and microRNA (miRNA)-mediated regulation of autophagy.164 

For example, downregulation of histone 4 acetylation at lysine 16 (H4K16ac) following 

induction of autophagy was found to correlate with decreased expression of certain 

autophagy-associated genes.165 Additionally, the methyltransferase G9a was found to 

repress expression of ATGs including LC3B via its activity at histone 3 lysine 9 

(H3K9).166 miRNAs targeting genes involved in autophagosome biogenesis have also 

been identified,164 including several which are under the transcriptional control of 

phosphorylated ΔNp63α.167 

 

Selective Capture of Autophagic Cargo in Mammals  

Although autophagy was originally proposed to nonselectively degrade 

cytoplasmic contents, it is now recognized that autophagy is a selective process, 

resulting in the targeted engulfment of specific cargo such as protein aggregates and 

organelles. In mammals, selective autophagy is predominantly mediated by autophagy 

cargo receptors that act as scaffolds between cargo and the developing 

autophagosome via a motif called the LC3-interacting region (LIR), which mediates their 

binding to Atg8 isoforms.168 For example, ubiquitinated proteins are targeted to 

autophagosomes via the LC3-interacting protein p62, also called Sequestosome-1 

(SQSTM1).169 In addition, organelles can be selectively degraded by autophagy. In 
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mitophagy, the PTEN-induced putative protein kinase 1 (PINK1) and the E3 ubiquitin 

ligase Parkin mediate clearance of damaged mitochondria.170 Mechanistically, PINK1-

mediated phosphorylation of ubiquitin was recently implicated in activating autophagy at 

the mitochondria via recruitment of the autophagy receptors NDP52 and optineurin 

(OPTN); in this model, Parkin-mediated ubiquitination is thought to act by amplifying the 

phospho-ubiquitin signal.171 In another setting, maturing red blood cells remove their 

mitochondria in a process mediated by the LIR-containing protein BNIP3L, also known 

as NIP3-like protein X (Nix).170 Under hypoxic conditions, mitophagy is facilitated by the 

HIF-1-inducible factors BNIP3 and BNIP3L/Nix172 as well as by another mitochondrial 

outer membrane protein, FUNDC1.173 Finally, mammalian pexophagy, or peroxisome-

specific autophagy, is thought to depend on the LC3-interacting autophagy receptors 

next to BRCA1 gene 1 protein (NBR1)174 and p62/SQSTM1.175 

 

Evidence for Autophagy-Dependent Secretion 

A growing body of work has identified a nondegradative function for autophagy in 

both conventional and unconventional protein secretion.176 In conventional secretion, 

proteins containing an N-terminal signal peptide are directed to the ER for folding and 

subsequently modified in the Golgi apparatus before being released from the cell.177 

Autophagy has been implicated in the secretion of various substances considered to 

follow the conventional pathway, including IL-6 and IL-8 by senescent fibroblasts,178 

cathepsin K by osteoclasts,179 and von Willebrand factor by endothelial cells.180 Cells 

can also utilize unconventional pathways to secrete leaderless proteins, which do not 
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contain a signal peptide, as well as signal peptide-containing proteins that exit the cell 

by alternate routes.181 

Two seminal studies in yeast focusing on the secretion of acyl coenzyme A-

binding protein (Acb1), which lacks a signal peptide and is released upon starvation 

conditions, offered early evidence for a genetic link between autophagy and 

unconventional secretion.42,43 In Saccharomyces cerevisiae and Pichia pastoris, 

deletion of autophagy-related genes led to impaired Acb1 secretion.42,43 Because the 

deletion of genes involved in autophagosome-to-vacuole fusion did not impact Acb1 

secretion, these findings suggested that the early autophagosome formation machinery 

contributes to the secretory rather than degradative handling of Acb1.42,43 In mammals, 

the secretion of the inflammatory cytokine IL-1β was also linked to autophagy.45 The 

proform of IL-1β lacks a signal peptide, and yet the cleaved, active form of IL-1β is 

potently secreted by macrophages and monocytes upon activation of the 

inflammasome.182 In murine bone marrow-derived macrophage (BMM) cells, IL-1β 

secretion after inflammasome stimulation was dependent on starvation-induced 

autophagy, as BMMs from ATG5-deficient mice showed decreased secretion.45 The 

same study found that the release of IL-18 and HMGB1 from cells after inflammasome 

stimulation was also regulated by autophagy.45 

The biochemical relationship between autophagy and secretion remains unclear. 

It is not definitively known if the vesicles that traffic secretory cargo are 

autophagosomes sensu stricto, autophagosome-like structures specialized for 

secretion, or a different class of vesicle altogether. Remarkably, a recent study using a 

nonmacrophage reconstitution system demonstrated that IL-1β secretion genetically 
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required ATGs but proceeded via its translocation into a distinct vesicular intermediate 

instead of its engulfment and sequestration into a classical autophagosome.46 

Moreover, while genetic evidence in yeast suggests that endosomal elements are 

involved in autophagy-dependent unconventional secretion,42 the specific fusion and/or 

engulfment events are unknown.	However, work in our laboratory has uncovered an 

LC3-dependent pathway for the secretion of RNA-binding proteins and small non-

coding RNAs within extracellular vesicles derived from multivesicular body (MVB) 

membranes.183 This pathway, termed LC3-dependent EV loading and secretion 

(LDELS), requires the LC3 conjugation machinery but not early autophagy initiation 

proteins and also relies upon the activity of nSMase2, which facilitates budding into 

MVBs.183 Indeed, the mechanisms underlying unconventional secretion in general are 

not well understood and, in fact, appear to encompass several trafficking routes which 

may or may not involve autophagy.41,184 Another consideration is whether autophagy 

can mediate the unconventional secretion of proteins that are typically secreted via 

conventional pathways and, if so, under what conditions this occurs. For example, 

although not secreted from the cell per se, the cystic fibrosis transmembrane 

conductance regulator ion channel was found to traffic to the cell membrane in an 

autophagy-dependent manner upon ER-to-Golgi blockade.8 Additionally, autophagy 

may cooperate with the classical secretory pathway to regulate secretion of specific 

targets. For example, TGFB1 was recently identified as requiring the autophagy 

machinery for secretion, although it contains a signal peptide and transits through the 

Golgi.185 Finally, it is also possible that autophagy plays an indirect role in secretion, 
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such as by regulating the turnover of other proteins more directly involved in secretory 

pathways. 

 

Intersections with GRASPs 

In recent years, there has been much excitement in understanding the 

relationship between GRASP55 and autophagy; however, the data has been mixed, 

possibly reflecting a multitude of roles for GRASP55 throughout the cell. This question 

was motivated in large part by a series of studies examining the dual requirements for 

both GRASP homologues and autophagy-related proteins in diverse species. For 

example, in yeast and Dictyostelium, the unconventional secretion of the signal 

peptideless cargo Acb1 and AcbA, respectively, required expression of autophagy-

related proteins as well as the GRASP homologues Grh1 and GrpA, 

respectively.6,42,43,186 In mammalian cells, both GRASP55 and core autophagy-related 

genes were required for the unconventional secretion or trafficking of substrates 

including IL-1β,45,46 TGFB1,185 and the deltaF508 CTFR mutant.8 

A major question resulting from these studies regarded the relationship between 

GRASP and the autophagy machinery – were these proteins acting in concert at 

different steps in the unconventional secretion pathway, or was one regulating the 

activity of the other? The data surrounding this relationship is mixed. In S. cerevisiae, 

Grh1-null cells displayed normal import of GFP-Atg8 in the vacuolar lumen, as 

measured by the presence of GFP fluorescence in the vacuole as well as proteolytic 

degradation of GFP-Atg8, indicating that Grh1 was not required for autophagy.42 A 

subsequent study suggested that Grh1 and Atgs in yeast coalesced in a novel 
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compartment for unconventional protein secretion (CUPS) near ER exit sites,187 

although a later study reported that Atgs were not substantially colocalized to these 

structures.188 In mouse macrophage cells under amino acid starvation, GRASP55 

knockdown cells had decreased LC3-II by immunoblot that persisted in the presence of 

bafilomycin A1; moreover, GRASP loss was associated with decreased GFP+RFP+ LC3 

puncta suggestive of autophagosomes but similar numbers of GFP-RFP+ LC3 puncta 

suggestive of autolysosomes in a tandem RFP-GFP-LC3 reporter assay.45 These 

findings suggested that GRASP55 was required for efficient autophagy initiation but not 

maturation.45 In contrast, more recent studies have proposed a direct role for GRASP55 

in autophagosome-to-lysosome fusion, whereby GRASP55 directly tethers these 

structures under both glucose and amino acid starvation conditions.189,190 Specifically, 

GRASP55 knockdown cells displayed enhanced LC3-II expression and increased 

GFP+RFP+ LC3 puncta with a concurrent decrease in GFP-RFP+ LC3 puncta in a 

tandem reporter assay, suggesting that autophagy maturation was impaired in these 

cells.189 Moreover, both LC3 and LAMP2 were found to co-immunoprecipitate with 

GRASP55, and co-immunoprecipitation of GRASP55 and LC3 was enhanced by both 

glucose and amino acid starvation.189,190 Similarly, GRASP55 was also found to 

colocalize with both LC3 and LAMP2, and colocalization with LC3 specifically was 

enhanced by both glucose and amino acid starvation.189,190 Remarkably, addition of 

recombinant GRASP55 was sufficient to promote coalescence of GFP-LC3 vesicles 

suggestive of autophagosomes with LAMP2B-mCherry vesicles suggestive of 

lysosomes in vitro.189 In summary, the data surrounding the relationship between 
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GRASP55 is mixed, broaching the possibility that GRASP55 may have multiple roles 

consistent with its characterization as a “multitasking” protein.191 

 

 

THE ER-GOLGI INTERFACE 

 

Overview 

The interface between the ER and the Golgi apparatus is a highly active area of 

the cell that performs critical functions in secretory cargo sorting, packaging, and 

transport as well as recycling of the secretory machinery.192 Two primary structures at 

the ER-Golgi interface in mammalian cells are ER exit sites (ERES) and the ER-Golgi 

intermediate compartment (ERGIC), distinct but interrelated compartments that 

contribute to a nexus for trafficking in the early secretory pathway.192 In the classical 

secretory pathway, proteins destined for secretion, the plasma membrane, or trafficking 

organelles are co-translationally translocated into the endoplasmic reticulum upon 

recognition of an N-terminal signal peptide; after modifications and folding in the ER 

lumen, these proteins exit the ER at ER exit sites via the budding of COPII vesicles. 

39,192 COPII vesicles travel in an anterograde fashion to the ER-Golgi intermediate 

compartment, which is thought to serve as a secondary station for cargo sorting, 

maturation, and quality control.193 From the ERGIC, secretory cargo is then further 

transported to the cis-Golgi via anterograde carriers that are thought to rely on 

microtubules and dynein.192,193 In addition to anterograde traffic within the ER-Golgi 

interface, retrograde transport of vesicles and proteins also occurs in order to recycle 



 25 

components of the secretory machinery; in particular, COPI vesicles mediate the 

transport of proteins from the Golgi to the ERGIC and from the ERGIC to the ER.194 The 

balance of both anterograde and retrograde movement is critical to the function of the 

ER-Golgi interface, as genetic or pharmacologic inhibition of traffic in either direction 

causes blockade of ER-Golgi traffic.195,196 

 

Mechanisms and Molecular Machinery 

ER exit sites are specialized regions of the rough endoplasmic reticulum from 

which COPII vesicles containing secretory cargo bud.194 An early step in formation of 

these vesicles at ERES is the recruitment of the small GTPase Sar1;197 specifically, in 

the GTP-bound state, cytosolic Sar1 becomes activated and is able to attach to the ER 

membrane.198 This activation of Sar1 is regulated by the guanine nucleotide exchange 

factor (GEF) Sec12, which is localized to the ER membrane.199 Sar1 functions both in 

membrane deformation198 as well as recruitment of the Sec23-Sec24 heterodimer that 

comprises the inner COPII coat layer via its interaction with Sec23.200 Recruitment of 

the outer COPII coat layer, which is comprised of heterotetramers of Sec13 and Sec31, 

occurs via binding of Sec31 to the Sec23-Sar1 complex.201 Sec13-Sec31 polymers form 

a cage-like lattice surrounding the budding membrane, thereby contributing to the 

structural integrity of the growing COPII vesicle.202 The stabilization of COPII proteins at 

sites of vesicle budding is thought to be mediated by the scaffolding protein Sec16 on 

ERES.194,203 Cargo incorporation within these vesicles can occur by bulk flow204 or 

selective capture via interaction of export sequences with Sec24.205,206 Additionally, 

some proteins require specialized classes of cargo receptors such as p24,207 
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ERGIC53,208 Erv,209 and TANGO1210 for their loading into COPII vesicles. The precise 

mechanisms underlying fission of the COPII vesicle are not well understood but may 

involve the N-terminal α helix of activated Sar1.211 Meanwhile, disassembly of the COPII 

coated structure is mediated by Sar1 GTP hydrolysis,212 which requires the GTPase-

activating protein (GAP) Sec23,213 which itself requires binding of Sec13-Sec31 

complexes for maximal activity,212 thus highlighting the importance of the step-wise 

recruitment of COPII proteins. Upon reaching the ERGIC, these vesicles undergo fusion 

in a process that is thought to be facilitated by TFG and/or TRAPP tethers.214 

The ER-Golgi intermediate compartment is a vesiculo-tubular structure that was 

originally identified by the presence of a 53 kDa protein (ERGIC53) near the cis-

Golgi.215 Two competing models for this structure exist – in the “transport complex” 

model, the ERGIC is formed by the fusion of COPII vesicles, which then collectively 

fuse with or mature into the cis-Golgi; in the “stable compartment” model, the ERGIC 

stands alone as an organelle which both receives and produces vesicles to facilitate 

ER-Golgi trafficking.193 A major function of the ERGIC, then, is in sorting cargo arriving 

from both the ER and the Golgi and then packaging them into vesicles traveling toward 

these structures.193 While COPII vesicles are responsible for anterograde ER-to-ERGIC 

traffic, COPI vesicles mediate retrograde traffic within the Golgi, from the Golgi to 

ERGIC, and from the ERGIC to the ER.194 The functional unit of the COPI coat is the 

heptameric coatomer complex, which contains the subunits α-COP, β’-COP, ε-COP, β-

COP, δ-COP, γ-COP and ζ-COP.194,216 COPI vesicle assembly is specified by the 

activation of the small GTPase Arf by the GEF Sec7.217 GTP-bound Arf can directly 

interact with COPI subunits218 to facilitate recruitment of the coatomer as a single unit to 
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membranes.219 GTP hydrolysis by Arf dictates disassembly of the COPI coat, and this 

requires the assistance of ArfGAPs.194,216 Cargo incorporation within COPI vesicles can 

be mediated by direct interaction of COPI subunits with dilysine motifs220,221 or by cargo 

receptors such as Vps74222 or KDEL receptors.223,224 

 

Intersections with Autophagy 

Although the ER-Golgi interface is classically implicated in mediating trafficking 

through the conventional secretory pathway, the early secretory pathway has been 

widely recognized as an important site for autophagy. In yeast, the phagophore 

assembly site is closely approximated to the ER, where it remains tethered throughout 

growth of the autophagosome membrane.225 In mammalian cells, growth of the initiation 

membrane is tightly juxtaposed to a specialized extension of the ER termed the 

omegasome, which is thought to be a platform for autophagosome biogenesis.226,227 In 

yeast, proteomic analysis of proteins that were co-purified with epitope-tagged core 

Atgs revealed enrichment of COPII vesicle components, and further imaging analysis 

confirmed a high degree of association between phagophores and the ER exit site 

marker Sec16 and COPII markers Sec23, Sec24, Sec13, and Sec31, particularly at 

sites of high membrane curvature.225 Importantly, in yeast cells with a temperature-

sensitive mutant of Sec12, autophagy was blocked at the non-permissive temperature, 

indicating that ERES are required for efficient autophagy in yeast.225 Additional insight 

into this requirement came from detailed biochemical studies of mammalian proteins 

which described a role for the ER-Golgi intermediate compartment membrane in 

promoting LC3 lipidation in vitro, while pharmacologic or genetic disruption of the 
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ERGIC in vivo reduced LC3 puncta formation.228 Concordantly, COPII proteins were 

found to be recruited to the ERGIC in a starvation-dependent manner, and knockdown 

of Sec23A reduced LC3-II expression as well as LC3 puncta formation during 

starvation, suggesting that the COPII trafficking machinery is required for efficient 

autophagy in mammalian cells.229 Mechanistically, activation of the COPII machinery 

toward the ERGIC upon autophagy-stimulating conditions has been described through 

the ULK1-dependent phosphorylation of Sec23B, which prevents its degradation and 

facilitates its association with Sec24A and Sec24B en route to the ERGIC.230 In addition 

to being a site for autophagosome biogenesis, the ER-Golgi interface itself can also be 

regulated by autophagy; specifically, a microautophagy pathway for the degradation of 

procollagen at ERES was recently described.231 Taken together, these findings indicate 

that the early secretory pathway located at the interface of the ER and the Golgi is an 

important regulatory site and membrane source for autophagy. 

 

Intersections with GRASPs 

Furthermore, although GRASPs are classically thought of as Golgi proteins, they 

have also been implicated at the ER-Golgi interface. Although the canonical localization 

of GRASP55 is at the medial-Golgi,2 consistent with its structural functions in cisternae 

stacking and ribbon linking,2,24,27,29 it has also been reported at autophagosomes 

typically concentrated around the perinuclear region45,185,189,190 and at the ER upon 

blockade of ER-to-Golgi trafficking.21 In particular, GRASP55 has been found to 

colocalize and co-immunoprecipitate with Sec16A under ER stress-inducing conditions 

that promote unconventional trafficking of deltaF508 CFTR to the plasma membrane.232 
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Additionally, GRASP65 has been implicated in facilitating anterograde transport 

between the ERGIC and the cis-Golgi via interactions with GM130 and Rab1.233,234 In 

both Pichia pastoris and Saccharomyces cerevisiae, Grh1 localizes predominantly to 

the transitional ER, as marked by the COPII protein Sec13, and less strongly to Golgi 

markers,37 while in Drosophila, dGRASP localizes to both the COPII protein dSec23p 

and the Golgi marker d120kDa.7 Additionally, proteomic analysis following purification of 

epitope-tagged Grh1 revealed the presence of the COPII proteins Sec23 and Sec24,235 

indicating that Grh1 not only localizes to but also physically interacts with COPII 

proteins. Taken together, these findings implicate GRASPs at the ER-Golgi interface, 

but the full biological significance and mechanisms of this relationship are not fully 

understood. 

 

 

SUMMARY 

 

Research goals 

The GRASPs have inspired much scientific curiosity due to their diverse 

functions in the cell, yet many questions remain regarding the full repertoire of GRASP 

activities and their underlying mechanisms. In this dissertation, I will seek to better 

understand the mammalian protein GRASP55, with regards to its molecular interactors 

(Chapter 3) and its roles in autophagy and at the ER-Golgi interface (Chapter 4). 
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CHAPTER 2 

Review of the Role of Autophagy in Cancer 
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INTRODUCTION 

 

Overview 

In cancer, autophagy has been found to have tumor-suppressive or tumor-

promoting effects at various stages of initiation, progression, and metastasis, painting a 

complex mechanistic picture.236–238 One proposed explanation for these divergent 

effects is that the homeostatic function of autophagy prevents cancer initiation by 

clearing cells of oncogenic components, whereas stress-induced autophagy promotes 

tumor progression in the face of cancer-related stresses.237,239 Moreover, in addition to 

regulating activity in cancer cells, autophagy may also influence cancer progression via 

its effects in other cell types that reside in the tumor microenvironment.240,241  

In addition to its canonical degradative functions, autophagy has been found to 

contribute to secretory pathways in both yeast and mammalian cells.176 Elucidating 

these emerging roles of autophagy-related secretion in cancer will be important for 

generating a more complete picture of the ways by which autophagy contributes to 

cancer and how autophagy-related pathways may be targeted for therapeutic benefit. 

Here, we discuss the pleiotropic roles of autophagy in cancer initiation and progression, 

including its established functions in catabolism, metabolic adaptation, and cell survival, 

as well as overview its emerging roles in the control of cellular secretion. 
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TUMOR-SUPPRESSIVE ROLES FOR AUTOPHAGY IN CANCER  

 

Overview 

Given the role of autophagy in cellular homeostasis, it is thought that autophagy 

exerts tumor-suppressive effects in cancer, particularly during the early stages of 

tumorigenesis. In this section, we review the tumor-suppressive functions for autophagy 

and the possible mechanisms underlying these phenotypes.  

 

Genetic Basis for the Involvement of Autophagy in Tumor Suppression 

Analysis of human cancers and corresponding genetic experimentation in mice 

have identified several autophagy-related proteins and genes that may act as tumor 

suppressors. Beclin 1, for example, was thought to be a tumor suppressor on the basis 

that the 17q21 chromosomal locus, where the beclin 1 gene is located, is estimated to 

be deleted in up to 40% of prostate cancers, 50% of breast cancers, and 75% of ovarian 

cancers.242 Moreover, decreased Beclin 1 protein expression was detected in both 

human breast carcinoma cell lines and primary tumor tissue.243 Subsequent genetic 

studies in mice implicated Beclin 1 as a haploinsufficient tumor suppressor, since beclin 

1+/- mice developed spontaneous tumors at a higher rate than beclin 1+/+ mice, and this 

was not due to loss of the wild-type allele in the tumors.244,245 Conversely, exogenous 

expression of beclin 1 in beclin 1-deficient human MCF7 breast carcinoma cells resulted 

in decreased tumorigenicity upon injection into nude mice.243 Despite this genetic 

evidence for beclin 1 as a tumor suppressor, particularly in mouse models, more recent 

work has called into question the applicability of these studies to human cancer and 
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alternately proposed that observational loss of beclin 1 in tumors is secondary to loss of 

BRCA1, which is also located at locus 17q21 and may instead constitute the driver 

mutation in these tumors.246  

Nonetheless, other studies have proposed tumor-suppressive functions for other 

autophagy-related genes. For example, a study of microsatellite instability-high gastric 

and colorectal carcinomas identified frameshift mutations in ATG2B, ATG5, and 

ATG9B, suggesting that impairment of autophagy is linked to development of these 

cancers.247 In mice, systemic mosaic deletion of ATG5 resulted in the development of 

multiple benign tumors in the liver,248 similar to the phenotype seen in mice with liver-

specific ATG7 deficiency,248,249 while conditional ATG7 deletion in hematopoietic cells in 

mice resulted in atypical myeloproliferation that appeared similar to human acute 

myeloid leukemia.250 Additionally, Ambra 1 was recently implicated as a 

haploinsufficient tumor suppressor through its ability to promote protein phosphatase 2A 

(PP2A)-regulated turnover of c-Myc, consistent with the finding that monoallellic Ambra 

1 deletion enhanced spontaneous liver and lung tumorigenesis in mice.251 

 

Inhibition of p62-Mediated Signaling Pathways 

A key mechanism by which autophagy is thought to exert tumor-suppressive 

effects is through clearance of its substrate p62/SQSTM1.239 Under conditions of 

oxidative stress, p62 is transcriptionally upregulated by nuclear factor erythroid 2-related 

factor 2 (NRF2), a transcription factor, which mediates the cellular antioxidant 

response.252 The p62 protein can further enhance NRF2 activity by interacting with 

kelch-like ECH-associated protein 1 (Keap 1), which inactivates NRF2.253,254 When 
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autophagy is impaired, however, accumulation of p62 results in overactivation of 

NRF2,253 thereby conferring a prosurvival effect that is no longer under normal 

regulation. p62 also interacts with other signaling pathways, including TNF receptor-

associated factor 6 (TRAF6)-facilitated activation of the prosurvival transcriptional 

regulator nuclear factor (NF)-κB255 and mTORC1-mediated growth and metabolic 

pathways.256 In addition, p62 overexpression can enhance the growth of oncogenic 

class I PI3K-transformed MCF10A cells in 3D culture; in this model, p62-induced 

proliferation correlates with activation of mitogenic ERK signaling.257 These studies 

suggest that p62 accumulation in autophagy-deficient cells may exert pro-tumorigenic 

effects via the coordinated activation of multiple tumor-promoting signaling pathways. 

Indeed, several lines of evidence support a model in which autophagy prevents 

the tumorigenic effects of excess p62 accumulation. ATG5 deficiency in Bcl-2-

expressing immortalized baby mouse kidney (iBMK) cells was associated with 

increased stress-induced p62 accumulation relative to autophagy-competent control 

cells, and exogenous p62 expression resulted in increased tumor growth in an 

autophagy-impaired setting.258 In a mouse model of hepatocellular adenoma, liver-

specific ATG7 deficiency was associated with p62 accumulation and colocalization with 

Keap 1, as well as increased NRF2 target gene expression.249 Importantly, concurrent 

deletion of p62 with ATG7 deficiency resulted in decreased liver tumor size.248 

Additionally, p62 was shown to be necessary for Ras-driven tumorigenesis, as p62 

deficiency in oncogenic HRas-expressing iBMK cells blocked tumor growth, and 

exogenous p62 reexpression rescued this effect.259 In humans, elevated p62 and NRF2 

expression levels were detected in subsets of non-small cell lung cancer (NSCLC) 



 36 

cases and were associated with worse prognosis.260 Mechanistically, besides its 

regulation of NRF2, p62 was also shown to be important for activation of NF-κB in Ras-

transformed cells; accordingly, p62 deficiency resulted in decreased tumor burden in a 

mouse model of activated KRas-induced lung cancer.261 Furthermore, while autophagy 

impairment by genetic deletion of the critical autophagy regulator FIP200 inhibited tumor 

growth, the resulting p62 accumulation was proposed to exert tumor-promoting effects 

via activation of the NF-κB pathway; accordingly, tumor growth in mice was further 

inhibited upon concomitant downregulation of p62.262 Another study found that p62 was 

important for tumorigenesis in a model of tuberous sclerosis, a genetic tumor syndrome 

caused by mutations in the genes encoding TSC1 or TSC2 and characterized by 

elevated mTORC1 activity in tumors.263 Finally, autophagy impairment and p62 

accumulation were also observed in a mouse model of spontaneous pancreatitis 

induced by loss of IκB kinase α (IKKα); concurrent loss of p62 reduced the disease 

phenotype and associated markers of ER and oxidative stress.264 In light of a tumor-

promoting role for chronic inflammation,265 this may constitute another route by which 

autophagy indirectly exerts tumor-suppressive effects. Interestingly, additional tumor-

promoting proteins that are degraded by autophagy, such as mutant p53266 and the 

breakpoint cluster region-abelson tyrosine kinase (Bcr-Abl) fusion protein,267 have been 

identified, suggesting that autophagic clearance of p62 fits into a broader mechanism in 

which autophagy exerts tumor-suppressive effects through the removal of 

protumorigenic substrates.239 
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Activation of Oncogene-Induced Senescence 

Oncogene-induced senescence (OIS) is an important tumor-suppressive 

program whereby oncogenic signaling promotes cell cycle arrest to prevent further 

tumor progression.268 The accompanying senescence-associated secretory phenotype 

(SASP) is thought to contribute to immune system removal of senescent cells, among 

other functions.269 The pathways leading to OIS are numerous and involve activation of 

p53 and retinoblastoma protein (Rb), key tumor suppressors.270 Of note, autophagy has 

been implicated in facilitating this process.178 OIS induction in human diploid fibroblast 

cells by expression of oncogenic HRas was accompanied by increased autophagic 

activity and upregulation of autophagy-related genes, including LC3B.178 Importantly, 

this study found that shRNA knockdown of ATG5 and ATG7 resulted in delayed 

senescence as well as decreased expression of IL-6 and IL-8, cytokines implicated in 

senescence-associated secretion.178 

In light of these findings, a putative mechanism by which autophagy may exert 

tumor-suppressive effects is through facilitating OIS.271 Indeed, this may be the case in 

human melanoma, as determined by a study which found that expression of both ATG5 

and LC3 was decreased in patient samples of melanoma compared to those of benign 

melanocytic nevi, implying that autophagy may be dysregulated during the early 

pathogenesis of melanoma.272 Notably, while exogenous expression of ATG5 in 

melanoma cell lines enhanced features of senescence, shRNA knockdown of ATG5 in 

human epidermal melanocytes expressing oncogenic Braf or HRas blocked the onset of 

OIS.272 These findings support a role for autophagy as a tumor-suppressive process, 

particularly during early stages of tumorigenesis, via its involvement in OIS. Mechanistic 
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insight into how autophagy mediates senescence was provided by a study that 

implicated Δ133p53α, a dominant negative regulator of p53, as a selective autophagy 

substrate involved in the regulation of replicative senescence.273 Moreover, autophagic 

degradation of the nuclear protein lamin B1 was recently implicated in mediating OIS.274 

Additionally, there is evidence that autophagy may act directly in senescence-

associated secretion via spatial organization of the autophagic machinery with mTOR 

near the Golgi apparatus.275 Notably, in contrast to OIS, senescence induced by 

telomere dysfunction does not produce a robust SASP; accordingly, genetic autophagy 

inhibition does not significantly influence the senescence transition driven by targeted 

telomere dysfunction in human fibroblasts.276 

 

Maintenance of Immune Surveillance and Avoidance of Inflammation 

Autophagy mediates key processes of the immune system, including 

development of adaptive immunity, clearance of pathogens through innate immunity, 

secretion of cytokines and other immune signaling molecules, and mitigation of 

inflammation.60,277 In light of this, important tumor-suppressive roles for autophagy 

related to its involvement in immune system functions include control of inflammation 

and surveillance of cancer cells.239 Chronic inflammation is thought to contribute to 

cancer development through a variety of programs such as the generation of DNA-

damaging ROS, increased growth factor signaling, and angiogenesis.265 One 

mechanism by which autophagy limits inflammation is through regulation of the 

inflammasome, a protein complex involved in the activation and release of inflammatory 

cytokines in response to both pathogen-associated molecular patterns and damage-
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associated molecular patterns.60 Autophagy is primarily implicated in the control of the 

inflammasome pathway at two levels: degradation of the inflammasome itself278 and 

clearance of substances that activate the inflammasome.279,280 The autophagic 

machinery may also prevent excessive inflammation by disrupting proinflammatory 

signaling cascades, such as retinoic acid-inducible gene I (RIG-I) and IFN-β promoter 

stimulator 1 (IPS-1)-mediated production of type I IFN281 as well as B-cell 

CLL/lymphoma 10 (Bcl-10)-regulated activation of NF-κB.282 Finally, autophagy may 

limit inflammation associated with necrotic tumor cell death.283 Autophagy inhibition by 

constitutively active Akt expression in Bax/Bak-deficient iBMK cells or by allelic beclin 1 

loss in Bcl-2-expressing iBMK cells led to increased necrosis in tumors formed after 

injection into nude mice, and a heavy macrophage infiltrate was seen in the activated 

Akt-positive, Bax/Bak-deficient tumors.283 A proposed clinical example of how 

autophagy may intersect with cancer-promoting inflammation is Crohn’s disease, a 

manifestation of inflammatory bowel disease that confers an increased risk of colorectal 

cancer and, in some populations, is associated with a polymorphism of ATG16L1 that 

results in a threonine-to-alanine substitution;284 however, the exact mechanisms 

underlying this relationship are unknown. 

Increasingly, failure of the immune system to adequately recognize and destroy 

cancer cells is also understood to be a contributing factor to the development and 

progression of cancer.285 Along these lines, autophagy has been implicated in 

maintaining cancer immune surveillance.277 In a mouse colorectal cancer cell line, 

ATG7 and ATG5 deficiency resulted in decreased release of ATP during chemotherapy-

induced cell death, and autophagy-deficient tumor cells failed to recruit dendritic cells 
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and T-cells following chemotherapy in vivo.286 However, when extracellular ATP 

concentrations were increased by co-treatment with an ecto-ATPase inhibitor, immune 

cell recruitment following chemotherapy was restored and tumor growth was blunted.286 

Moreover, another study found that ATG5 deficiency in a mouse colon carcinoma cell 

line resulted in decreased sensitivity to IR, as indicated by greater tumor growth than 

autophagy-competent controls, in immunocompetent mice, which differed from the 

increased sensitivity seen in immunodeficient mice.287 Treatment with an ecto-ATPase 

inhibitor promoted lymphocyte infiltration into tumors and ablated the resistance of 

ATG5-deficient tumors in immunocompetent mice to IR, once again suggesting a role 

for autophagy in immunogenic cell death following cancer therapy.287 Additionally, 

autophagy may contribute to immune surveillance clearance of nascent tumor cells. In 

an oncogenic KRas-driven NSCLC mouse model, ATG5 deficiency was associated with 

increased numbers of early hyperplastic foci as well as elevated counts of regulatory T-

cells (Tregs), and antibody-mediated inhibition or depletion of Tregs lowered the 

numbers of hyperplastic lesions to those seen in controls.288 

 

Clearance of Defective Mitochondria and Maintenance of Genomic Integrity 

Exposure to ROS, which can damage DNA, lipids, and proteins, is believed to 

cause cancer through a variety of pathways, including DNA mutagenesis and activation 

of pro-proliferative signaling pathways.289 Because mitochondria can serve as an 

intracellular source of ROS, one mechanism by which autophagy is hypothesized to 

exert tumor-suppressive effects is through mitophagy,290 although the precise role of 

mitophagy pathways in cancer progression remains indeterminate. In Bcl-2-expressing 
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iBMK cells, heterozygous loss of beclin 1 was associated with increased aneuploidy and 

chromosome structure abnormalities as well as metabolic stress-induced histone H2AX 

phosphorylation, consistent with a role for autophagy in maintaining genetic and/or 

genomic stability.291 Further studies in these cells under conditions of metabolic stress 

indicated that beclin 1 allelic loss was associated with increased levels of ROS, and 

ATG5 deficiency was associated with accumulation of abnormal mitochondria,258 

supporting a link between autophagy impairment and mitochondrial dysfunction. 

Separately, other studies which demonstrated that ATG deficiencies in Ras- and Braf-

driven mouse tumor models were associated with buildup of defective mitochondria 

found that genetic inhibition of autophagy resulted in increased tumor formation early 

on, although there was a protective effect against later tumor progression.288,292 

Moreover, knockout of NRF2 accelerated early tumorigenesis in the Braf-induced lung 

tumor model in both ATG7-competent and ATG7-deficient mice, suggesting that 

oxidative damage was responsible for the initial enhanced tumor growth seen in ATG7-

deficient mice.292 In these studies, the possibility that the observed phenotypes were 

due to effects of impaired autophagy other than mitochondrial dysfunction cannot be 

excluded. For example, p62 aggregates, which accumulate in the absence of normal 

autophagy, may themselves cause oxidative damage.258,293 

Tumor-suppressive roles for several of the factors involved in mitochondria-

specific autophagy – including Parkin294 and Nix/BNIP3L295 – have also been reported. 

Additionally, Bif-1 was also identified as a regulator of mitophagy and implicated as a 

tumor suppressor, as Bif-1 haploinsufficiency was associated with accumulation of 

mitochondria, increased aneuploidy, and enhanced tumor development in a mouse 
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model of B-cell lymphoma.296 Further research will be necessary to determine the extent 

to which the tumor-suppressive effects of these proteins can be attributed to their 

specific roles in mitophagy as opposed to their other functions in the cell. 

 

Autophagy-Inducing Agents in Cancer Therapy 

On the basis that autophagy plays multiple tumor-suppressive roles and may 

have cytotoxic effects, several autophagy inducers have been investigated as potential 

therapeutic agents in cancer, particularly in combination with other pharmacological 

agents or radiation therapy. For example, mTORC1 inhibitors, including 

rapamycin,147,297 temsirolimus,298 and everolimus,299 which potently induce autophagy in 

addition to blocking growth and proliferation pathways downstream of mTORC1, were 

suggested to have therapeutic benefit against cancer cells. However, because 

autophagy induction can also promote cell survival and resistance to therapy, other 

studies have indicated that simultaneous autophagy inhibition may be required to 

prevent resistance to mTORC1 inhibitors.300,301 Other compounds that induce 

autophagy include vorinostat, a histone deacetylase (HDAC) inhibitor,302 and imatinib, a 

tyrosine kinase inhibitor.303  Overall, however, the benefit of autophagy induction during 

cancer therapy is unclear, given that autophagy also has multiple tumor-promoting 

functions including prosurvival signaling and mediating resistance to therapy. 
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TUMOR-PROMOTING ROLES FOR AUTOPHAGY IN CANCER 

 

Overview 

As a survival pathway for cells under conditions of stress, autophagy may also 

have tumor-promoting effects, particularly during later stages of tumor progression. This 

section outlines the mechanisms by which autophagy promotes tumorigenesis. 

 

Genetic Evidence for the Involvement of Autophagy in Tumor Promotion 

Although deletion of ATG5 and ATG7 was shown to induce the formation of 

spontaneous liver tumors in mice, it should be noted that these tumors were 

histologically classified as benign adenomas,248,249 suggesting that autophagy may be 

required for tumor progression to malignancy. Other studies have echoed this, as 

genetic inhibition of autophagy in tumor models driven by oncogene activation resulted 

in alteration of tumor fate to less aggressive types, including oncocytomas in the 

lung288,292,304 and premalignant neoplastic lesions in the pancreas.305,306 Thus, while 

autophagy may be tumor-suppressive during initiation, it is also required for the 

continued development and progression of established tumors. Increased markers of 

autophagy have been observed in several cancer types, such as LC3 in gastrointestinal 

cancers307 and pancreatic cancer.308 A detailed summary of autophagy deregulation in 

various human cancer types is available elsewhere.309 

An important question is how autophagy interacts with the tumor-suppressive 

pathways governed by p53. In studies of pancreatic ductal adenocarcinoma (PDAC), 

embryonic homozygous deletion of p53 abrogated the protective effects of autophagy 
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inhibition;305 however, autophagy inhibition had a protective effect against PDAC 

progression when p53 was inactivated by loss of heterozygosity.306 Discrepant effects of 

p53 status on whether autophagy inhibition prevents tumor progression in lung cancer 

have also been reported.288,292,304 Further work will be necessary to clarify the temporal 

relationship and biochemical interactions between autophagy and p53 in cancer 

development and progression. 

 

Autophagy Supports Metabolic Adaptation to Accommodate Increased 

Biosynthetic Needs 

Cancer is associated with major rewiring of metabolic pathways, both as a 

means to support increased proliferation and cell growth and, as some have proposed, 

as a driver of further cellular dysregulation.310 Autophagy has been implicated in 

mediating metabolic alterations that are key for tumor growth and progression,62 

consistent with the notion that some cancers are subject to “autophagy addiction.”259 

Ras transformation was shown to upregulate autophagy, as expression of oncogenic 

HRas in iBMK cells caused an increase in basal autophagy,259 and cell lines 

representing pancreatic ductal adenocarcinoma, which is associated with activating 

mutations in KRas, also demonstrated elevated basal autophagy compared to 

nontransformed cells.311 Interestingly, however, a recent analysis found that oncogenic 

KRas status did not correlate with increased sensitivity to genetic or pharmacological 

autophagy inhibition in an array of cancer cell lines.312 

Nonetheless, in several studies using oncogenic Ras-driven cancer models, 

inhibition of autophagy was associated with impaired tumor growth and/or progression; 
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interestingly, a common theme among the phenotypes seen in these studies was the 

increased mitochondrial abnormalities in autophagy-deficient cells.259,288,304 For 

example, ATG5 and ATG7 deficiency in activated HRas-expressing iBMK cells resulted 

in decreased tumor volume following injection into nude mice.259 Autophagy impairment 

was associated with both structural and functional mitochondrial defects, including 

accumulation of swollen mitochondria, depletion of mitochondria-specific tricarboxylic 

acid (TCA) cycle intermediates, and compromised mitochondrial respiration.259 Similar 

findings were seen in an oncogenic KRas-induced mouse model of NSCLC, where 

ATG5 deficiency was associated with delayed tumor progression and prolonged 

survival, as well as buildup of defective mitochondria with impaired oxidative 

phosphorylation.288 Another study utilizing an activated KRas NSCLC mouse tumor 

model found that ATG7 deletion regardless of p53 status resulted in decreased tumor 

burden as well as diversion of tumor fate from adenocarcinomas to oncocytomas, along 

with the accumulation of defective mitochondria.304 Remarkably, p53 loss concurrent 

with ATG7 deletion in activated KRas tumor-derived cells resulted in the formation of 

cystic tumors with profound intracellular lipid accumulation upon injection into nude 

mice, and further analysis suggested that these cells were impaired in fatty acid 

oxidation and potentially amino acid metabolism.304 The dependence of cancer 

metabolism on autophagy could be extended to an activated Braf-driven mouse model 

of lung cancer, where ATG7 deletion extended survival, promoted development of 

mitochondria-defective oncocytomas rather than adenomas, and resulted in impaired 

mitochondrial respiration.292 Overall, these findings indicate that one way by which 
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autophagy supports Ras- and Braf-driven tumor progression is via maintenance of 

mitochondrial activity. 

The mechanism by which autophagy deficits lead to mitochondrial dysfunction 

and impaired tumor growth, however, is unclear and may be context dependent. While 

some studies have implicated defective mitophagy as the cause,259,288 other studies 

point to impaired metabolic substrate recycling as an explanation.292,304,311 Indeed, a 

study focusing on pancreatic cancer found that while autophagy inhibition by 

chloroquine treatment impaired oxidative phosphorylation in a PDAC cell line, there 

were no meaningful increases in mitochondrial mass or mitochondrial membrane 

depolarization.311 Instead, pyruvate supplementation decreased the sensitivity of the 

cells to chloroquine, suggesting that autophagy was maintaining TCA substrate 

availability.311 Other studies demonstrated that glutamine supplementation rescued 

survival of autophagy-deficient cells under starvation conditions, further highlighting the 

role of autophagy in maintaining substrate homeostasis.292,304 

The importance of autophagy in supporting cancer metabolism also pertains to 

its role in facilitating glycolysis.313,314 Some cancers have been observed to undergo a 

shift from oxidative phosphorylation to aerobic glycolysis in the production of ATP from 

glucose, putatively to direct glycolytic metabolites toward biosynthetic pathways, which 

is known as the “Warburg effect.”315 ATG5 deficiency in oncogenic HRas-expressing 

mouse embryonic fibroblasts (MEFs) resulted in decreased soft agar colony formation, 

increased anoikis, and blunted proliferation compared to autophagy-competent 

controls.313 Moreover, autophagy deficiency in transformed cells was associated with 

decreased uptake of a glucose analog as well as reduced de novo production of lactate, 
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while no changes in lactate production were seen between autophagy-competent and 

autophagy-impaired nontransformed MEFs, implicating a role for autophagy in Ras-

associated glycolytic flux.313 Importantly, reducing the concentration of glucose in the 

MEF growth medium dramatically decreased the ability of autophagy-competent 

oncogenic HRas-expressing cells to form colonies in soft agar but did not affect colony 

formation in autophagy-impaired cells, supporting the idea that autophagy may promote 

the tumorigenic growth properties of Ras-transformed cells through mediating 

glycolysis.313 In addition, a study using the MMTV–PyMT mouse breast cancer model 

found that FIP200 deficiency impaired autophagy, inhibited tumor formation and 

progression, and reduced glycolytic capability, as determined by decreased glucose 

analog uptake and reduced lactate production.314 

Finally, recent work indicates that autophagy-related metabolic changes in 

cancer are transcriptionally regulated.316 In human PDAC cell lines, nuclear import of 

the microphthalmia/transcription factor E (MiT/TFE) family of transcription factors, which 

upregulate autophagy-related and lysosomal genes, was found to be uncoupled from 

their normal nutrient status-dependent regulation, consistent with increased autophagy 

in PDAC cells compared to nontransformed pancreatic ductal epithelial cells.316 

Importantly, knockdown of MiT/TFE members by shRNA impaired PDAC colony-forming 

ability in vitro and tumor-forming ability in vivo, an effect that could be attributed to the 

prosurvival role of MiT/TFE-induced autophagy in maintaining intracellular amino acid 

levels.316 
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Survival Programs, Therapeutic Resistance, and Tumor Dormancy 

Cancer cells face major intra- and extracellular challenges, including limited 

nutrients,317 hypoxia,318 and ER stress.319 In addition, during invasion and metastasis, 

tumor cells must overcome various environmental stresses including loss of contact with 

the extracellular matrix (ECM).236 As a stress-response mechanism, autophagy is 

thought to facilitate the survival of cancer cells under these conditions. Under ischemia-

simulating conditions of low oxygen and glucose depletion, genetic inhibition of 

autophagy by siRNA-mediated targeting of beclin 1 reduced survival of both Bax/Bak-

deficient iBMK cells and Bcl-xL- or Bcl-2-expressing HeLa cells, suggesting that 

autophagy promotes survival of apoptosis-resistant cells during metabolic stress.283 

Additionally, there is evidence that autophagy is induced in regions of tumors subject to 

hypoxia, as indicated by the presence of punctate LC3 in the unvascularized central 

area of early Bax/Bak-deficient iBMK cell-derived tumors283 and acinar LC3 membrane 

translocation in 3D culture of Bcl-2-expressing immortalized mouse mammary epithelial 

cells.320 Cancer cells are also subject to heavy ER stress due to the increase in protein 

synthesis and folding required of rapidly proliferating cells,319 and autophagy may play a 

role in promoting cancer cell survival under these conditions through its involvement in 

the unfolded protein response.321 PERK-mediated autophagy was found to be important 

for the survival of cells undergoing c-Myc-induced ER stress, as pharmacologic 

inhibition of autophagy via bafilomycin A1 and genetic inhibition via ULK1-targeting 

siRNA and ATG5 deletion in MEFs resulted in increased PARP cleavage relative to 

autophagy-competent controls upon activation of c-Myc.321 
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In addition to responding to these metabolic and biosynthetic challenges, 

autophagy may also promote survival under environmental changes encountered during 

cancer progression and metastasis. Autophagy was induced when human mammary 

epithelial cells were cultured in suspension, and inhibition via siRNA knockdown of 

ATG5, ATG7, and beclin 1 led to increased anoikis, or apoptosis of suspended cells, as 

indicated by greater caspase-3 cleavage and decreased clonogenic replating 

efficiency,322 suggesting that autophagy may be important for cell survival during ECM 

detachment and invasion, a crucial event in the progression to metastasis. Moreover, in 

vivo, autophagy inhibition by FIP200 deletion was associated with decreased 

metastases to the lung in the MMTV–PyMT mouse breast cancer model,314 consistent 

with a role for autophagy in metastatic progression. 

In addition, cancer therapy constitutes another major source of cellular stressors, 

including genotoxic and replicative stress, inhibition of growth and proliferative signaling 

pathways, and induction of metabolic stress. Given its cytoprotective role, autophagy 

has been implicated in mediating resistance to various types of treatment, including 

antiangiogenics,323 antiestrogens,324 antiandrogens,325 cytotoxic agents,326–329 combined 

PI3K/mTOR330 and Akt/mTOR300 inhibitors, protein kinase inhibitors,331–334 and radiation 

therapy.143 These findings suggest that inhibition of autophagy may sensitize cancer 

cells to cancer therapy, at least in certain contexts. 

An important feature of cancer is tumor dormancy, a period during which disease 

is clinically undetectable following treatment despite the persistence of cancer cells that 

may later give rise to relapse and metastatic disease.335 Quiescence, or reversible cell 

cycle arrest in G0, is thought to permit survival and drug resistance of cancer cells 
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during the dormant state,336 and autophagy has been implicated in mediating tumor 

dormancy.337 In a study of ovarian cancer, aplasia Ras homolog member I (ARHI, also 

called Di-Ras3) was found to regulate tumor dormancy via activation of autophagy.338 

Additionally, autophagy was implicated in the quiescence-mediated resistance of 

gastrointestinal stromal tumors to the tyrosine kinase inhibitor imatinib, which prevents 

the progression of these tumors but is usually not curative.339 Finally, there is evidence 

suggesting that autophagy supports the cancer stem cell phenotype,239,340,341 which is 

thought to contribute to both tumor initiation and relapse.342 Indeed, the role of 

autophagy in stem cells has been intensively studied; a detailed review of this area is 

available elsewhere.343 

 

Interaction with the Tumor Microenvironment 

Increasingly, it is understood that cancer progression depends not just on the 

proliferation of cancer cells alone but also crucially on their interactions with other 

players in the tumor microenvironment, including fibroblasts, immune cells, pericytes, 

and endothelial cells.344 These stromal components are thought to contribute to cancer 

progression by promoting angiogenesis, remodeling the ECM, facilitating immune 

surveillance escape, and secreting growth factors, among other mechanisms.345 For 

example, autophagy is thought to mediate crucial metabolic changes in cancer-

associated fibroblasts (CAFs) that promote tumor progression through metabolic 

coupling of stromal cells and cancer cells.346 In this model, autophagy is induced in 

CAFs upon oxidative stress from neighboring cancer cells, resulting in a feed-forward 

loop involving downregulation of caveolin-1 (Cav-1) and generation of oxidative damage 
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that leads to mitochondrial defects and mitophagy.347–349 The subsequent shift to 

glycolysis in CAFs results in the release of metabolites such as lactate, which can be 

used by cancer cells for mitochondrial oxidative phosphorylation to support 

anabolism.346 Additionally, Cav-1 knockdown in fibroblasts was also shown to protect 

co-cultured breast cancer cells from apoptosis,348 constituting another mechanism by 

which CAFs may promote cancer cell survival. Loss of stromal Cav-1 is associated with 

poor prognosis in several cancer types including breast cancer,350 prostate cancer,351 

and colorectal cancer.352 Therefore, at least in certain contexts, autophagy is 

hypothesized to promote tumor progression through the loss of Cav-1 in CAFs. 

Moreover, because autophagy contributes to senescence178 and senescence-

associated secretion of extracellular proteases and inflammatory cytokines by 

fibroblasts may be tumorigenic,353 another tumor-promoting role for autophagy is 

thought to be the maintenance of senescent stromal cells. 

Additionally, autophagy may modulate tumor cell interactions with the immune 

system to create a protumorigenic environment. Under conditions of hypoxia, lung 

carcinoma cells displayed decreased killing by cytotoxic T-lymphocytes (CTLs) and 

increased autophagy, and siRNA knockdown of ATG5 and beclin 1 reversed the 

resistance of these cells to CTL-mediated lysis,354 implicating autophagy as a protective 

mechanism during hypoxic stress. Similarly, induction of epithelial-to-mesenchymal 

transition (EMT) in a breast cancer cell line was associated with decreased cytotoxic 

killing by a CTL clone as well as increased autophagic flux, and inhibition of autophagy 

via siRNA against beclin 1 partially restored CTL-mediated killing of these cells,355 

suggesting that autophagy may facilitate invasion and metastasis by protecting cells 
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undergoing EMT. Furthermore, in an MMTV–PyMT mouse model of breast cancer 

where FIP200 deletion was associated with decreased cancer development, an 

increased IFN-γ+CD4+ and IFN-γ+CD8+ T-cell infiltrate was seen in FIP200-null tumors, 

consistent with an increased production of T-cell chemo-attractants including 

CXCL10.314 Importantly, antibody-mediated depletion of CD8+ T-cells in these mice 

resulted in earlier tumor formation, suggesting that the tumor-suppressive effects of 

FIP200 deletion were at least in part due to increased immune surveillance.314 Taken 

together, these findings suggest that autophagy exerts tumor-promoting effects by 

facilitating cancer cell escape from immune cell-mediated clearance. 

 

Autophagy-Inhibiting Agents in Cancer Therapy 

Inhibition of autophagy is currently an attractive therapeutic strategy, given the 

multiple tumor-promoting effects of autophagy in cancer. In vitro studies suggest that 

the use of antimalarials such as chloroquine and its derivative hydroxychloroquine, both 

of which block lysosomal acidification, may have therapeutic benefit in cancer,356 and 

several clinical trials have investigated these agents.357 Antimalarials may be 

particularly useful in combination with other agents to prevent autophagy-mediated 

therapeutic resistance, as suggested by phase I studies investigating the use of 

hydroxychloroquine in combination with bortezomib, a proteasome inhibitor,358 

temsirolimus, an mTORC1 inhibitor,359 vorinostat, an HDAC inhibitor,360 or 

temozolomide, a DNA-damaging agent.361 However, a separate phase I/II study found 

that the addition of hydroxychloroquine at the maximum tolerated dose in combination 

with temozolomide and radiation therapy did not enhance overall survival, indicating a 



 53 

need for investigating other autophagy inhibitors and/or dosing regimens.362 

Additionally, there is also evidence that chloroquine may act on pathways in cancer 

cells that do not depend on autophagy.363,364 Notably, recent evidence suggests that, in 

addition to autophagy, the inhibition of the oxidative pentose phosphate pathway may 

be an important regulator of tumor cell death induced by antimalarials.365 Finally, 

bafilomycin A1, which blocks autophagosome-to-lysosome fusion, was also suggested 

to have utility in cancer treatment via inhibition of autophagy.366,367 

 

 

NEW INTERSECTIONS BETWEEN AUTOPHAGY AND SECRETION 

 

Overview 

Although autophagy is classically considered a degradative pathway, recent 

findings suggest that it may also have secretory functions. This section overviews the 

role of autophagy in protein secretion and discusses emerging research on the 

contributions of secretory autophagy to cancer. 

 

Emerging Roles for Autophagy-Dependent Secretion in Cancer 

Tumors are highly secretory entities, a property that is hypothesized to contribute 

to several pathophysiological processes leading to cancer progression, including 

recruitment of fibroblasts and immune cells to the tumor microenvironment, stimulation 

of angiogenesis, development of proinvasive properties, and influencing distant tissues 

to facilitate metastasis, among others.368 Interestingly, an analysis of several breast 
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cancer cell lines revealed that a large portion of the proteins detected in the conditioned 

media from these cells appeared to be secreted unconventionally.369 Moreover, there is 

increasing evidence that cancer cells interact with each other via a class of structures 

collectively termed extracellular vesicles,370 constituting another form of cancer-related 

secretion. Additionally, as discussed earlier, fibroblasts may foster tumor progression 

through senescence-associated secretion.353 Given the emerging literature surrounding 

autophagy-dependent secretion, it appears that the effects of autophagy in cancer are 

not limited to its degradative function in survival and homeostasis but, rather, may also 

include its secretory function. 

Recently, autophagy was shown to be required for the secretion of Ras- 

associated proinvasive factors.371 Mammary epithelial cells expressing oncogenic HRas 

displayed an invasive phenotype in 3D culture, which was suppressed upon inhibition of 

autophagy by shRNA knockdown of ATG7 or ATG12.371 While autophagy-deficient 

HRas-transformed cells formed spherical structures when cultured alone, they formed 

invasive protrusions when co-cultured with autophagy-competent HRas-transformed 

cells or when treated with conditioned media from the autophagy-competent cells, 

suggesting that secreted factors were influencing the invasive morphogenesis of these 

cells.371 Indeed, the proinvasive cytokine IL-6 was found to be secreted from these cells 

in an autophagy-dependent manner, as ATG knockdown reduced detection of IL-6 in 

conditioned media from HRas-transformed cell cultures but did not reduce IL-6 mRNA 

or protein expression levels in these cells.371 In 3D culture, antibody inhibition of IL-6 in 

conditioned media from autophagy-proficient transformed cells blocked the formation of 

invasive protrusions by autophagy-impaired transformed cells, while addition of 
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recombinant IL-6 was sufficient to induce invasive protrusions by autophagy-deficient 

cells.371 These findings point to a role for secretory autophagy in mediating Ras-driven 

invasion in vitro. 

Mechanistically, a distinction should be made between what appears to be 

autophagy-dependent secretion per se and autophagy-dependent production of 

secreted factors. In the same study of HRas-transformed mammary epithelial cells, 

matrix metalloproteinase-2 (MMP2) and Wnt-5a were also determined to influence 

invasive morphology through their release into conditioned media, as treatment of 

autophagy-competent oncogenic HRas-expressing cells with an MMP2 inhibitor blunted 

protrusion formation, and treatment of autophagy-impaired HRas-transformed cells with 

recombinant Wnt-5a induced their formation.371 Importantly, the mRNA and protein 

expression levels of MMP2 and Wnt-5a in these cells were reduced by ATG 

knockdown, implying that their intracellular production was autophagy-dependent.371 

Similarly, in a separate study utilizing lung cancer cell lines, autophagy induction via 

activation of TLRs led to increased detection of proinvasive and promigratory cytokines, 

including IL-6, CCL2, CCL20, VEGFA, and MMP2, in the supernatants of cultured cells, 

and treatment with neutralizing antibodies reduced invasion and migration in vitro.372 

Pharmacological inhibition of autophagy by treatment with 3-methyladenine reduced 

mRNA expression of these cytokines,372 suggesting that autophagy was regulating the 

intracellular production of these factors as well. A subsequent study found that 

autophagy modulation also affected the production of IL-6 by breast cancer cells, albeit 

with somewhat differing results.373 In an autophagy-dependent cancer cell line, ATG7 

and beclin 1 knockdown decreased extracellular IL-6 detection in the media, while in an 
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autophagy-independent cancer cell line, extracellular IL-6 detection was increased upon 

autophagy inhibition,373 indicating that the relationship between autophagy and the 

production of secreted factors may vary depending on the cellular context. Functionally, 

IL-6 was found to be important for the formation of mammospheres in the autophagy-

dependent cell line, as both IL-6 treatment and conditioned media from autophagy-

competent cells partially rescued the decrease in mammosphere formation seen in 

ATG7-deficient cells.373 Additionally, a separate study found that in cancer stem cells, 

the release of exosomes, which can mediate intercellular communication, coincided with 

the activation of autophagy.374 Finally, a recent proteomic study uncovered multiple new 

secreted factors that may reflect autophagy dynamics in melanoma cells.375 Notably, 

these experiments did not distinguish whether any of the differentially secreted proteins 

actually arose from altered autophagy-dependent secretion vs secondary changes in 

transcriptional or translational programs following autophagy inhibition. Nevertheless, 

several secreted products identified in this study showed promise as serum biomarkers 

of autophagic status in human melanoma patients.375 The need for clinical biomarkers 

to dynamically monitor autophagy during therapy remains a major unmet clinical 

challenge in targeting autophagy against cancer; accordingly, this study highlighted the 

promise of autophagy-dependent secreted factors in this regard.375 Overall, these 

studies indicate that autophagy may influence tumor-promoting secretory phenotypes in 

cancer cells, although further work will be necessary to better understand the multiple 

levels at which this occurs. 

Although the literature on the role of autophagy-dependent secretion in cancer is 

limited, it raises important questions for reexamining previous work as well as 
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conducting new experiments. Are the phenotypes seen in autophagy-deficient tumor 

models, for example, related only to degradative autophagy or can secretory autophagy 

also explain these effects? Does autophagy have differing roles in secretion in cancer 

cells vs other components of the tumor microenvironment, such as fibroblasts and 

immune cells? Attention should be paid to the selective modulation of autophagy in 

specific cellular compartments, as this may impact the generation of different secretory 

phenotypes in a cell type-dependent manner. Future studies conducted through this 

new lens will provide additional insight into the complex relationship between autophagy 

and cancer.  
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CHAPTER 3 

Identification of a GRASP55 Proximal Interactome 
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 60 

BACKGROUND 

  

Although the classical functions of GRASP55 lie in maintaining Golgi structure, 

the full extent of GRASP55 activity in membrane-trafficking events throughout the cell is 

more diverse and not yet well-defined. In order to better understand the function of 

GRASP55, we employed proximity-dependent biotinylation (BioID)376 to identify proteins 

which come into close physical distance of GRASP55, thereby providing insight into the 

localization and potential interactions of GRASP55. This method utilizes a promiscuous 

mutant of the Escherichia coli biotin ligase BirA, which catalyzes biotinylation in a two-

step process involving 1) conversion of biotin to the highly reactive intermediate bio-

AMP, and 2) attachment of bio-AMP to a target lysine residue.377 The wild-type version 

of BirA has been employed experimentally to recognize a synthetic biotin acceptor tag 

which can be fused to a protein of interest, resulting in highly controlled biotinylation at a 

specific lysine residue within the tag.378 However, BirA*, which contains an R118G 

mutation, has substantially decreased affinity for bio-AMP, leading to promiscuous 

biotinylation of primary amines within an estimated 10 nm radius.376,377,379 Fusing BirA* 

to a protein of interest results in biotinylation of proximal proteins; these proteins can 

then be captured using affinity purification with avidin/streptavidin-based systems, and 

their identities can subsequently be determined by mass spectrometry.376,380 Here, we 

have fused GRASP55 to the BioID construct BirA* in order to elucidate close-by 

neighbors of GRASP55, which we call the GRASP55 proximal interactome. 
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RESULTS 

 

Identification of a GRASP55 proximal interactome by proximity-dependent 

biotinylation (BioID) 

 We employed BioID376,380 to determine proteins in the nearby vicinity of 

GRASP55 with the aim of elucidating potential interactors of GRASP55 and thus its 

activity outside of Golgi structure. The experimental methodology is outlined in Figure 

3.1. In brief, GRASP55 was fused to an HA-tagged construct containing the 

promiscuous biotin ligase BirA*. As a control, we used a mutant form of GRASP55 

containing a glycine-to-alanine substitution at residue 2 (G2A); this mutation ablates the 

glycine myristoylation site which is necessary for proper targeting to the Golgi 

membrane, thereby resulting in diffuse cytoplasmic localization of GRASP55.2 The 

GRASP55 BioID constructs GRASP55WT-BirA*-HA and GRASP55G2A-BirA*-HA were 

cloned into the retroviral expression vector pBABE and used for retroviral transduction 

of HEK293T cells. Cells stably expressing the BioID constructs were incubated with 50 

µM biotin for 24 hours to induce proximity-dependent biotinylation. Lysates were 

harvested and affinity purified with NeutrAvidin beads and then processed for 

downstream applications including liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) to identify biotinylated proteins.  

 To validate our BioID constructs, we first performed an immunoblot analysis on 

cells stably expressing GRASP55WT-BirA*-HA and GRASP55G2A-BirA*-HA and found 

that expression levels were relatively equal between the two cell lines (Figure 3.2, A). 

We then tested the intracellular biotinylation activity of these constructs by incubating 
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cells expressing GRASP55 BioID constructs in the presence or absence of excess 

biotin (Figure 3.2, B). Interestingly, affinity purified (AP) lysates from both BioID cell 

lines in addition to a control line with empty vector (EV) contained some biotinylated 

proteins in both the presence and absence of excess biotin, which likely reflects the 

presence of endogenous carboxylases that use biotin as a cofactor.381 However, we 

found that there was robust global biotinylation in only the GRASP55 BioID cell lines 

following incubation with excess biotin but not in the absence of added biotin, indicating 

that BirA* activity is inducible upon treatment with exogenous biotin but basal growth 

media (i.e., full growth media [FGM]) does not contain sufficient amounts of biotin to 

promote measurable BirA* activity. Importantly, GRASP55WT-BirA*-HA and 

GRASP55G2A-BirA*-HA displayed distinct biotinylation profiles, including the presence of 

several distinct bands annotated next to the immunoblot. Next, in order to understand 

the mechanism underlying the differences in these biotinylation profiles, we turned to 

immunofluorescence microscopy to identify the localization patterns of the two 

GRASP55 BioID constructs (Figure 3.2, C). In control cells, endogenous GRASP55 

predominantly co-localized with the Golgi marker GM130 in a perinuclear cap. 

Importantly, as predicted, GRASP55WT-BirA*-HA displayed a similar GM130-

overlapping pattern, while GRASP55G2A-BirA*-HA largely displayed a diffuse 

cytoplasmic localization. Because BirA* biotinylates proteins in a proximity-dependent 

manner,377 the unique global biotinylation profiles of these constructs are likely due to 

their distinct intracellular localization patterns. To verify that biotinylation was occurring 

in different subcellular compartments, we also stained cells that had been incubated 

with excess biotin with a fluorophore-conjugated streptavidin to visualize BioID construct 
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activity (Figure 3.2, D). Indeed, GRASP55WT-BirA*-HA-expressing cells displayed focal 

areas of biotinylation clustered near the nucleus, while GRASP55G2A-BirA*-HA-

expressing cells had more diffuse biotinylation patterns, confirming our prediction. We 

then tested these constructs with known or suspected GRASP55 interactors to validate 

their utility for biotinylating proteins in the vicinity of GRASP55 (Figure 3.2, E). 

Immunoblot analysis of AP lysates from BioID-expressing cells indicated that GM130 

was biotinylated preferentially by GRASP55WT-BirA*-HA but not by GRASP55G2A-BirA*-

HA, consistent with the predominant Golgi localization of GRASP55WT-BirA*-HA 

compared to the diffuse cytoplasmic pattern of GRASP55G2A-BirA*-HA. We also tested 

biotinylation of BLZF1 (Golgin-45), which is a direct interactor of GRASP5519 and can 

localize to the nucleus382 in addition to the Golgi. Interestingly, both BioID constructs 

biotinylated BLZF1, suggesting that the improperly localized GRASP55G2A-BirA*-HA 

construct retains the ability to recognize and biotinylate GRASP55-interacting proteins 

away from the Golgi apparatus and thus any decrease in relative biotinylation between 

the two BioID constructs is unlikely to be due to decreased biotin ligase enzymatic 

activity and/or decreased recognition of GRASP55-interacting substrates. However, 

importantly, GRASP55G2A-BirA*-HA did not robustly biotinylate GM130, which is 

constrained to the proximity of membrane-tethered GRASP55. Taken together, these 

findings support the use of GRASP55 BioID as a method to identify proteins that reside 

in close proximity to GRASP55 and thus to better understand the activity of GRASP55. 
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Analysis of the GRASP55 proximal interactome 

 LC-MS/MS followed by label-free quantification analysis identified 2,422 protein 

hits that were biotinylated by GRASP55WT-BirA*-HA and GRASP55G2A-BirA*-HA; these 

hits are summarized in the volcano plot in Figure 3.3, A. Importantly, we identified a 

subset of 38 proteins representing a putative GRASP55 proximal interactome which 

was robustly enriched in GRASP55WT-BirA*-HA-expressing cells over GRASP55G2A-

BirA*-HA-expressing cells, as determined by a fold-change of at least 2 and p-value ≤ 

0.05 (Table 3.1). This subset of top hits was then compared to a database of previously 

identified human GRASP55 interactors using BioGRID, which integrates protein-protein 

interaction data from both high- and low-throughput experiments in the published 

literature383 (Figure 3.3, B). Seven out of the 38 hits were annotated in BioGRID as 

human GRASP55 interactors: TMED7, TMED3, ACBD3, USO1 (mouse), TMED2, 

TMED4, and TMED10. 

To better understand whether the proteins in the GRASP55 BioID list (Table 3.1) 

were interrelated, we performed a STRING analysis, which curates data from protein 

and genomic databases as well as the published literature to designate confidence 

scores for predicted functional relationships between proteins.384–386 Indeed, network 

analysis using the default setting of a minimum interaction score of 0.400 (medium 

confidence) revealed 114 edges, or putative functional relationships, between proteins 

in this list, which was higher than the expected number of 7 edges for a random group 

of proteins of the same number (Figure 3.3, C). Moreover, this protein-protein 

interaction enrichment was statistically significant with a p-value of <1.0E-16, indicating 

that there were likely to be real functional relationships between proteins within the 
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group. Next, to better resolve these functional relationships, we performed gene 

ontology analysis387–389 to look for enrichment of cellular compartment (Figure 3.3, D) 

and biological process (Figure 3.3, E) terms. Remarkably, several of the most highly 

enriched cellular compartment terms were not Golgi-specific but rather related to the 

ER-Golgi interface: COPII vesicle coat (GO:0030127), COPI vesicle coat 

(GO:0030126), and endoplasmic reticulum-Golgi intermediate compartment membrane 

(GO:0033116). Similarly, the highly enriched biological process terms included activities 

in the ER-Golgi interface, including: COPI coating of Golgi vesicle (GO:0048205), 

vesicle fusion with Golgi apparatus (GO:0048280), COPII-coated vesicle cargo loading 

(GO:0090110), COPII vesicle coating (GO:0048208), and retrograde vesicle-mediated 

transport, Golgi to endoplasmic reticulum (GO:0006890). 

 We used immunoblot analysis to validate a subset of the hits in the GRASP55 

proximal interactome including TRIP11, Sec23A, Sec23B, Sec24A, Sec24B, Sec23IP, 

and ATP6AP1 (Figure 3.4). For each protein of interest, band densitometry was 

performed for affinity purification (AP) immunoblots, and the ratio of band quantity in WT 

relative to G2A was calculated and log2-transformed. Three of the hits – TRIP11, 

Sec24B, and Sec23IP – were robustly and consistently enriched in GRASP55WT-BirA*-

HA APs versus GRASP55G2A-BirA*-HA APs, and the mean log2(WT/G2A) values for 

these hits were statistically significant relative to a test value of 0 (i.e., no difference 

between WT and G2A) in both FGM and SFM conditions. This provides further 

evidence that these may be real proximal interactors of GRASP55. Interestingly, four of 

the hits from mass spectrometry – Sec23A, Sec23B, Sec24A, and ATP6AP1 – did not 

show a robust and/or consistent enrichment in WT over G2A conditions. We also 
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observed that in general, our findings were similar whether the cells were incubated in 

SFM, as they were in the mass spectrometry analysis, or in FGM. While several of the 

hits – TRIP11, Sec23A, Sec24B, and Sec23IP – had slightly higher mean log2(WT/G2A) 

values in SFM compared to FGM, this difference was not statistically significant using 

an unpaired two-tailed t-test. 

 Of additional interest to our laboratory was whether autophagy proteins were 

biotinylated by GRASP55WT-BirA*-HA. Although we did not see significant enrichment of 

autophagy-related gene ontology terms (Figure 3.3) based on the filtered GRASP55 

BioID list (Table 3.1), we did observe that several autophagy-related proteins390–392 

were present in the overall mass spectrometry analysis, and a subset of these proteins 

is detailed in Table 3.2. 
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Figure 3.1 
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Figure 3.1. Overview of GRASP55 proximity-dependent biotinylation (BioID) 
 

A. Human GRASP55 was subcloned into a vector containing the promiscuous biotin 

ligase BirA* and an HA tag to create GRASP55WT-BirA*-HA. The localization-defective 

mutant GRASP55G2A was used to create a control construct. BioID constructs were 

cloned into the retroviral expression vector pBABE and used for production of retrovirus 

to infect HEK293T cells. 

 

B. Cells expressing BioID constructs were induced to undergo proximity-dependent 

biotinylation by incubating with media supplemented with excess (50 µM) biotin. Lysates 

were harvested and affinity purified for biotinylated proteins using NeutrAvidin beads, 

and captured proteins were processed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) and analyzed by label-free quantification with MaxQuant 

software. 
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Figure 3.2 
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Figure 3.2. Validation of GRASP55 BioID constructs 
 

A. GRASP55WT-BirA*-HA and GRASP55G2A-BirA*-HA or an empty vector (EV) control 

were stably expressed in HEK293T cells. Immunoblots show whole cell lysates (WCL) 

collected from these cells. 

 

B. Biotinylated protein profiles of GRASP55WT-BirA*-HA and GRASP55G2A-BirA*-HA 

upon induction of proximity-dependent biotinylation. HEK293Ts stably expressing 

GRASP55 BioID constructs or an EV control were incubated for 24 hours with (+) or 

without (–) 50 µM biotin. Affinity purified (AP) lysates were resolved by SDS-PAGE and 

blotted using Streptavidin-HRP to detect biotinylated proteins. Arrows on the right 

indicate bands which are distinct to the GRASP55WT-BirA*-HA construct. 

 

C. Intracellular localization patterns of GRASP55WT-BirA*-HA and GRASP55G2A-BirA*-

HA. HEK293Ts stably expressing GRASP55 BioID constructs or an EV control were 

processed for immunofluorescence microscopy and co-stained with DAPI and 

antibodies against the Golgi marker GM130, GRASP55, and/or HA tag (as indicated). 

Scale bar represents 10 µm. 

 

D. Biotin localization patterns of GRASP55WT-BirA*-HA and GRASP55G2A-BirA*-HA in 

the presence of excess biotin. HEK293Ts stably expressing GRASP55 BioID constructs 

were incubated for 24 hours with 50 µM biotin, processed for fluorescence microscopy, 

and co-stained with DAPI to visualize the nucleus and Streptavidin-549 to detect 

biotinylated proteins. Scale bar represents 10 µm. 

 

E.  Biotinylation of known Golgi-associated proteins by GRASP55WT-BirA*-HA and 

GRASP55G2A-BirA*-HA. HEK293T cells stably expressing GRASP55 BioID constructs 

or an EV control were incubated for 24 hours with 50 µM biotin. Lysates were harvested 

and a subset was purified using NeutrAvidin beads. Proteins were resolved by SDS-

PAGE and immunoblotted using antibodies against GM130, BLZF1, and GAPDH. Both 

WCL and AP samples are shown. 
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Figure 3.3 
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Figure 3.3.  Identification of a GRASP55 proximal interactome by BioID 
 

A. Volcano plot charting proteins identified by GRASP55 BioID. Biotinylated proteins 

were isolated from cells expressing GRASP55WT-BirA*-HA (WT) and GRASP55G2A-

BirA*-HA (G2A) and analyzed by LC-MS/MS, and the resulting data was analyzed by 

MaxQuant using label-free quantification (LFQ) and processed in R. A Welch’s two-

sample unpaired t-test was performed to evaluate statistical significance. Graph shows 

log2-transformed ratios of LFQ intensities in WT over G2A samples, along with -log10-

transformed p-values. Hits which had at least 2-fold enrichment in WT over G2A and p-

value ≤ 0.05 are highlighted in green. Those which had at least 2-fold enrichment in 

G2A over WT and p-value ≤ 0.05 are highlighted in red. n = 3 bioreplicates.  

 

B. Comparison of GRASP55 proximal interactome with BioGRID GRASP55 interactors. 

Top hits from GRASP55 BioID (Table 3.1) were compared to the list of human 

GRASP55-interacting proteins annotated in the BioGRID protein database.  

 

C. Network of functional relationships among proteins in the GRASP55 proximal 

interactome. Top hits from GRASP55 BioID (Table 3.1) were analyzed for functional 

interactions using the STRING database tool. Network edges between protein nodes 

indicate putative functional interactions, with thicker lines representing stronger support. 

A protein-protein interaction (PPI) enrichment p-value was returned by STRING. The 

default setting of a medium confidence score (0.400) was used as the minimum 

required interaction score.  

 

D, E. Enrichment of cellular compartment and biological process terms within the 

GRASP55 proximal interactome. Top hits from GRASP55 BioID (Table 3.1) were 

analyzed for enrichment of cellular compartment and biological process gene ontology 

(GO) terms against the Homo sapiens reference list using the Gene Ontology 

Consortium GO Enrichment Analysis Tool. A Fisher’s exact test with false discovery 

rate (FDR) correction was performed using this tool to assess statistical significance. 

Fold enrichment of cellular compartment and biological process GO terms associated 

with the GRASP55 BioID list was calculated, and the most specific subclass terms using 

the hierarchy sort function with FDR < 0.05 are displayed. Asterisks (*) indicate greater 

than 100-fold enrichment, and FDR values are listed. Abbreviations were used as 

follows for space purposes: ERGIC: endoplasmic reticulum-Golgi intermediate 

compartment; ER: endoplasmic reticulum. 
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Table 3.1. GRASP55 proximal interactome determined by BioID 
 

Biotinylated proteins from cells expressing either GRASP55WT-BirA*-HA (WT) or 

GRASP55G2A-BirA*-HA (G2A) were purified and processed by LC-MS/MS. The results 

from MaxQuant LFQ analysis were processed with R and filtered to include only those 

with at least 2-fold enrichment in WT over G2A and a p-value of ≤ 0.05 over 3 

bioreplicates. These results were further clarified to remove ambiguous or obsolete 

terms as follows: first, for protein groups with multiple possible identities, the first identity 

was chosen to represent that group; identities that were ambiguous were specified; and 

protein groups that contained only identities which were listed as obsolete in UniProt at 

the time of writing this dissertation were removed. For each identity, the protein name, 

gene name, and primary corresponding UniProt ID are listed, along with the log2 

transformation of the WT over G2A intensity ratio and the p-value, which was calculated 

using Welch’s two-sample unpaired t-test. 
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Table 3.1. GRASP55 proximal interactome determined by BioID 
 

Protein name 
Gene 
Name 

UniProt 
ID 

Log2 
(WT/G2A) p-value 

Thyroid receptor-interacting protein 
11 TRIP11 Q15643 7.19194 0.00433 

Zinc transporter 5 SLC30A5 Q8TAD4 5.55905 0.00817 

Transmembrane emp24 domain-
containing protein 7 TMED7 Q9Y3B3 4.35477 0.01864 

Transmembrane emp24 domain-
containing protein 9 TMED9 Q9BVK6 4.16124 0.02173 

Zinc transporter 6 SLC30A6 Q6NXT4 4.12286 0.00337 

Golgin subfamily A member 5 GOLGA5 Q8TBA6 3.90961 0.00500 

Protein transport protein Sec24B SEC24B O95487 3.53728 0.02284 

Syntaxin-5 STX5 Q13190 3.40771 0.01695 

Transmembrane emp24 domain-
containing protein 3 TMED3 Q9Y3Q3 3.18841 0.00043 

Golgi resident protein GCP60 ACBD3 Q9H3P7 2.99792 0.00341 

SEC23-interacting protein SEC23IP Q9Y6Y8 2.90721 0.00443 

General vesicular transport factor 
p115 USO1 O60763 2.90585 0.02420 

Zinc finger protein-like 1 ZFPL1 O95159 2.83137 0.00075 

Transmembrane emp24 domain-
containing protein 2 TMED2 Q15363 2.76387 0.01200 

Transmembrane emp24 domain-
containing protein 4 TMED4 Q7Z7H5 2.50645 0.00069 

Protein transport protein Sec23B SEC23B Q15437 2.45113 0.00019 

Transmembrane emp24 domain-
containing protein 10 TMED10 P49755 2.35469 0.01919 

Golgi pH regulator B GPR89B P0CG08 2.33330 0.00762 

Histone H2A type 1-C HIST1H2AC Q93077 2.24515 0.00185 

Protein transport protein Sec24A SEC24A O95486 2.07547 0.00314 

Pyridoxal-dependent decarboxylase 
domain-containing protein 1 PDXDC1 Q6P996 2.06787 0.00019 

Golgi SNAP receptor complex 
member 2 GOSR2 O14653 2.05011 0.01285 

D-dopachrome decarboxylase DDT P30046 1.95804 0.03110 

WW domain-containing 
oxidoreductase WWOX Q9NZC7 1.92233 0.00295 

Protein transport protein Sec23A SEC23A Q15436 1.89144 0.00426 

Protein YIF1A YIF1A O95070 1.70701 0.03173 
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Protein name 

Gene 
Name 

UniProt 
ID 

Log2 
(WT/G2A) p-value 

Membrane-associated 
progesterone receptor component 
2 PGRMC2 O15173 1.68878 0.00386 

Synaptobrevin homolog YKT6 YKT6 O15498 1.66690 0.00071 

V-type proton ATPase subunit S1 ATP6AP1 Q15904 1.39232 0.01435 

Acetyl-CoA acetyltransferase, 
cytosolic ACAT2 Q9BWD1 1.30291 0.02083 

Metalloreductase STEAP3 STEAP3 Q658P3 1.25844 0.02656 

Coatomer subunit gamma-2 COPG2 Q9UBF2 1.15837 0.01516 

WD40 repeat-containing protein 
SMU1 SMU1 Q2TAY7 1.15667 0.00207 

NADH dehydrogenase [ubiquinone] 
flavoprotein 2, mitochondrial NDUFV2 P19404 1.12821 0.04721 

DDRGK domain-containing protein 1 DDRGK1 Q96HY6 1.08897 0.01576 

Lamina-associated polypeptide 2, 
isoforms beta/gamma; 
Thymopoietin; Thymopentin TMPO P42167 1.07083 0.01372 

Calumenin CALU O43852 1.04131 0.02810 

Rhomboid domain-containing 
protein 2 RHBDD2 Q6NTF9 1.00934 0.04286 
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Figure 3.4 
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Figure 3.4. Validation of selected GRASP55 proximal interactors by immunoblot 
analysis 
 

Immunoblots were performed for selected proteins from the GRASP55 proximal 

interactome (Table 3.1). For each protein, a representative immunoblot is shown. 

HEK293T cells expressing GRASP55WT-BirA*-HA (G55WT-BirA*-HA, WT), 

GRASP55G2A-BirA*-HA (G55G2A-BirA*-HA, G2A), or an empty vector (EV) control were 

incubated with 50 µM biotin for 24 hours in either full growth media (FGM) or serum-free 

media (SFM). Lysates were affinity purified (AP) for biotinylated proteins and resolved 

by SDS-PAGE alongside whole cell lysates (WCL). Membranes were blotted for A. 

TRIP11, B. Sec23A, C. Sec23B, D. Sec24A, E. Sec24B, F. Sec23IP, and G. ATP6AP1, 

along with GAPDH and HA tag. Band densitometry analysis on APs was performed, 

and the log2 transformation of the WT to G2A band intensity ratio was calculated. 

Graphs show means and error bars represent standard deviation. A one sample two-

tailed t-test was calculated for each protein-media combination with a test value of 0 

(indicating no difference between WT and G2A). p-values ≤ 0.05 are indicated by an 

asterisk (*), and all p-values are detailed as follows: A. TRIP11 – FGM: 0.0003, SFM: 

0.0125; B. Sec23A – FGM: 0.1437, SFM: 0.3313; C. Sec23B – FGM: 0.0174, SFM: 

0.5335; D. Sec24A – FGM: 0.1566, SFM: 0.6896; E. Sec24B – FGM: 0.0128, SFM: 

0.0467; F. Sec23IP – FGM: 0.0342, SFM: 0.0203; G. ATP6AP1 – FGM: 0.5094, SFM: 

0.6212. n = 3 bioreplicates (except for Sec23A and ATP6AP1, where n = 2).  
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Table 3.2. Selected autophagy-related proteins in GRASP55 BioID 
 

Biotinylated proteins from cells expressing either GRASP55WT-BirA*-HA (WT) or 

GRASP55G2A-BirA*-HA (G2A) were purified and processed by LC-MS/MS. Intensity 

data from MaxQuant LFQ analysis over 3 replicates was log2-transformed and used to 

derive log2(WT/G2A) values. A Welch’s two-sample unpaired t-test was performed to 

calculate p-values. A subset of autophagy-related proteins present in this list was 

selected for inclusion in Table 3.2, along with their corresponding gene names and 

UniProt IDs. Ambiguous or obsolete terms were removed as described for Table 3.1. 
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Table 3.2. Selected autophagy-related proteins in GRASP55 BioID 
 

Protein name 

Gene 
Name 

UniProt 
ID 

Log2 
(WT/G2A) p-value 

Synaptobrevin homolog YKT6 YKT6 O15498 1.66690 0.00071 

Ras-related protein Rab-7a RAB7A P51149 0.64141 0.11031 

Sequestosome-1 SQSTM1 Q13501 0.15123 0.60510 

Autophagy-related protein 9A ATG9A Q7Z3C6 0.05105 0.80999 

Synaptosomal-associated protein 29 SNAP29 O95721 -0.07838 0.78511 

Phosphoinositide 3-kinase regulatory 
subunit 4 PIK3R4 Q99570 -0.10150 0.59675 

Autophagy-related protein 2 homolog B ATG2B Q96BY7 -0.61061 0.04154 

Ubiquitin-like-conjugating enzyme ATG3 ATG3 Q9NT62 -0.74869 0.10453 

WD repeat domain phosphoinositide-
interacting protein 2 WIPI2 Q9Y4P8 -0.86149 0.13794 
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DISCUSSION 

 

 In this study we utilized proximity-dependent biotinylation to identify a GRASP55 

proximal interactome. Interestingly, although GRASP55 is canonically a Golgi-

associated protein involved in maintaining Golgi structure, we found significant 

functional enrichment in biological process and cellular compartment terms relating to 

the ER-Golgi interface. These findings are consistent with previous reports of GRASP55 

or its orthologues at the ER21 or ER-Golgi interface7,37 and suggest that GRASP55 has 

important functions within the early secretory network separate from its role in simply 

maintaining Golgi cisternae organization. 

Several hits from the GRASP55 BioID list (Table 3.1) stood out to us. Of 

particular interest was that this list included the COPII coat proteins Sec23A, Sec23B, 

Sec24A, and Sec24B. COPII-coated vesicles, which have both an inner coat layer 

comprised of Sec23-Sec24 heterodimers and an outer coat layer comprised of Sec13-

Sec31 heterotetramers, function within the ER-Golgi interface by encapsulating 

secretory cargo proteins at ER exit sites (ERES) and transporting them toward the Golgi 

in an anterograde fashion.197 Remarkably, Sec13 and Sec31, which comprise the outer 

COPII coat layer, were absent from our enrichment list. Additionally, our list also 

contained Sec23IP, which interacts with Sec23 and is implicated in early secretory 

pathway organization at the ER-Golgi interface.393 By far the most highly enriched 

protein in our list was TRIP11 (GMAP-210), which was previously shown to be involved 

in both anterograde and retrograde trafficking in the ER-Golgi interface.394 Finally, we 

were also intrigued by the presence of ATP6AP1, which is an accessory subunit of the 
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vacuolar H+-ATPase responsible for acidification of intracellular organelles.395,396 Recent 

studies have implicated loss of ATP6AP1 in the pathogenesis of immunodeficiency 

syndromes396 and granular cell tumors.397 

 We were intrigued by the observation that several proteins involved in the inner 

COPII coat layer – Sec23A, Sec23B, Sec24A, Sec24B, and the related protein Sec23IP 

– were present in our interactome, while the proteins comprising the outer coat layer – 

Sec13 and Sec31 – were absent. This suggests that GRASP55WT-BirA*-HA was not 

simply biotinylating proteins in the ER-Golgi interface nonspecifically, as the outer coat 

proteins should theoretically be more sterically accessible to the wild-type GRASP55 

BioID construct than the inner coat proteins within the fully formed COPII vesicle. 

Interestingly, GRASP55 to our knowledge has not yet been shown to physically interact 

with Sec23 and Sec24 in mammalian cells, but the yeast orthologue Grh1 was 

previously identified as complexing with Sec23 and Sec24 in a manner that was 

dependent on its proper targeting to the Golgi membrane.235 These findings broach the 

hypothesis that GRASP55 interacts with the inner COPII coat proteins Sec23 and 

Sec24 in a targeted manner, perhaps in cargo capture or docking of COPII vesicles at 

the ERGIC. Another possibility is that GRASP55 regulates sorting of COPII vesicles, 

which have previously been shown to be required for efficient autophagy 

induction,225,229,230 thus elaborating the relationship between GRASP55 and autophagy. 

These are all exciting possibilities that require further testing in order to more fully 

understand the myriad roles of GRASP55. 

 Our study contains several caveats which we would like to address. First, 

although we used the G2A mutant of GRASP55 which has impaired membrane 
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localization as a control for our BioID studies, it is possible that GRASP55 may in fact 

dynamically transit between a tightly membrane-associated state and a less membrane-

associated state. In this case, using the G2A mutant as a control might obscure any 

GRASP55 proximal interactions that occur in this non-membrane-associated state. For 

example, several autophagy-related proteins were identified in the overall mass 

spectrometry list (Table 3.2), although they did not meet the criteria for inclusion in the 

list of top hits (Table 3.1). For several of these proteins, the log2(WT/G2A) ratios were 

close to 0 or even slightly negative, indicating that GRASP55G2A-BirA*-HA was 

biotinylating them at least as effectively as GRASP55WT-BirA*-HA. This suggests that 

association of GRASP55 with autophagy-related proteins may occur away from its 

typical membrane localization. To test this formally, a future direction could be to 

compare the WT and G2A GRASP55 BioID constructs with a BirA*-only control.  

Another caveat of our study is that the immunoblot validation of selected 

GRASP55 proximal interactome hits did not completely match the mass spectrometry 

results. This could be explained by the decreased sensitivity and increased variability of 

immunoblot quantification methods to detect subtle changes. It is also possible that 

biotinylation interferes with optimal antibody-epitope recognition. Additionally, proximity-

dependent biotinylation identifies proximal proteins suggestive of but not definitively 

representing direct or indirect physical interactors. Therefore, it is not unreasonable to 

hypothesize that many of the hits identified by mass spectrometry are not bona fide 

physical interactors of GRASP55. To confirm protein-protein interactions, a next step 

would be to perform co-immunoprecipitation analyses between GRASP55 and target 

proteins. 
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Moving forward, we are interested in better understanding the biological 

significance of the GRASP55 proximal interactors identified in this study. Given that 

GRASP55 has been linked to autophagy,45 unconventional secretion,8,45 and secretory 

pathway organization,27,33 we are eager to determine whether any of the hits identified 

in this study provide mechanistic insight into how GRASP55 mediates these activities. 

Additionally, we have demonstrated the utility of BioID as a robust tool for identifying 

GRASP55 proximal interactors. In future studies, experimental conditions such as 

nutrient starvation, ER stress induction, or a host of other autophagy and secretion-

related modulators could be adjusted in order to determine the effects of these 

manipulations on GRASP55 proximal interactions.  
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METHODS 

 

Cell culture 

HEK293T cells (ATCC CRL-3216) and all cell lines derived from them were 

routinely cultured in full growth media (FGM) consisting of Dulbecco’s Modified Eagle 

Medium (DMEM) with high glucose and sodium pyruvate (Thermo Fisher 11995065) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Atlas Biologicals F-

0500-D), 25 mM HEPES Buffer (Teknova H1030), and 100 U/mL penicillin and 100 

µg/mL streptomycin (Thermo Fisher 15140122). Serum-free media (SFM) for BioID 

experiments was prepared by omitting FBS. Cells were incubated at 37°C and 5% CO2. 

HEK293T cells were authenticated and tested for mycoplasma contamination (IDEXX). 

 

Generation of BioID constructs 

pcDNA3.1 MCS-BirA(R118G)-HA was a gift from Kyle Roux (Addgene Plasmid 

#36047; http://n2t.net/addgene:36047 ; RRID:Addgene_36047). Human GRASP55 was 

cloned from mRNA isolated from HEK293T cells that was reverse transcribed using 

AccuScript High Fidelity Reverse Transcriptase (Agilent) and amplified using PfuUltra II 

Hot Start DNA Polymerase (Agilent) with GRASP55-specific primers (forward: 

agctggatccgccatgggctcctcgcaaagcg; reverse: agctgaattcttaaggtgactcagaagcattg). To 

generate GRASP55WT-BirA*-HA, GRASP55 cDNA was amplified using Phusion High 

Fidelity DNA Polymerase (Thermo) and GRASP55-specific primers to remove the 

GRASP55 stop codon (forward: agctaccggtgccgccatgggctcctcgcaaagcgtcgaga; reverse: 

agctggatccaggtgactcagaagcattggc) and subcloned into pcDNA3.1 MCS-BirA(R118G)-
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HA between AgeI and BamHI restriction sites in-frame with BirA(R118G)-HA. To 

generate GRASP55G2A-BirA*-HA, site-directed mutagenesis using the QuikChange II XL 

kit (Agilent 200521) was performed with GRASP55WT-BirA*-HA as a template and 

primers designed to induce a Glycine (G)-to-Alanine (A) mutation at amino acid residue 

2 (forward: gtgccgccatggcctcctcgcaaag; reverse: ctttgcgaggaggccatggcggcac). To 

generate retroviral expression vectors, the GRASP55WT-BirA*-HA and GRASP55G2A-

BirA*-HA sequences were first amplified using the Phusion High-Fidelity PCR kit 

(Thermo Fisher) with flanking primers (forward: cgcaaatgggcggtaggcgtg; reverse: 

agctctcgagctatgcgtaatccggtacatc). PCR products were then cut at AgeI and XhoI 

restriction sites flanking the constructs, while pBABE GFP-LC3 (Addgene Plasmid 

#22405) was cut at AgeI and SalI restriction sites flanking the GFP-LC3 sequence. 

Subsequently, GRASP55WT-BirA*-HA and GRASP55G2A-BirA*-HA were subcloned into 

pBABE between AgeI and SalI sites, fully replacing GFP-LC3. Constructs were verified 

by sequencing. 

 

Retroviral packaging and transduction 

Retrovirus was generated by transfecting pBABE expression vectors into 

Phoenix-AMPHO retroviral packaging cells (ATCC CRL-3213) using polyethylenimine 

(PEI), collecting virus-containing media 2 days afterwards, and then clearing through a 

0.45 µm filter. To infect cells, viral media was diluted in FGM containing 8 µg/ml 

polybrene and added to sparsely seeded HEK293T cells; the next day, virus-containing 

media was removed and cells were allowed to recover for an additional day before 
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selection with 1 µg/ml puromycin for 2 – 3 days or until uninfected control cells were 

fully killed. 

 

Antibodies and conjugated reagents 

For immunoblotting, the following reagents were used: rabbit anti-HA tag (Cell 

Signaling Technology [CST] 3724, 1:1000), mouse anti-GAPDH (EMD Millipore 

MAB374, 1:10,000), rabbit anti-GORASP2 (Proteintech 10598-1-AP, 1:2000), mouse 

anti-GM130 (BD Biosciences 610823, 1:500), rabbit anti-BLZF1 (GeneTex GTX116434, 

1:1000), rabbit anti-TRIP11 (Proteintech 26456-1-AP, 1:1000), rabbit anti-Sec23A 

(Novus Biologicals NBP2-34842, 1:500), rabbit anti-Sec23B (Sigma-Aldrich 

HPA008216, 1:1000), rabbit anti-Sec24A (Sigma-Aldrich HPA056825, 1:1000), rabbit 

anti-Sec24B (CST 12042, 1:1000), rabbit anti-Sec23IP (Atlas Antibodies HPA043305, 

1:1000), mouse anti-ATP6AP1 (Santa Cruz sc-81886, 1:500), mouse anti-HA tag (CST 

2367, 1:1000), Streptavidin-HRP (Thermo Fisher 21130, 1:20,000), Peroxidase 

AffiniPure Donkey Anti-Rabbit IgG (Jackson ImmunoResearch 711-035-152, 1:5000), 

Peroxidase AffiniPure Donkey Anti-Mouse IgG (Jackson ImmunoResearch 715-035-

150, 1:5000). 

For immunofluorescence and fluorescence microscopy, the following reagents 

were used: rabbit anti-GORASP2 (Proteintech 10598-1-AP, 1:250), rabbit anti-HA tag 

(CST 3724, 1:100), mouse anti-GM130 (BD Biosciences 610823, 1:50), DyLight 

Streptavidin-549 (Vector Laboratories SA-5549, 1:250), Alexa Fluor 488 donkey anti-

mouse (Invitrogen A-21202, 1:1000), Alexa Fluor 647 donkey anti-rabbit (Invitrogen A-

31573, 1:1000).  
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Lysate preparation and immunoblotting 

To prepare whole cell lysates, cells were washed with Dulbecco’s phosphate-

buffered saline (DPBS) (Thermo Fisher 14190144) over ice, harvested in RIPA lysis 

buffer (RIPA buffer [Sigma-Aldrich R0278] supplemented with 1 mM EGTA, 1 mM 

EDTA, 1 mM β-glycerophosphate, 10mM sodium fluoride, 2.5 mM sodium 

pyrophosphate, 1 mM sodium orthovanadate, and 1X protease inhibitor cocktail [Sigma-

Aldrich P8340]), and spun at 14,000 rpm at 4°C in a microcentrifuge to remove the 

pellet. Protein concentration was quantified by BCA assay (Thermo Fisher 23223 and 

23224).  

Samples were prepared for sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) by adding protein sample buffer supplemented with β-

mercaptoethanol to lysates and heating for 5 minutes at 95°C (or as described 

elsewhere). Protein samples were resolved by SDS-PAGE and transferred to 

polyvinylidene difluoride (PVDF) membranes (Bio-Rad 1620177). Following transfer, 

membranes were briefly checked for transfer using Ponceau stain (Sigma-Aldrich 

P7170) when necessary. 

 Membranes were blocked for approximately 0.5 – 1 hour with 5% milk in 

phosphate-buffered saline with 0.1% Tween-20/PBST, incubated with primary antibody 

diluted in 5% milk either overnight at 4°C or 1 hour at room temperature, washed 

extensively with PBST, incubated with secondary antibody diluted in 5% milk either 

overnight at 4°C or 1 hour at room temperature, and then washed again with PBST. 

Alternatively, when using Streptavidin-HRP to probe biotinylated proteins, membranes 

were blocked with 5% bovine serum albumin (BSA) in PBST, incubated with 
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Streptavidin-HRP in 1% BSA, washed extensively with PBST, incubated for 5 minutes 

with blocking buffer (PBST supplemented with 10% FBS and 1% Tween-20), and 

washed again with PBST, modified from previously established protocols.380 

Membranes were visualized by incubating with enhanced chemiluminescence (ECL) 

reagent (Thermo Fisher 32106) and developed on film. When necessary, membranes 

were stripped using harsh stripping buffer with β-mercaptoethanol and re-probed. Band 

densitometry analysis was performed using ImageJ software (Version 1.52).  

 

Immunofluorescence and fluorescence microscopy 

Cells were seeded at 20,000 cells per well onto glass coverslips coated with 10 

µg/ml fibronectin and allowed to attach overnight. Following any experimental 

treatments or incubations, cells were fixed with 4% paraformaldehyde for 15 minutes, 

quenched with 300 mM glycine for 5 minutes, and permeabilized with 0.1% Triton X-100 

for 10 minutes, all at room temperature. DPBS was used as a diluent for 

immunofluorescence and fluorescence reagents. 

To assess BioID construct localization, cells were blocked in 0.2% BSA for 30 

minutes, incubated with primary antibody diluted in 0.2% BSA for 1 hour, washed with 

DPBS, incubated with secondary antibody diluted in 0.2% BSA for 1 hour protected 

from light, and washed again. To assess biotin localization, cells were blocked in 1% 

BSA for 30 minutes, incubated with DyLight Streptavidin-549 diluted in 1% BSA for 1 

hour protected from light, and washed with DPBS. Cells were mounted to slides using 

ProLong Gold Antifade Mountant with DAPI (Thermo Fisher P36935) and allowed to 

cure overnight. Slides were imaged with a DeltaVision microscope system (Applied 
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Precision) outfitted with a 60X NA 1.42 objective (Olympus) and a 100X NA 1.40 

objective (Olympus). Images were acquired, deconvolved, and cropped with softWoRx 

(Applied Precision) and processed and analyzed in ImageJ. 

 

Proximity-dependent biotinylation and affinity purification 

Cells expressing BioID constructs were induced to undergo proximity-dependent 

biotinylation and processed based on established protocols.376,380 In brief, cells were 

incubated with media supplemented with 50 µM biotin (Sigma-Aldrich B4501) for 24 

hours and then processed depending on the type of downstream analysis. In some 

applications, lysates were collected and measured for protein concentration, and 

biotinylated proteins were affinity purified with pre-washed NeutrAvidin beads (Thermo 

Fisher 29204) on a tube rotisserie at 4°C, then washed extensively to remove unbound 

protein. Specific methods for different downstream applications are detailed below. 

To validate expression and activity of BioID constructs by immunoblot analysis, 

HEK293T cells stably expressing BioID constructs or empty vector were seeded to 

equivalent confluency on 10 cm dishes and then incubated for 24 hours with either FGM 

alone or FGM supplemented with 50 µM biotin. Cell lysates were harvested in RIPA 

lysis buffer as described above, and 1 mg each lysate was mixed with 50 µl NeutrAvidin 

bead slurry that had been triply pre-washed with RIPA buffer, and additional RIPA lysis 

buffer was added to equalize volumes. Lysates containing beads were incubated 

overnight at 4°C on a tube rotisserie. The next day, the beads were triply washed with 

RIPA lysis buffer, and captured proteins were eluted by adding 75 µl 3X protein sample 

buffer and heating for 30 minutes at 95°C before SDS-PAGE and immunoblotting. 



 90 

To induce biotinylation for fluorescence microscopy, HEK293T cells stably 

expressing BioID constructs were seeded onto coverslips (as described above) and 

incubated for 24 hours in media with 50 µM biotin before processing for imaging. 

 To induce biotinylation for mass spectrometry analysis, HEK293T cells stably 

expressing BioID constructs were seeded to equivalent confluency on 4 15 cm tissue 

culture dishes each and the next day washed, refed with SFM supplemented with 50 µM 

biotin, and incubated for 24 hours. A previously established protocol for sample 

preparation (https://gingraslab.lunenfeld.ca)398 was modified for this experiment as 

follows. To harvest, cells from each construct were scraped into ice-cold PBS and 

pooled, centrifuged at 4°C for 5 minutes at 230 g, washed with ice-cold PBS, and lysed 

in 2 ml modified RIPA lysis buffer (RIPA buffer supplemented with 1mM EGTA, 1mM 

EDTA, and 1X PIC). Lysates were then sonicated over ice and centrifuged twice at 

14,000 rpm for 30 minutes at 4°C in a microcentrifuge to remove insoluble material. 

Protein concentration was determined and equalized by adding additional modified 

RIPA lysis buffer to the less concentrated sample. Lysates were incubated with 100 µl 

triply pre-washed NeutrAvidin bead slurry and mixed on a tube rotisserie at 4°C 

overnight. The next day, the beads were washed once with modified RIPA lysis buffer, 

twice with TAP lysis buffer (50 mM HEPES-KOH pH 8.0, 100 mM KCl, 10% glycerol, 2 

mM EDTA, and 0.1% NP-40), and three times with 50 mM ammonium bicarbonate pH 

8.0 before further preparation for mass spectrometry. 

 To induce biotinylation for immunoblot validation of selected hits, HEK293T cells 

stably expressing BioID constructs or empty vector were seeded to equivalent 

confluency on 15 cm dishes and the next day either refed with FGM supplemented with 
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50 µM biotin or washed and then fed with SFM supplemented with 50 µM biotin, and 

then incubated for 24 hours. Lysates were harvested in RIPA lysis buffer and quantified 

as described above, and for each intended downstream immunoblot, 0.5 mg lysate was 

incubated with 25 µl pre-washed NeutrAvidin bead slurry overnight, washed extensively 

to remove unbound protein, mixed with 37.5 µl 3X protein sample buffer, and heated at 

95°C for 30 minutes to elute captured protein before SDS-PAGE and immunoblotting. 

 

Mass spectrometry sample preparation 

Half of the beads and affinity purified proteins were resuspended in 50 mM 

ammonium bicarbonate buffer pH 8.0. Disulfide bonds were reduced with 10 mM tris(2-

carboxyethyl)phosphine (Sigma, C4706), and free thiols were alkylated with 40 mM 2-

chloroacetamide (Sigma, 22790) at room temperature for 30 min. Proteins on beads 

were quantified by 280 nm absorbance on a Nanodrop (Thermo). Subsequently, 

approximately 250 μg of bound proteins were trypsinized on-bead with 2.5 μg of mass 

spectrometry grade trypsin (ThermoFisher, 90057) dissolved in 50 mM acetic acid, and 

incubated at room temperature overnight, for at 20 - 24 h, on a rotisserie. After 

digestion, trypsinized peptides were harvested by centrifuging beads at low speed 

(3,000 x g) for 10 min. The supernatant was transferred to a clean Lo-bind centrifuge 

tube (Eppendorf), the beads were then washed with an additional 100-200 μl 0.1% 

Trifluoroacetic acid (TFA), centrifuged again, and the supernatant was combined with 

the initial fraction.  Peptides were acidified to a final concentration of 0.5% trifluoroacetic 

acid (pH < 3) and desalted by SOLA C18 solid phase extraction (SPE) cartridge 

(ThermoFisher, 60109-001), and then dried down in a speed-vac. Dried peptides were 
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stored at -20°C, and resuspended in 2% acetonitrile, 0.1% formic acid in a bath 

sonicator for 5 min to a concentration of 0.2 μg/μL before MS analysis. 

 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis 

For each sample, a total of 1 ug of peptides was injected into a Dionex Ultimate 

3000 NanoRSLC instrument with a 15-cm Acclaim PEPMAP C18 (Thermo, 164534) 

reverse phase column. The samples were separated on a 3.5-hour non-linear gradient 

using a mixture of Buffer A (0.1% FA) and B (80% ACN/0.1% FA). The initial flow rate 

was 0.5 uL/min at 3% B for 15 minutes followed by a drop in flow rate to 0.2 uL/min and 

a non-linear increase (curve 7) to 40% B for the next 195 minutes. The flow rate was 

then increased to 0.5 uL/min while Buffer B was linearly ramped up to 99% for the next 

six minutes. Finally, we maintained the peak flow rate and Buffer B concentration for 

another seven minutes before dropping the concentration back to 3%. Eluted peptides 

were analyzed with a Thermo Q-Exactive Plus mass spectrometer. The MS survey scan 

was performed over a mass range of 350-1500 m/z with a resolution of 70,000. The 

automatic gain control (AGC) was set to 3e6, and the maximum injection time (MIT) was 

100 ms. We performed a data-dependent MS2 acquisition at a resolution of 17,500, 

AGC of 5e4, and MIT of 150 ms. The 15 most intense precursor ions were fragmented 

in the HCD at a normalized collision energy of 27. Dynamic exclusion was set to 20 

seconds to avoid over-sampling of highly abundant species. The raw spectral data files 

are available at the ProteomXchange PRIDE repository (Accession number 

PXD014247). 
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Mass spectrometry data processing 

Raw spectral data was analyzed using MaxQuant (version 1.5.1.2) to identify and 

quantify proteins. Default software settings were used, and data was searched against 

~80,000 human proteins from Uniprot (https://www.uniprot.org). The “proteinGroups” 

output file was processed for downstream analyses in R (version 3.4.0). First, proteins 

annotated as “Reverse,” “Only identified by site,” or “Potential contaminant” were filtered 

out. To remove poorly quantified proteins, quantification was required in at least two 

replicates in one condition. In addition, proteins that had a single observation in one 

condition that was greater than the mean of two or more observations in the other 

condition were omitted. The intensity data derived from label-free quantification by 

MaxQuant was then log2-transformed. Missing values were imputed using a hybrid 

imputation approach, “MLE” setting for values missing at random and “MinProb” for 

those missing not at random (imputeLCMD package). Finally, Welch's two-sample 

unpaired t-test was performed to evaluate the statistical significance of the change in 

biotinylated proteins between WT and G2A groups. 

 

Statistical analysis 

 Unless noted otherwise, statistical analyses were performed using Prism 

software (Version 8) (GraphPad). 

 

Proximal interactome analysis 

 Data generated from GRASP55 BioID was compared to previously identified 

interactors of GRASP55 using BioGRID (version 3.5.184) (https://thebiogrid.org).383 



 94 

Data was also assessed for functional protein interactions using the STRING database 

(version 11.0) (https://string-db.org).384–386 Additionally, data was analyzed for gene 

ontology enrichment using the Gene Ontology Consortium GO Enrichment Analysis tool 

(geneontology.org) (PANTHER Overrepresentation Test release date 20200407, GO 

Ontology database release date 2020-02-21).387–389 The UniProt protein database was 

also used as a reference (https://www.uniprot.org).399 
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CHAPTER 4 

Dissecting the Functions of GRASP55 in Autophagy and at the ER-Golgi Interface  
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BACKGROUND 

  

In seeking to better understand the role of GRASP55 in autophagy, we were 

intrigued by the intersections of both GRASP55 and autophagy with the ER-Golgi 

interface and hypothesized that these relationships might be interrelated. In this series 

of studies, we seek to dissect the role of GRASP55 in autophagy as well as its 

relationship to the ER-Golgi interface. 

 

 

RESULTS 

 

Effect of loss of GRASP55 on autophagy 

 We first sought to determine how loss of GRASP55 impacted autophagy. To this 

end, we generated two GRASP55 stable knockdown lines using short hairpin RNAs 

(shGRASP55 #06, shGRASP55 #63) and validated loss of GRASP55 expression by 

immunoblot (Figure 4.S1, A). Along with a non-targeting control line (shNT), these cells 

were starved in EBSS starvation media for 60 minutes to induce autophagy, with or 

without the addition of late stage autophagy inhibitors, and LC3B puncta were visualized 

by immunofluorescence microscopy and counted (Figure 4.1, A, B). Intriguingly, we 

found that in GRASP55 knockdown cells, the mean number of LC3B puncta normalized 

to the number of nuclei per image was greater than in control cells, and this difference 

was statistically significant. In cells treated with the late stage autophagy inhibitors 
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bafilomycin A1 or chloroquine, the enrichment in knockdowns compared to controls 

persisted. 

Next, we sought to determine whether GRASP55 depletion impacted the size of 

LC3B puncta. The mean normalized LC3B puncta area was modestly increased in both 

knockdown lines relative to control cells in untreated conditions and subtly elevated in 

one knockdown line (shGRASP55 #63) relative to control cells under bafilomycin A1 

treatment conditions (Figure 4.S1, B). However, there was no difference between 

knockdowns and controls under chloroquine treatment conditions. Overall, these 

findings suggest that GRASP55 knockdown had a modest effect on increasing LC3B 

puncta size relative to controls, although this effect was blunted by addition of late 

autophagy inhibitors. 

 Following the observation that loss of GRASP55 enhanced LC3B puncta 

number, we asked whether loss of GRASP55 also impacted lipidation of LC3. To test 

this, we performed an LC3 flux assay in which GRASP55 knockdown cells were starved 

in EBSS media to induce autophagy and treated with bafilomycin A1 or chloroquine or 

left untreated (Figure 4.1, C, D). Band densitometry was performed for both LC3-II and 

GAPDH, normalizing to the shNT control values within treatment groups. In one 

knockdown line, shGRASP55 #06, there was a statistically significant elevation in mean 

LC3-II/GAPDH normalized band quantity relative to a test value of 1 (i.e., shNT control) 

in both untreated and bafilomycin A1-treated conditions. The other line, shGRASP55 

#63, showed modest elevation relative to a test value of 1 in untreated and bafilomycin 

A1-treated conditions, but this was not statistically significant. Interestingly, under 

chloroquine treatment conditions, neither knockdown was significantly different from the 
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test value of 1. Taken together, these findings suggest that loss of GRASP55 modestly 

enhances LC3-II lipidation, but this effect is blunted by chloroquine. 

 To more closely examine whether GRASP55 modulated autophagosome-

lysosome fusion, we performed an mCherry-EGFP-LC3B tandem fluorescent reporter 

assay, in which yellow (mCherry+EGFP+) puncta represent autophagosomes and red 

(mCherry+EGFP-) puncta represent autolysosomes. GRASP55 CRISPR knockout cells 

along with a control cell line (Figure 4.S1, C) were starved with glucose-free media for 4 

hours. Live cells were imaged for both EGFP and mCherry fluorescence (Figure 4.1, 

E). Automated image processing was used to determine the numbers of 

mCherry+EGFP+ and mCherry+EGFP- puncta, which were then normalized to the 

number of nuclei per image (Figure 4.1, F). The mean number of puncta normalized to 

nuclei was greater in GRASP55 knockout cells than in control cells for both 

mCherry+EGFP+ and mCherry+EGFP- puncta as well as total (mCherry+EGFP+ + 

mCherry+EGFP-) puncta, and these differences were statistically significant. 

Interestingly, the percent of total puncta that were mCherry+EGFP+ was moderately 

increased in GRASP55 knockout cells relative to controls, and this difference was also 

statistically significant (Figure 4.1, G). 

Finally, we asked whether the effects on autophagy could be explained by 

increased ER stress in GRASP55-depleted cells. To assess this, we performed 

immunoblot analysis on lysates from GRASP55 knockdown cells and control cells, 

focusing on the ER stress markers ATF6, phospho-IRE1, and phospho-eIF2α (Figure 

4.S1, D). Band densitometry was performed and ratios of ER stress markers were 

calculated and then normalized to the mean shNT value as follows: ATF6/GAPDH, 
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(phospho-IRE1/α-tubulin)/(IRE1α/α-tubulin), and (phospho-eIF2α/α-tubulin)/(eIF2α/α-

tubulin) (Figure 4.S1, E). Neither shGRASP55 #06 nor shGRASP55 #63 showed mean 

values that were significantly different from shNT controls in any of these indicators of 

ER stress, suggesting that ER stress is not a major contributor to phenotypic differences 

in autophagy between GRASP55 knockdown cells and controls. 

 

Effect of loss of GRASP55 on secretory pathway marker colocalization 

 We were interested in better understanding the relationship between GRASP55 

and the ER-Golgi interface during autophagy-activating conditions such as starvation. 

To this end, we first examined HEK293T cells either starved in EBSS or kept in FGM by 

immunofluorescence microscopy, co-staining for the ERES marker Sec16A, cis-Golgi 

protein GM130, and GRASP55 (Figure 4.2, A). For each cell imaged, the total area 

covered by each structure was measured, and then the areas of overlap between 

Sec16A and GM130 and between Sec16A and GRASP55 were determined. Areas of 

colocalization were divided by total areas of the various structures and reported as a 

percentage, as detailed in Figure 4.2, B. Remarkably, we noticed that the mean percent 

of colocalized area/total area was increased by EBSS for both G55+Sec16A+/G55+ and 

GM130+Sec16A+/GM130+; in other words, starvation was associated with an increase in 

coverage of both GRASP55 and GM130 by Sec16A particles. The converse overlaps, 

G55+Sec16A+/Sec16A+ and GM130+Sec16A+/Sec16A+, were more modestly elevated 

by EBSS, and these differences were not statistically significant. We also sought to test 

whether starvation increased colocalization of other ER-Golgi interface proteins by 

staining cells starved over a time course up to 6 hours for Sec24B and GM130 (Figure 
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4.2, C). Similar to the findings with Sec16A, the mean percent of colocalized area/total 

area of GM130+Sec24B+/GM130+ was increased at both 2 hour and 6 hour EBSS 

starvation time points relative to FGM, while the starvation values for 

GM130+Sec24B+/Sec24B+ were not significantly changed relative to the FGM control 

(Figure 4.2, D). Taken together, these findings suggest that starvation triggers 

increased coalescence of early secretory network proteins. 

 We were interested to know whether loss of GRASP55 had an impact on 

secretory network coalescence. To test this, we co-stained GRASP55 knockdown cells 

along with shNT controls for Sec16A and GM130 (Figure 4.3, A, C). Under both full 

growth media and starvation conditions, relative to shNT controls, both knockdown lines 

had increased mean percent colocalized area/total area of GM130+Sec16A+/GM130+, 

suggesting that loss of GRASP55 was associated with an increase of coverage of 

GM130 by Sec16A particles (Figure 4.3, B, D). The converse overlap, 

GM130+Sec16A+/Sec16A+, was elevated relative to shNT controls in both knockdown 

lines under FGM conditions but only one line (shGRASP55 #63) under EBSS 

conditions. Finally, we also sought to determine whether loss of GRASP55 impacted 

colocalization of Sec24B with GM130 (Figure 4.3, E). We found that under FGM 

conditions, relative to shNT controls, there was increased mean percent colocalized 

area/total area in both knockdown lines of GM130+Sec24B+/GM130+ and to a lesser 

extent GM130+Sec24B+/Sec24B+ (Figure 4.3, F). Taken together, these findings 

suggest that loss of GRASP55 enhances coalescence of early secretory network 

proteins. 
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Effect of amino acid starvation on GRASP55 dimerization 

 We were interested in understanding how the loss of GRASP55 enhanced LC3B 

puncta formation during EBSS starvation and phenocopied starvation-induced 

coalescence of secretory components. To this end, we first hypothesized that 

GRASP55 might be selectively degraded during starvation. To test this model, we 

performed a degradation assay in which HEK293T cells were treated with 

cycloheximide to inhibit new protein synthesis and incubated in either full growth media 

or EBSS starvation media over a time course of up to 8 hours (Figure 4.4, A). Lysates 

were analyzed by immunoblotting for the presence of GRASP55 as well as the cis-Golgi 

protein GM130, to distinguish between selective GRASP55 degradation and bulk Golgi 

degradation. Band densitometry was performed, normalizing within each replicate to the 

untreated 0 hour control (Figure 4.4, B). Remarkably, there was no decrease in mean 

GRASP55/GAPDH normalized band quantity under starvation conditions over this time 

period, suggesting that GRASP55 was not being appreciably degraded during 

starvation. In parallel, there was also no overt decrease in GM130/GAPDH normalized 

band quantity during the time course. These findings raised the question of whether 

other modifications of GRASP55 might occur during starvation.   

 It was recently shown that dimerization of GRASP55 was modulated during ER 

stress-induced unconventional trafficking of dF508 CFTR to the plasma membrane.21 

Thus, we were interested in determining whether GRASP55 dimerization status was 

affected by starvation. To test this, HEK293Ts were starved over a time course of up to 

6 hours and then treated with the crosslinking reagent ethylene glycol-bis(succinic acid 

N-hydroxysuccinimide ester) (EGS). Lysates were resolved by SDS-PAGE and 
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immunoblotted for GRASP55 (Figure 4.4, C). The predominant GRASP55 bands 

occurred near the 51 kDa protein ladder marker, consistent with the 55 kDa molecular 

weight of the GRASP55 monomer. However, there were also bands near the 97 kDa 

protein ladder marker, suggestive of dimerized GRASP55, and this banding pattern was 

consistent with previous reports for dimerized GRASP55 and GRASP65.3,21 In control 

cells that were not treated with EGS, these high molecular weight bands were not 

detectable, suggesting that EGS crosslinking stabilizes protein-protein interactions 

represented by these bands. Moreover, these high molecular weight bands were 

virtually absent from lysates of GRASP55 knockdown cells (Figure 4.4, E), confirming 

that these bands represent GRASP55 protein rather than non-specific binding of 

GRASP55 antibody to the immunoblots. Band densitometry was performed, and the 

GRASP55 high molecular weight band quantities relative to GAPDH were calculated 

and normalized to the FGM control within each replicate (Figure 4.4, D). Importantly, 

we found that the presence of these high molecular weight GRASP55 bands was 

enhanced in a time-dependent manner during EBSS starvation, and the mean high 

molecular weight GRASP55/GAPDH normalized band quantity was statistically 

significant when compared to a test value of 1 (i.e., FGM control) at 1 hour, 2 hours, and 

6 hours of starvation. Taken together, these findings suggest that endogenous 

GRASP55 dimerizes and that this interaction is enhanced or stabilized during 

starvation; however, the possibility that these EGS-stabilized high molecular weight 

bands might represent GRASP55 interacting with another protein remained.  

To test whether GRASP55 could interact with itself in a starvation-dependent 

manner, we performed a co-immunoprecipitation assay in which HEK293Ts were co-
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transfected to express exogenous GRASP55-HA and GRASP55-MYC. Following 

incubation in EBSS to induce starvation or FGM as a control, lysates were 

immunopurified for the HA tag, resolved by SDS-PAGE, and assessed by 

immunoblotting for the presence of the MYC tag near the 51 kDa protein ladder marker 

(Figure 4.4, F). Band densitometry was performed, and the quantity of MYC-tagged 

protein present in anti-HA immunoprecipitates was measured and normalized to the 

FGM control within each replicate (Figure 4.4, G). Importantly, the amount of MYC-

tagged protein present in anti-HA immunoprecipitates was consistently greater during 

EBSS starvation compared to FGM, and the mean normalized band quantity of co-

immunoprecipitated MYC-tagged protein during EBSS starvation was statistically 

significant when compared to a test value of 1 (i.e., FGM control). Because the MYC tag 

represents GRASP55-MYC and the HA tag represents GRASP55-HA, these results 

suggest that GRASP55-MYC and GRASP55-HA were physically interacting, and this 

was enhanced by EBSS starvation. Along with our observations of endogenous 

GRASP55 in EGS-treated cells, these findings support a model in which GRASP55 

dimerization is enhanced or stabilized in a starvation-dependent manner. 

 

Effect of GRASP55 dimer mutants on proximity-dependent biotinylation of ER-

Golgi interface proteins 

 We were interested in determining whether modulation of GRASP55 dimerization 

phenocopied loss of GRASP55. To this end, we sought to test the effects of two mutant 

forms of GRASP55 in which key residues involved in the homotypic PDZ2-PDZ2 

interaction between individual GRASP55 units were substituted: D148N, which is dimer-
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enhancing, and F150A, which is dimer-inhibiting.3 In our studies, we attempted to carry 

out experiments assessing the impact of the GRASP55 D148N and F150A mutants on 

GRASP55 dimerization and LC3 puncta formation; however, we faced technical 

challenges and logistical constraints and were unable to complete these specific 

experiments at the time of writing this thesis. 

 Meanwhile, we had identified a GRASP55 proximal interactome using proximity-

dependent biotinylation (BioID)376 (described in detail in Chapter 3). These studies 

revealed a list of proteins that were preferentially biotinylated by a promiscuous biotin 

ligase BirA* when fused to wild-type GRASP55 over a mislocalized GRASP55 mutant. 

Gene ontology analysis of this list revealed significant enrichment of cellular 

compartment and biological process terms related to the ER-Golgi interface, suggesting 

that GRASP55 has important functions within this compartment. In particular, we were 

interested in the potential relationships between GRASP55 and a subset of proteins 

including the inner COPII coat proteins Sec23A, Sec23B, Sec24A, and Sec24B as well 

as the related protein Sec23IP and the most highly enriched hit, TRIP11. In light of our 

findings that GRASP55 dimerization was enhanced during starvation, we sought to 

determine whether modulation of GRASP55 dimerization status impacted proximity-

dependent biotinylation of this subset of hits by introducing the D148N and F150A 

mutations into the GRASP55-BirA*-HA BioID construct. Interestingly, both D148N and 

F150A mutations had varying impacts on GRASP55 proximity-dependent biotinylation, 

with the effects of F150A being more robust and reliable (Figure 4.5). To assess the 

relative biotinylation ability of the mutant GRASP55 BioID constructs compared to the 

wild-type GRASP55 BioID construct, the presence of target proteins in immunoblots of 
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affinity purified samples was quantified by band densitometry, and the fold change from 

wild-type associated with each of the mutants was calculated. The mean value was then 

compared to a test value of 1 (i.e., no fold change from wild-type) to determine 

statistical significance. Specifically, the F150A mutation was associated with a reduced 

mean fold change relative to wild-type that was statistically significant when compared 

to a test value of 1 in the following conditions: Sec23IP FGM, Sec24A FGM and SFM, 

Sec23A FGM, Sec24B FGM and SFM, and Sec23B SFM. In contrast, the D148N 

mutation led to a reduced mean fold change relative to wild-type that was statistically 

significant when compared to a test value of 1 in the following conditions: Sec23IP FGM 

and Sec24A FGM. Neither mutation was associated with a statistically significant fold 

change relative to wild-type in TRIP11 biotinylation. Taken together, these findings 

indicate that for a subset of COPII proteins including Sec23IP, Sec24A, Sec23A, 

Sec24B, and Sec23B, modulating the dimerization status of GRASP55 impacts 

proximity-dependent biotinylation. 
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Figure 4.1 
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Figure 4.1. Effect of loss of GRASP55 on autophagy 

 

A. Effect of loss of GRASP55 on LC3B puncta formation during starvation. HEK293Ts 

stably expressing GRASP55 shRNA (shG55 #06 and shG55 #63) or a non-targeting 

(shNT) control were incubated for 60 minutes in EBSS starvation media and 

supplemented with 100 nM bafilomycin A1 (BafA1) or 100 µM chloroquine (CQ) or left 

untreated (UT). Cells were processed for immunofluorescence (IF) microscopy and 

stained for LC3B. Representative images are shown. Scale bar represents 10 µm. 

 

B. Quantification of LC3B puncta in GRASP55 knockdown cells. For each image taken, 

the number of LC3B puncta was normalized to the number of DAPI-stained nuclei. The 

mean value and 95% confidence interval for each group is indicated. A Welch’s ANOVA 

followed by Games-Howell’s multiple comparisons test was performed within each 

treatment group, comparing each knockdown to the shNT control, and multiplicity 

adjusted p-values are shown. n = 90 images per group pooled from 3 replicates.  

 

C. Effect of loss of GRASP55 on LC3-II formation during starvation. HEK293Ts stably 

expressing GRASP55 shRNA or shNT control were incubated for 60 minutes in EBSS 

starvation media and supplemented with 100 nM BafA1 or 100 µM CQ or left untreated. 

Lysates were resolved by SDS-PAGE followed by immunoblot analysis. A 

representative immunoblot is shown. 

 

D. Quantification of LC3-II immunoblots. Band densitometry was performed and LC3-

II/GAPDH ratios were calculated, normalizing to shNT controls within each treatment 

group. Mean values are indicated, and error bars represent standard deviation. A one 

sample two-tailed t test was performed within each treatment group, comparing each 

knockdown to a test value of 1 (i.e., shNT), and p-values are shown. n = 4.  

 

E. Effect of loss of GRASP55 on mCherry-EGFP-LC3B fluorescence. GRASP55 

CRISPR knockout cells (G55 KO) and control cells stably expressing mCherry-EGFP-

LC3B were starved in glucose-free media for 4 hours, and live cells were imaged. 

Representative images are shown. Scale bar represents 10 µm. 

 

F. Quantification of mCherry-EGFP-LC3B fluoresence in GRASP55 knockout cells. For 

each image taken, the numbers of yellow (mCherry+EGFP+), red (mCherry+EGFP-), and 

total (mCherry+EGFP+ + mCherry+EGFP-) puncta were determined, normalizing to the 

number of nuclei. Columns represent mean values, and error bars represent 95% 

confidence intervals. A two-tailed unpaired Welch’s t test was performed for each color 

puncta as well as total puncta, and p-values are shown. n = 77 images per cell line 

pooled from 3 replicates.  

 

G. Comparison of percent yellow puncta in GRASP55 knockout versus control cells. For 

each image, the number of puncta that were yellow (mCherry+EGFP+) was divided by 

the total number of puncta (mCherry+EGFP+ + mCherry+EGFP-) and reported as a 

percentage. Columns represent mean values, and error bars represent 95% confidence 
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intervals. A two-tailed unpaired Welch’s t test was performed and the p-value is shown. 

n = 77 images per cell line pooled from 3 replicates. 
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Figure 4.S1 
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Figure 4.S1. Supplemental data to Figure 4.1 
 

A. Immunoblot of GRASP55 knockdown cells. HEK293Ts were infected with lentivirus 

containing shRNA expression vectors targeted against GRASP55 and selected with 

puromycin for stable incorporation. Efficient knockdown was achieved by two different 

hairpins, shGRASP55 #06 (shG55 #06) and shGRASP55 #63 (shG55 #63), relative to a 

non-targeting (shNT) control. 

 

B. Comparison of average LC3B puncta size in GRASP55 knockdown cells during 

starvation. HEK293Ts stably expressing GRASP55 shRNA or shNT control were 

incubated for 60 minutes in EBSS starvation media and supplemented with 100 nM 

bafilomycin A1 (BafA1) or 100 µM chloroquine (CQ) or left untreated (UT). LC3B puncta 

areas were measured and averaged, normalizing to the average UT shNT value. 

Columns represent mean values, and error bars represent 95% confidence intervals. A 

Welch’s ANOVA followed by Games-Howell’s multiple comparisons test was performed 

within each treatment group, comparing each knockdown to the shNT control, and 

multiplicity adjusted p-values are shown. n varied from 557 to 2397 puncta per group 

pooled from 3 replicates. 

 

C. Immunoblot of GRASP55 CRISPR-Cas9 knockout cells. Control cells (Ctrl) 

generated using a scramble sgRNA and knockout cells (KO) generated using a 

GRASP55-targeting sgRNA are shown. 

 

D. ER stress markers in GRASP55 knockdown cells. Lysates from HEK293Ts stably 

expressing GRASP55 shRNA or shNT control were resolved by SDS-PAGE and 

assesed by immunoblot analysis for expression of ER stress markers. Lysates from 

shNT cells treated for 5 hours with 10 µg/ml brefeldin A (BFA), 1 µM thapsigargin (TG), 

or 5 µg/ml tunicamycin were used as positive controls for ER stress induction. A 

representative immunoblot is shown. 

 

E. Quantification of ER stress immunoblots. Band densitometry was performed and 

ratios were calculated as indicated, normalizing to mean control values. Mean values 

are indicated, and error bars represent 95% confidence intervals. A one-way ANOVA 

followed by Dunnett’s multiple comparisons test was performed, comparing each 

knockdown to the shNT control, and multiplicity adjusted p-values are shown. n = 3. 
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Figure 4.2 
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Figure 4.2. Effect of starvation on GM130, GRASP55, and ERES marker 
colocalization 
 
A. Effect of amino acid starvation on colocalization of GRASP55 and GM130 with 

Sec16A. HEK293Ts were incubated for 1.5 hours in EBSS starvation media or kept in 

full growth media (FGM). Cells were then processed for immunofluorescence (IF) 

microscopy and stained for GRASP55, GM130 and Sec16A. Representative images are 

shown. Scale bar represents 10 µm. 

 

B. Quantification of GRASP55 (G55) and GM130 overlap with Sec16A. Images were 

processed by ImageJ and the area covered by each structure as well as the area of 

overlap between two structures were measured. The ratio of colocalized area over total 

area was calculated and reported as a percent. Mean values are indicated, and error 

bars represent 95% confidence intervals. An unpaired two-tailed t test was performed, 

comparing FGM to EBSS for each overlapping structure group, and p-values are 

shown. n = 74 FGM cells and 76 EBSS cells, pooled from two experiments. 

 

C. Effect of amino acid starvation on colocalization of GM130 with Sec24B. HEK293Ts 

were incubated for 2 hours or 6 hours in EBSS starvation media or kept in FGM. Cells 

were then processed for IF microscopy and stained for GM130 and Sec24B. 

Representative images are shown. Scale bar represents 10 µm. 

 

D. Quantification of GM130 overlap with Sec24B. Images were processed by ImageJ 

and the area covered by each structure as well as the area of overlap between two 

structures were measured. The ratio of colocalized area over total area was calculated 

and reported as a percent. Mean values are indicated, and error bars represent 95% 

confidence intervals. A one-way ANOVA followed by Dunnett’s multiple comparisons 

test was performed for each overlapping structure group, comparing each starvation 

condition to the FGM control, and multiplicity adjusted p-values are shown. n = 149 

FGM cells, 150 EBSS 2h cells, and 150 EBSS 6h cells, pooled from 3 replicates. 
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Figure 4.3 

 
 

DAPI Sec24B GM130 GM130
Sec24B

DAPI

sh
N

T
sh

G
55

 #
06

sh
G

55
 #

63
A. B.

C. D.

E. F.

sh
N

T

DAPI Sec16A GM130

DAPI
Sec16A
GM130

sh
G

55
 #

06
sh

G
55

 #
63

FG
M

sh
N

T

DAPI Sec16A GM130

DAPI
Sec16A
GM130

sh
G

55
 #

06
sh

G
55

 #
63

EB
SS

 1
.5

h

GM13
0+

Sec
16

A
+ /G

M13
0+

GM13
0+

Sec
16

A
+ /Sec

16
A
+

0

20

40

60

80

100

Colocalization of structures

C
ol

oc
al

iz
ed

/to
ta

l a
re

a 
(p

er
ce

nt
)

FGM

shNT
shG55 #06
shG55 #63

<0
.00

01

0.0
00

4

0.0
05

4

<0
.00

01

GM13
0+

Sec
16

A
+ /G

M13
0+

GM13
0+

Sec
16

A
+ /Sec

16
A
+

0

20

40

60

80

100

Colocalization of structures

C
ol

oc
al

iz
ed

/to
ta

l a
re

a 
(p

er
ce

nt
)

EBSS 1.5h

shNT
shG55 #06
shG55 #63

<0
.00

01

<0
.00

01

0.9
02

6

0.0
01

4

GM13
0+

Sec
24

B
+ /G

M13
0+

GM13
0+

Sec
24

B
+ /Sec

24
B
+

0

20

40

60

80

100

Colocalization of structures

C
ol

oc
al

iz
ed

/to
ta

l a
re

a 
(p

er
ce

nt
)

shNT

shG55 #06

shG55 #63

<0
.00

01

<0
.00

01

<0
.00

01

0.0
04

1



 115 

Figure 4.3. Effect of loss of GRASP55 on GM130 and ERES marker colocalization 
 

A, C. Effect of loss of GRASP55 on colocalization of GM130 with Sec16A. HEK293Ts 

stably expressing GRASP55 shRNA (shG55 #06 and shG55 #63) or a non-targeting 

(shNT) control were incubated in either full growth media (FGM) (A) or EBSS starvation 

media for 1.5 hours (C). Cells were then processed for immunofluorescence (IF) 

microscopy and stained for GM130 and Sec16A. Representative images are shown. 

Scale bar represents 10 µm. 

 

B, D. Quantification of GM130 overlap with Sec16A in GRASP55 knockdown cells. 

Images were processed by ImageJ and the area covered by each structure as well as 

the area of overlap between two structures were measured. The ratio of colocalized 

area over total area was calculated and reported as a percent. Mean values are 

indicated, and error bars represent 95% confidence intervals. A one-way ANOVA 

followed by Dunnett’s multiple comparisons test was performed for each overlapping 

structure group, comparing each knockdown to the shNT control, and multiplicity 

adjusted p-values are shown. For FGM experiments (B), n = 40 cells for shNT, 39 cells 

for shG55 #06, and 40 cells for shG55 #63. For EBSS experiments (D), n = 38 cells for 

shNT, 40 cells for shG55 #06, and 40 cells for shG55 #63. Cells were pooled from two 

experiments. 

 

E. Effect of loss of GRASP55 on colocalization of GM130 with Sec24B. HEK293Ts 

stably expressing GRASP55 shRNA or shNT control were processed for IF microscopy 

and stained for GM130 and Sec24B. Representative images are shown. Scale bar 

represents 10 µm. 

 

F. Quantification of GM130 overlap with Sec24B in GRASP55 knockdown cells. Images 

were processed by ImageJ and the area covered by each structure as well as the area 

of overlap between two structures were measured. The ratio of colocalized area over 

total area was calculated and reported as a percent. Mean values are indicated, and 

error bars represent 95% confidence intervals. A Welch’s ANOVA followed by Games-

Howell’s multiple comparisons test was performed for each overlapping structure group, 

comparing each knockdown to the shNT control, and multiplicity adjusted p-values are 

shown. n = 150 cells pooled from 3 replicates. 
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Figure 4.4 
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Figure 4.4. Effect of amino acid starvation on GRASP55 dimerization 
 
A. GRASP55 expression during amino acid starvation. HEK293Ts were incubated in 

either full-growth media (FGM) or EBSS starvation media supplemented with 50 µg/ml 

cycloheximide (CHX) for a time course up to 8 hours. Lysates were resolved by SDS-

PAGE and immunoblot analysis was performed to assess expression of GRASP55, 

GM130, and GAPDH. A representative immunoblot is shown. 

 

B. Quantification of GRASP55 expression during starvation. Band densitometry was 

performed and the band quantities of GRASP55 and GM130 relative to GAPDH were 

calculated, normalizing to the untreated 0 hour control within each replicate. Mean 

values are shown, and error bars represent 95% confidence intervals. n = 3 

bioreplicates. 

 

C. Effect of amino acid starvation on GRASP55 dimerization. HEK293Ts were cultured 

in FGM or starved with EBSS starvation media for up to 6 hours and then crosslinked 

with ethylene glycol-bis(succinic acid N-hydroxysuccinimide ester) (EGS) (+). Lysates 

were resolved by SDS-PAGE and analyzed by immunoblotting to assess GRASP55 

expression. A representative immunoblot including controls lacking EGS treatment (–) is 

shown. 

 

D. Quantification of GRASP55 high molecular weight immunoblots. Band densitometry 

was performed to quantify the high molecular weight (HMW) GRASP55 bands relative 

to GAPDH, normalizing to the FGM control within each replicate. Mean values are 

indicated, and error bars represent 95% confidence intervals. A one sample two-tailed t 

test was performed for each starvation timepoint with a test value of 1 (i.e., FGM 

control), and p-values are shown. n = 3 replicates. 

 

E. GRASP55 dimerization was decreased in GRASP55 knockdown cells. HEK293Ts 

stably expressing GRASP55 shRNA (shG55 #06 and shG55 #63) or a non-targeting 

(shNT) control were incubated in either FGM or EBSS starvation media for 3 hours and 

then crosslinked using EGS. Lysates were resolved by SDS-PAGE and immunoblot 

analysis was performed to assess expression of GRASP55 and GAPDH. A 

representative immunoblot is shown. 

 

F. Co-immunoprecipitation of GRASP55-MYC with GRASP55-HA. HEK293Ts were co-

transfected with expression vectors for GRASP55-HA and GRASP55-MYC and 

incubated in either FGM (–) or EBSS starvation media for 6 hours (+). Lysates were 

immunopurified with anti-HA magnetic beads and eluted to release captured proteins. 

Immunoprecipitates (IP) and whole cell lysates (WCL) were resolved by SDS-PAGE, 

and immunoblot analysis was performed to assess the presence of GRASP55-HA, 

GRASP55-MYC, and GAPDH. A representative immunoblot including single construct 

and empty vector (EV) controls is shown. 

 

G. Quantification of GRASP55-MYC co-IP immunoblots. Band densitometry was 

performed to quantify the relative amount of MYC-tagged protein present in anti-HA 
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immunoprecipitates under EBSS conditions, normalizing to FGM controls. The mean 

value is shown along with the 95% confidence interval. A one sample two-tailed t test 

was performed with a test value of 1 (i.e., FGM control), and the p-value is shown. n = 3 

replicates. 
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Figure 4.5
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Figure 4.5. Effect of GRASP55 dimer mutants on proximity-dependent 
biotinylation of ER-Golgi interface proteins 
 
BioID constructs containing wild-type GRASP55 (G55WT-BirA*-HA, WT), mutant 

GRASP55 (G55D148N-BirA*-HA, D148N and G55F150A-BirA*-HA, F150A), or an empty 

vector (EV) control were transfected into HEK293Ts. Proximity biotinylation was 

induced by incubation with 50 µM biotin in either full growth media (FGM) or serum-free 

media (SFM) for 24 hours. Lysates were affinity purified (AP) using NeutrAvidin beads 

and resolved by SDS-PAGE alongside whole cell lysates (WCL). Immunoblot analysis 

was performed to assess biotinylation of A. TRIP11, B. Sec23IP, C. Sec24A, D. 

Sec23A, E. Sec24B, or F. Sec23B along with GAPDH and HA tag. Band densitometry 

was performed, and the fold change in biotinylation of target proteins in D148N and 

F150A BioID cells compared to WT BioID cells was determined. Means are indicated 

and error bars represent standard deviation. A one sample two-tailed t-test was 

calculated within each target protein-media combination, comparing the fold change 

from WT of D148N and F150A samples to a test value of 1 (indicating no difference 

from WT). p-values are shown. n = 3 replicates. 
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DISCUSSION 

 

Dual roles for GRASP55 in autophagy 

 In this study we sought to better understand the activity of GRASP55 in 

autophagy and at the ER-Golgi interface. To this end, we found that loss of GRASP55 

was associated with increased LC3B puncta formation relative to control cells, and this 

difference persisted in the presence of the late autophagy inhibitors bafilomycin A1 and 

chloroquine. Moreover, in a tandem reporter assay, relative to control cells, cells lacking 

GRASP55 had increased numbers of both mCherry+EGFP+ LC3B puncta representing 

autophagosomes and mCherry+EGFP- LC3B puncta representing autolysosomes, as 

well as of total puncta. Interestingly, the percent of total puncta per image that were 

yellow (mCherry+EGFP+) was moderately elevated in GRASP55 knockout cells relative 

to controls. To a lesser extent, loss of GRASP55 was also associated with an increase 

in expression of LC3-II by immunoblot, which persisted with the addition of bafilomycin 

A1 but not chloroquine. Furthermore, GRASP55 knockdown cells had slightly larger 

puncta than control cells, although this difference was blunted upon addition of late 

stage autophagy inhibitors. Meanwhile, there was no overt increase in ER stress in 

GRASP55 knockdown cells, suggesting that increased ER stress was not a major driver 

of these changes in autophagy. This finding was consistent with a previous report which 

found that loss of GRASP55 did not induce ER stress.33 

 There are several models that could explain these findings. The first is that loss 

of GRASP55 enhances an early stage of autophagy, indicating that GRASP55 plays an 

inhibitory role on autophagy. Our findings of LC3B puncta formation in GRASP55 
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knockdown cells support this. While elevated puncta numbers alone could indicate 

either increased activation at early stages of autophagy (e.g. initiation or early 

elongation) or accumulation of puncta due to inhibition at a later stage of autophagy 

(e.g. autophagosome-to-lysosome fusion or lysosomal degradation), the expected result 

in the case of the latter explanation would be that addition of bafilomycin A1 or 

chloroquine would blunt differences between controls and experimental groups.400 

Instead, we observed that the enhancement of LC3B puncta in GRASP55 knockdowns 

relative to controls persisted upon addition of both bafilomycin A1 and chloroquine, 

suggesting that autophagy was being activated in these cells rather than being inhibited 

at a later stage. Our findings from the mCherry-EGFP-LC3B tandem reporter assay also 

support this model. Here, the relative amounts of yellow puncta suggestive of 

autophagosomes and red puncta suggestive of autolysosomes between experimental 

and control groups point to the stage at which autophagy is manipulated: activation of 

autophagy would be expected to increase the numbers of both yellow and red puncta, 

while inhibition of a later stage of autophagy (e.g. fusion) would be expected to increase 

the number of yellow puncta but decrease the number of red puncta.400 In our hands, 

GRASP55 knockout cells had greater numbers of both yellow (mCherry+EGFP+) LC3B 

puncta and red (mCherry+EGFP-) LC3B puncta, as well as of total puncta, consistent 

with an increase in autophagy induction. Our findings of LC3-II expression by 

immunoblot partially support this model as well – in one knockdown line relative to 

controls, LC3-II was significantly enhanced, and this persisted in the presence of 

bafilomycin A1, consistent with activation of autophagy at an early stage rather than 

inhibition at a later stage. Taken together, these findings suggest that loss of GRASP55 
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enhances autophagy at an early stage, consistent with a model in which GRASP55 

plays an inhibitory role in autophagy. 

 However, there were some findings from our data that could be better explained 

by a second model in which GRASP55 mediates a later stage of autophagy such as 

autophagosome-to-lysosome fusion or lysosomal degradation. For example, in our 

analysis of LC3-II expression by immunoblot, the effect of knockdown by the 

shGRASP55 #06 hairpin on enhancing LC3-II relative to shNT cells was blunted by the 

addition of chloroquine, which supports the explanation that loss of GRASP55 was 

causing buildup of LC3-II due to reduced autolysosomal degradation. Additionally, in the 

tandem reporter experiment, the average percent of total puncta that were yellow was 

moderately elevated in GRASP55 knockout cells relative to control cells, consistent with 

impairment of a downstream step in autophagy. Together, these specific findings are 

more consistent with this second model in which GRASP55 is required for efficient 

autolysosomal clearance.  

 A third possibility is that GRASP55 has multiple effects on autophagy, including 

both negative regulation in early autophagy and positive regulation in late autophagy. 

Following this model, in our experiments, we propose that loss of GRASP55 resulted in 

increased autophagy activation due to relief of inhibition, as measured by increased 

LC3B puncta, enhanced LC3-II expression, and increased numbers of yellow, red, and 

total puncta in a tandem reporter assay. At the same time, loss of GRASP55 also 

impaired late autophagy, resulting in an increased percentage of yellow puncta in 

GRASP55 knockout cells expressing the tandem LC3B reporter as well as blunting of 

GRASP55 knockdown-enhanced LC3-II expression upon chloroquine treatment. 
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Interestingly, a recent study concluded that GRASP55 directly mediates 

autophagosome-to-lysosome fusion, despite also finding an enhancement of LC3 

puncta formation in GRASP55 knockdown cells relative to controls that persisted upon 

chloroquine treatment.190 Moreover, starvation has been reported to increase both 

colocalization and co-immunoprecipitation of GRASP55 and LC3.189,190 Based on these 

findings, it is tempting to speculate that starvation-related intracellular changes could 

regulate the switch between the autophagy-inhibiting and autophagy-promoting 

functions of GRASP55. 

Our studies had several caveats – first, although we were able to validate our 

LC3B puncta findings in two knockdown lines, only one of the hairpins (shGRASP55 

#06) resulted in statistically significant differences in the LC3-II immunoblot study. This 

could be explained by the observation that the other hairpin (shGRASP55 #63), which 

did not result in statistically significant differences, had a less efficient knockdown. It is 

possible then that the phenotypic effects of this hairpin were weaker, and the sample 

size used in this study was not sufficient to probe this effect size. Second, while the LC3 

puncta and LC3-II immunoblot assays were performed with EBSS starvation, the 

mCherry-EGFP-LC3B tandem reporter assay was performed with glucose-free media 

starvation; it is possible that the effects we observed in these assays may be context-

dependent, and thus a future direction will be to repeat these experiments under 

consistent starvation conditions and in different cell types. Third, the question of why 

different effect sizes were seen between bafilomycin A1 and chloroquine treatment 

remains. These two commonly used late stage autophagy inhibitors are understood to 
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act by different mechanisms,401–403 which may explain the differences observed in our 

studies. 

Another caveat is that while our studies indicate a role for GRASP55 at an early 

stage of autophagy, they do not distinguish between initiation versus early elongation. It 

is possible that GRASP55 regulates autophagy elongation or expansion of the 

phagophore membrane, given the observation that LC3B puncta size was modestly 

increased in GRASP55 knockdown cells relative to controls. To better resolve the 

difference between the initiation and elongation stages of autophagy, additional follow 

up studies testing puncta formation of markers more specific to autophagy initiation, 

such as DFCP1 and ATG14,228 are warranted. Furthermore, although our data also 

support a role for GRASP55 at a late stage of autophagy, they do not necessarily 

distinguish between autophagosome-to-lysosome fusion versus lysosomal degradation 

capacity. Although our data are consistent with a previously described role for 

GRASP55 in autophagosome-to-lysosome fusion,189,190 it is also possible that these 

effects may be due to reduced lysosomal degradation capacity, potentially due to 

impaired trafficking of lysosomal proteins. An important limitation of the tandem reporter 

assay is the possibility that the EGFP signal may persist within lysosomes with impaired 

acidification,403 and therefore the increased number of yellow puncta that we observed 

in GRASP55 knockout cells could also reflect impaired lysosomal degradation in these 

cells. To better resolve this question, targeted studies of lysosomal degradation cargo 

such as p62 or of lysosomal markers in GRASP55-depleted cells are warranted. 
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Coalescence of early secretory components 

We also found that loss of GRASP55 was associated with an increase in 

coalescence of early secretory markers, which phenocopied the effect of starvation. In 

our studies, cells cultured in starvation media had increased colocalization of both 

GRASP55 and GM130 with the ERES marker Sec16A and of GM130 with the COPII 

protein Sec24B, relative to cells kept in full growth media. Similarly, GRASP55 

knockdown cells had increased colocalization of GM130 with Sec16A under both full 

growth media and starvation conditions. GRASP55 depletion was also associated with 

increased colocalization of GM130 with Sec24B under full growth media conditions. 

Interestingly, the predominant effect across these experiments was on increased 

overlap of GM130 or GRASP55 by ERES markers (e.g. GM130+Sec16A+/GM130+), 

while the effect on the converse overlap of ERES markers by GM130 or GRASP55 (e.g. 

GM130+Sec16A+/Sec16A+) was more modest and not statistically significant in several 

cases. Taken together, these findings suggest that there is increased juxtaposition of 

early secretory components that occurs during starvation, and this is phenocopied by 

GRASP55 depletion, pointing toward an inhibitory role for GRASP55 in this process. 

However, our study had several caveats. First, while we examined the overlap 

between ERES markers and GM130 or GRASP55, we did not directly examine the 

ERGIC, which serves both physically and biologically as an intermediate between the 

ER and the Golgi. Therefore, the interpretation that there appears to be increased 

coalescence of ERES markers at the Golgi region is confounded by the possibility that 

this could also represent either increased coalescence of ERES markers at the ERGIC 

or increased coalescence of the ERGIC at the Golgi. Therefore, a future direction would 
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be to perform high-resolution microscopy with tri-staining of ERES, ERGIC, and Golgi 

markers to dissect the patterns of colocalization between these compartments while 

modulating GRASP55 expression. To further understand the kinetics of early secretory 

pathway coalescence, an interesting study would be use live cell imaging to measure 

the time needed by GRASP55 knockdown versus control cells to reassemble their 

secretory structures following ERGIC dispersal by treatment with the protein kinase A 

inhibitor H89195,228 or collapse of the Golgi onto the ER by treatment with brefeldin A.196 

Another caveat of our study is that these observations may be context-dependent; thus, 

an important future direction will be to determine whether these findings hold up in other 

cell types and in other starvation conditions.  

The question of the biological significance of these findings remains. However, 

prior research indicates that trafficking from ERES to the ERGIC via COPII vesicles is 

required for generation of lipidated LC3 during autophagy,228,229 and, specifically, 

trafficking of phosphorylated Sec23B with Sec24A or Sec24B to the ERGIC was 

enhanced by nutrient starvation and promoted autophagy.230 Concordantly, by 

immunofluorescence microscopy, starvation promoted increased colocalization of COPII 

proteins including Sec23B, Sec24B, and Sec31A with the ERGIC.229,230 It is tempting to 

speculate then that the inhibitory effects of GRASP55 on autophagy may be related to 

its inhibitory function on coalescence of the early secretory pathway. Interestingly, 

depletion of GRASP55 and GRASP65, either singly or together, was found to increase 

the presence of Sec31 in membrane fractions relative to cytosol fractions of cells, 

consistent with a model in which GRASPs negatively regulate trafficking through the 

secretory pathway.33 Thus, a potential mechanism for how GRASP55 inhibits autophagy 
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is through negative regulation of COPII vesicle biogenesis and/or trafficking; further 

experimentation is required to test this exciting possibility. 

 

GRASP55 dimerization during starvation 

 We sought to understand how loss of GRASP55 could phenocopy the effects of 

starvation and hypothesized that GRASP55 might be degraded during starvation. 

However, we found that GRASP55 expression levels remained relatively stable during a 

time course of EBSS starvation, suggesting that other modifications in activity could be 

occurring. It was previously found that monomerization of GRASP55 could be 

stimulated by ER stress, and this was required for efficient unconventional trafficking of 

mutant CFTR to the plasma membrane.21 Given the interplay between autophagy and 

unconventional trafficking, we hypothesized that GRASP55 dimerization might be 

reduced by starvation. Remarkably, we found that starvation led to an increase in the 

presence of high molecular weight bands suggestive of dimerized GRASP55 following 

EGS crosslinking, and this was further substantiated by the finding that co-

immunoprecipitation of GRASP55-MYC with GRASP55-HA also increased following 

starvation. These findings suggest that GRASP55 dimerization is either enhanced or 

stabilized during starvation. 

 An important caveat of this study is that although we observed increased high 

molecular weight banding suggestive of dimerized GRASP55 during starvation, the 

molecular and biochemical significance of this is unclear. For example, is the GRASP55 

dimerization interaction transient or relatively stable? Does increased banding by 

immunoblot analysis represent accumulation of dimer product or rather increased 
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cycling through the dimer-monomer pathway where the dimer product is stabilized by 

EGS crosslinking? Furthermore, does an increase in dimer product necessarily 

correlate with a decrease in monomer (and vice versa)? An important future direction 

will be to resolve the kinetics and stoichiometry of GRASP55 monomerization versus 

dimerization. For example, live cell imaging combined with fluorescence resonance 

energy transfer (FRET), could be used to measure the on-off rate of two fluorescent 

protein-tagged GRASP55 molecules. Additionally, the ratio of monomer to dimer 

GRASP55 could be more quantitatively measured by adding pharmacological agents to 

block new protein synthesis as well as prevent proteasomal or lysosomal degradation 

and then using mass spectrometry to quantify protein from gel extracts of high 

molecular weight GRASP55 bands versus low molecular weight GRASP55 bands. 

Finally, a major remaining question is the functional significance of GRASP55 

dimerization status. To test this, we developed GRASP55-HA mutants containing the 

D148N dimer-enhancing mutation and the F150A dimer-inhibiting mutation, based on 

characterization of these sites by a previous group.3 However, at the time of writing this 

dissertation, due logistical constraints we were unable to complete experiments to test 

the effects of GRASP55 dimerization mutants on autophagy and early secretory 

compartment coalescence. Therefore, an important future direction will be to dissect 

how enhancing or stabilizing dimerization via a dimer-enhancing mutant and impairing 

dimerization via a dimer-inhibiting mutant affect autophagy and secretory marker 

colocalization.  

 We were able to test the impact of the D148N and F150A dimer mutants on 

GRASP55 proximity-dependent biotinylation. Interestingly, we found that the F150A 
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mutant showed decreased biotinylation of several selected target proteins related to the 

COPII inner coat which we had previously identified as GRASP55 proximal interactors 

by mass spectrometry (Chapter 3). Intriguingly, the effects of D148N on these same 

targets were generally weaker and/or non-statistically significant. Because the F150A 

mutant is associated with decreased dimerization ability, this suggests that dimerization, 

or at least the ability to cycle between the dimer and monomer states, is important for 

proximal interaction of GRASP55 with these proteins.  

 An important caveat to our interpretation of these findings is that due to logistical 

constraints we were not able to complete experiments in which we sought to verify in 

our own hands that the D148N and F150A mutations would either enhance or impair, 

respectively, the presence of high molecular weight EGS-stabilized GRASP55 bands by 

immunoblot. However, we assume based on the previous literature3,21 that the D148N 

and F150A mutants used in our study were dimer-enhancing or inhibiting, respectively. 

Furthermore, another limitation of this study was that we used immunoblotting, which is 

less sensitive and reliable as a quantitative method, to assess subtle changes. An 

important future direction would be to repeat the mass spectrometry-based BioID 

experiments performed in Chapter 3 using these mutant forms of GRASP55-BirA*-HA. 

 

Summary 

In these studies, we sought to elucidate the role of GRASP55 in autophagy and 

at the ER-Golgi interface. Intriguingly, we found that loss of GRASP55 was associated 

with both increased overall autophagic activity as well as impaired autolysosomal 

clearance, consistent with a model in which GRASP55 both inhibits early autophagy 
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and promotes late autophagy. We also found that loss of GRASP55 phenocopied the 

effect of starvation on enhancing coalescence of early secretory pathway components, 

suggesting that GRASP55 plays an inhibitory role in this process. The observation that 

loss of GRASP55 enhanced starvation-associated events could not be explained by 

increased degradation of GRASP55 during starvation. However, we found that 

GRASP55 dimerization was enhanced or stabilized in a starvation-dependent manner, 

and a dimer-inhibiting mutant of GRASP55 had impaired proximity-dependent 

biotinylation of GRASP55 proximal interacting proteins.  

Based on these findings in conjunction with the prior literature,189,190 we propose 

a potential model in which GRASP55 both negatively regulates an early stage of 

autophagy and also promotes a late stage of autophagy. Because we observed that 

GRASP55 dimerization is enhanced or stabilized by starvation, we hypothesize that the 

balance between monomer and dimer states determines the predominant role of 

GRASP55 on autophagy, whereby the monomer state is favored during basal 

conditions and mediates the inhibitory functions of GRASP55 on early autophagy, while 

the dimer state is favored during starvation conditions and promotes autophagosome-

to-lysosome fusion. As GRASP55 is not degraded during starvation, we also posit that 

cycling between monomer and dimer states occurs to sustain prolonged cycles of 

autophagy. How GRASP55 negatively regulates autophagy at an early stage remains 

unknown but may be related to its regulation of the early secretory pathway. 

Interestingly, a dimer-inhibiting GRASP55 mutant had reduced ability to interact with or 

near proteins related to the inner COPII coat layer, raising the possibility that GRASP55 

interacts with COPII proteins as part of its cycling between monomer and dimer states. 
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Further work to test these hypotheses will provide exciting deeper insight into the 

myriad functions of the evolutionarily conserved yet still elusive protein GRASP55. 
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METHODS 

 

Cell culture 

HEK293T cells (ATCC CRL-3216) and all cell lines derived from them were 

routinely cultured in full growth media (FGM) consisting of Dulbecco’s Modified Eagle 

Medium (DMEM) with high glucose and sodium pyruvate (Thermo Fisher 11995065) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Atlas Biologicals F-

0500-D), 25 mM HEPES Buffer (Teknova H1030), and 100 U/mL penicillin and 100 

µg/mL streptomycin (Thermo Fisher 15140122). Cells were incubated at 37°C and 5% 

CO2. HEK293T cells were authenticated and tested for mycoplasma contamination 

(IDEXX). 

Starvation was performed by washing cells 1-2 times and replacing with 

starvation media. Amino acid starvation media was prepared by supplementing Earle’s 

Balanced Salt Solution (EBSS) (GE Healthcare Life Sciences SH30029.02) with 25 mM 

HEPES. Glucose-free media was prepared by supplementing glucose- and sodium 

pyruvate-free DMEM (Thermo Fisher 11966025) with 2% FBS, 25 mM HEPES, and 100 

U/mL penicillin and 100 µg/mL streptomycin. Serum-free media (SFM) was prepared by 

omitting FBS from the FGM recipe. 

When indicated, the following drugs were supplemented in the media at the 

indicated concentrations: bafilomycin A1 (Sigma-Aldrich B1793, 100 nM), chloroquine 

(Sigma-Aldrich C6628, 100 µM), cycloheximide (Sigma-Aldrich C7698, 50 µg/ml), 

brefeldin A (Sigma-Aldrich B6542, 10 µg/ml), thapsigargin (Sigma-Aldrich T9033, 1 µM), 

tunicamycin (Sigma-Aldrich T7765, 5 µg/ml). 
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Transfections were performed using Lipofectamine LTX and Plus Reagent 

(Thermo Fisher 15338100) or polyethylenimine (PEI). 

 

Generation of genetic constructs 

Human GRASP55 was cloned from mRNA isolated from HEK293T cells that was 

reverse transcribed using AccuScript High Fidelity Reverse Transcriptase (Agilent) and 

amplified using PfuUltra II Hot Start DNA Polymerase (Agilent) with GRASP55-specific 

primers (forward: agctggatccgccatgggctcctcgcaaagcg; reverse: 

agctgaattcttaaggtgactcagaagcattg). To generate GRASP55-HA, GRASP55 cDNA was 

amplified using the Phusion High-Fidelity PCR kit (Thermo Fisher) and GRASP55-

specific primers containing an HA tag sequence and restriction sites (forward: 

agctggatccgccaccatgggctcctcgcaaagcgtc; reverse: 

agctctcgagctatgcgtaatccggtacatcgtaagggtagccgccaggtgactcagaagcattggcatccac). To 

generate GRASP55-MYC, GRASP55 cDNA was similarly amplified using gene-specific 

primers containing a MYC tag sequence and restriction sites (forward: 

acgtggatccgccaccatgggctcctcgcaaagcg; reverse: 

agctctcgagttacagatcctcttcagaaataagtttttgttcgccgccaggtgactcagaagcattgg). PCR-

amplified products were then digested and cloned into pcDNA3 between BamHI and 

XhoI restriction sites. To generate GRASP55WT-BirA*-HA, GRASP55 cDNA was 

amplified using Phusion High Fidelity DNA Polymerase (Thermo) and GRASP55-

specific primers to remove the GRASP55 stop codon (forward: 

agctaccggtgccgccatgggctcctcgcaaagcgtcgaga; reverse: 

agctggatccaggtgactcagaagcattggc) and subcloned into pcDNA3.1 MCS-BirA(R118G)-
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HA (a gift from Kyle Roux [Addgene Plasmid #36047; http://n2t.net/addgene:36047; 

RRID:Addgene_36047]) between AgeI and BamHI restriction sites in-frame with 

BirA(R118G)-HA. To generate GRASP55D148N and GRASP55F150A mutant constructs, 

site-directed mutagenesis using the QuikChange II XL kit (Agilent 200521) was 

performed with GRASP55WT-HA (GRASP55-HA) and GRASP55WT-BirA*-HA as 

templates and primers designed to induce substitution mutations. Specifically, the 

D148N mutation was generated with primers designed to induce an Aspartic acid (D)-to-

Asparagine (N) mutation at amino acid residue 148 (forward: 

agcagatacagtcatgaatgagtctgaaaatctattcagcctta; reverse: 

taaggctgaatagattttcagactcattcatgactgtatctgct). The F150A mutation was generated with 

primers designed to induce a Phenylalanine (F)-to-Alanine (A) mutation at amino acid 

residue 150 (forward: gatacagtcatgaatgagtctgaagatctagccagccttatcgaaaca; reverse: 

tgtttcgataaggctggctagatcttcagactcattcatgactgtatc). Constructs were verified by 

sequencing. The pBABE-puro mCherry-EGFP-LC3B plasmid was a gift from Jayanta 

Debnath (Addgene plasmid # 22418 ; http://n2t.net/addgene:22418 ; 

RRID:Addgene_22418). pLKO.1 lentiviral expression vectors containing GRASP55 

short hairpin RNA (shRNA) inserts were obtained from Sigma Aldrich as follows: non-

targeting control (shNT) (Sigma-Aldrich SHC002); shGRASP55 #06 (shG55 #06) 

(Sigma-Aldrich TRCN0000278406, sequence: 

CCGGGACCTCAGTCACACCAAGTAACTCGAGTTACTTGGTGTGACTGAGGTCTTTT

TG); and shGRASP55 #63 (shG55 #63) (Sigma-Aldrich TRCN0000278363, sequence: 

CCGGGATCTGCTGAAAGCAAACGTTCTCGAGAACGTTTGCTTTCAGCAGATCTTTT

TG). 
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CRISPR-Cas9 gene editing 

sgRNA sequences targeting GRASP55 (TGGCCGCCCCACAGGTTACT) or a 

scramble sequence (GCACTACCAGAGCTAACTCA) were cloned into pSpCas9(BB)-

2A-Puro (PX459), a gift from Feng Zhang (Addgene plasmid # 48139 ; 

http://n2t.net/addgene:48139 ; RRID:Addgene_48139). Plasmids were transfected into 

HEK293Ts, and then 24-48 hours after transfection, cells were selected with 1 μg/ml 

puromycin for 48 hours. Genomic DNA from polyclonal populations was prepared using 

QuickExtract (Epicentre) and assessed by Surveyor analysis (IDT 706020). Cells were 

seeded into single-cell populations in 96-well plates, and clones were identified and 

expanded. Knockout of GRASP55 protein was verified by immunoblot. 

 

Viral packaging and infection 

 For GRASP55 stable knockdown, shRNA vectors were packaged into virus using 

a third-generation lentiviral packaging system. Briefly, packaging plasmids and shRNA 

expression vectors were transfected into HEK293T cells using Lipofectamine LTX and 

Plus Reagent and incubated overnight. The next day, transfection media was removed 

and replaced with fresh media. The following day, media containing virus was removed 

and clarified using a 0.45 µm filter.  

 For mCherry-EGFP-LC3B stable expression, retrovirus was generated by 

transfecting the pBABE-puro mCherry-EGFP-LC3B plasmid into Phoenix-AMPHO 

retroviral packaging cells (ATCC CRL-3213) using PEI, collecting virus-containing 

media 2 days afterwards, and then clearing through a 0.45 µm filter.  
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To infect cells, viral media was diluted in FGM containing 8 µg/ml polybrene and 

added to sparsely seeded cells; the next day, virus-containing media was removed and 

cells were allowed to recover for an additional day before selection with 1 µg/ml 

puromycin for 2 – 3 days or until uninfected control cells were fully killed. 

 

Antibodies 

 For immunoblotting, the following antibodies were used: rabbit anti-LC3B (Cell 

Signaling Technology [CST] 3868, 1:1000), mouse-anti GAPDH (EMD Millipore 

MAB374, 1:10,000 or 1:20,000), rabbit anti-GORASP2 (Proteintech 10598-1-AP, 

1:2000), rabbit anti-α-tubulin (CST 2125, 1:5000), mouse anti-ATF6 (Abcam ab122897, 

1:500), rabbit anti-IRE1α (CST 3294, 1:1000), rabbit anti-eIF2α (CST 9722, 1:1000), 

rabbit anti-phospho-IRE1 (Abcam ab124945, 1:2500), rabbit anti-phospho-eIF2α (CST 

9721, 1:1000), mouse anti-GM130 (BD Biosciences 610823, 1:500), rabbit anti-HA tag 

(CST 3724, 1:1000), rabbit anti-MYC tag (CST 2278, 1:500 or 1:1000), rabbit anti-

TRIP11 (Proteintech 26456-1-AP, 1:1000), rabbit anti-Sec23IP (Atlas Antibodies 

HPA043305, 1:1000), rabbit anti-Sec24A (Sigma-Aldrich HPA056825, 1:1000), rabbit 

anti-Sec23A (Novus Biologicals NBP2-34842, 1:500), rabbit anti-Sec24B (CST 12042, 

1:1000), rabbit anti-Sec23B (Sigma-Aldrich HPA008216, 1:1000), mouse anti-HA tag 

(CST 2367, 1:1000), Peroxidase AffiniPure Donkey Anti-Rabbit IgG (Jackson 

ImmunoResearch 711-035-152, 1:5000), Peroxidase AffiniPure Donkey Anti-Mouse IgG 

(Jackson ImmunoResearch 715-035-150, 1:5000), TrueBlot anti-Rabbit IgG HRP 

(Rockland 18-8816-33, 1:1000). 
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 For immunofluorescence microscopy, the following antibodies were used: rabbit 

anti-LC3B (CST 3868, 1:200), mouse anti-GRASP55 (Abcam ab211532, 1:250), sheep 

anti-GM130 (Novus Biologicals AF8199, 10 µg/ml), rabbit anti-Sec16A (Atlas Antibodies 

HPA005684, 1:100), mouse anti-GM130 (BD Biosciences 610823, 1:50), rabbit anti-

Sec24B (CST 12042, 1:100), Alexa Fluor 488 donkey anti-rabbit (Invitrogen A-21206, 

1:1000), Alexa Fluor 568 donkey anti-mouse (Invitrogen A10037, 1:1000), Alex Fluor 

647 donkey anti-sheep (A-21448, 1:1000), Alexa Fluor 647 donkey anti-mouse 

(A31571, 1:1000).  

 

EGS crosslinking assay 

 Crosslinking was performed based on previously described protocols.3,21 Briefly, 

cells were washed with PBS pH 8.0 (Boston BioProducts CHP-300), incubated in 500 

µM ethylene glycol-bis(succinic acid N-hydroxysuccinimide ester) (EGS) (Sigma-Aldrich 

E3257)/PBS pH 8.0 for 30 minutes at 37°C, and then quenched by spiking in 1M Tris 

pH 7.5 (Thermo Fisher 15567027) for a 20 mM final concentration and incubating at 

room temperature for 15 minutes. 

 

Lysate preparation and immunoblotting 

To prepare whole cell lysates, cells were washed with Dulbecco’s phosphate-

buffered saline (DPBS) (Thermo Fisher 14190144) over ice, harvested in lysis buffer 

dependent on the application, and spun at 14,000 rpm in a microcentrifuge to remove 

the pellet. Generally, lysis buffer was prepared by supplementing RIPA buffer (Sigma-

Aldrich R0278) with 10 mM sodium fluoride, 10 mM β-glycerophosphate, 1X protease 
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inhibitor cocktail (PIC) (Sigma-Aldrich P8340), 10 mM sodium orthovanadate, 0.5 mM 

PMSF (Sigma-Aldrich P7626), 10 nM Calyculin A (Sigma-Aldrich C5552), 10 µg/ml 

Pepstatin A (Sigma-Aldrich P4265), and 10 µg/ml E64D (Calbiochem 330005). For 

other experiments, NP-40 lysis buffer (for EGS crosslinking and immunoprecipitation 

experiments) or RIPA lysis buffer (for BioID experiments) was prepared by 

supplementing either NP-40 buffer (25 mM Tris HCl pH 8, 150 mM NaCl, 1% NP-40 

[Sigma-Aldrich I8896], 5% glycerol) or RIPA buffer, respectively, with the following 

inhibitors: 1 mM EGTA, 1 mM EDTA, 1 mM β-glycerophosphate, 10mM sodium fluoride, 

2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and 1X PIC. Protein 

concentration was quantified by BCA assay (Thermo Fisher 23223 and 23224). 

Samples were prepared for sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) by adding protein sample buffer supplemented with β-

mercaptoethanol to lysates and heating for 5 minutes at 95°C (or as described 

elsewhere). Protein samples were resolved by SDS-PAGE and transferred to 

polyvinylidene difluoride (PVDF) membranes (Bio-Rad 1620177). Following transfer, 

membranes were briefly checked for transfer using Ponceau stain (Sigma-Aldrich 

P7170) when necessary. 

 Membranes were blocked for approximately 0.5 – 1 hour with 5% milk in 

phosphate-buffered saline with 0.1% Tween-20/PBST, incubated with primary antibody 

diluted in 5% milk either overnight at 4°C or 1 hour at room temperature, washed 

extensively with PBST, incubated with secondary antibody diluted in 5% milk either 

overnight at 4°C or 1 hour at room temperature, and then washed again with PBST. 

Membranes were visualized by incubating with enhanced chemiluminescence (ECL) 
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reagent (Thermo Fisher 32106, Bio-Rad 1705060, or EMD Millipore WBLUF0100) and 

developed on film or on a ChemiDoc Imaging System (Bio-Rad). When necessary, 

membranes were stripped using harsh stripping buffer with β-mercaptoethanol and re-

probed. Band densitometry analysis was performed using ImageJ software (Version 

1.52) or Bio-Rad Image Lab software (version 6.0.1). 

 

GRASP55 co-immunoprecipitation assay 

 HA- and MYC-tagged GRASP55 pcDNA3 constructs and an empty vector control 

were transfected into HEK293Ts using Lipofectamine LTX and Plus Reagent. The next 

day, cells were starved for 6 hours with EBSS starvation media or incubated in FGM. 

Cells were lysed using NP-40 lysis buffer, and protein concentration was measured. 

Lysates were immunopurified by incubating 1.642 mg lysate with 25 µl anti-HA magnetic 

beads (Thermo Fisher 88836) that had been triply pre-washed with NP-40 buffer, and 

additional NP-40 lysis buffer was added to equalize volumes. Lysates were incubated 

with magnetic beads on a tube rotisserie overnight at 4°C. The next day, beads were 

washed 5 times with NP-40 lysis buffer, and captured proteins were eluted by adding 

100 µl 2X protein sample buffer and heating for 15 minutes at 95°C before SDS-PAGE. 

 

Immunofluorescence microscopy 

Cells were seeded at 20,000 cells per well onto glass coverslips coated with 10 

µg/ml fibronectin and allowed to attach overnight. Following any experimental 

treatments or incubations, cells were fixed with 4% paraformaldehyde for 15 minutes, 

quenched with 300 mM glycine for 5 minutes and permeabilized with 0.1% Triton X-100 
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(or ice-cold 100% methanol for LC3B puncta experiments) for 10 minutes, all at room 

temperature. DPBS was used as a diluent for immunofluorescence reagents. To assess 

intracellular protein localization, cells were blocked in 3% donkey serum for 1 hour, 

incubated with primary antibody diluted in 3% donkey serum for 1 hour, washed with 

DPBS, incubated with secondary antibody diluted in 3% donkey serum for 1 hour 

protected from light, and washed again. Cells were mounted to slides using ProLong 

Gold Antifade Mountant with DAPI (Invitrogen P36935) and allowed to cure overnight. 

Slides were imaged with a DeltaVision microscope system (Applied Precision) outfitted 

with a 60X NA 1.42 objective (Olympus) and a 100X NA 1.40 objective (Olympus). 

Images were acquired with softWoRx (Applied Precision) and processed and analyzed 

in ImageJ dependent on the application, as detailed below. 

For LC3B puncta analysis, a Z-stack of images for each channel was taken, 

images were deconvolved and cropped, and a max intensity projection was created. 

ImageJ macros were developed to rapidly analyze individual images for each 

experiment. In brief, images for the LC3B channel were adjusted for brightness and 

contrast using the same scale, background was removed, images were manually 

thresholded using the same parameters, and particles were counted and measured. For 

LC3B puncta number analysis, the number of LC3B particles was normalized to the 

number of whole nuclei manually counted on a per-image basis. 

For Golgi and ERES colocalization analysis, a Z-stack of images for each 

channel was taken, images were deconvolved and cropped, and a max intensity 

projection was created. ImageJ macros were developed to rapidly analyze individual 

images for each experiment. In brief, the extracellular space was cleared if necessary, 
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then images for each channel other than DAPI were auto-thresholded using the 

MaxEntropy algorithm, and the size of particles within the cell was measured to 

determine the area covered by each structure. To determine the area of overlap 

between two structures, a region of interest was created based on the localization 

pattern of one structure, and then the portion of the second structure contained within 

the region of interest was measured. The percent colocalized area between two 

structures A and B was measured by dividing the area of colocalization (A+B+) by the 

total area of each structure (A+ or B+) in turn, eg A+B+/A+ and A+B+/B+.  

 

mCherry-EGFP-LC3B tandem reporter imaging 

 GRASP55 CRISPR knockout cells and control cells stably expressing mCherry-

EGFP-LC3B were seeded at 80,000 cells/dish onto fibronectin-coated 35 mm glass 

bottom dishes (MatTek P35G-1.5-14-C) and allowed to attach overnight. The next day, 

cells were washed and incubated in glucose-free media for 4 hours. Live cells were 

imaged on a DeltaVision microscope system at 37°C as described above. Images were 

deconvolved and cropped and then processed in ImageJ using an automated macro. 

Briefly, for each channel, background was removed, images were auto-thresholded 

using the RenyiEntropy algorithm, and the number of particles within a specified size 

parameter was counted. The Colocalization plugin 

(https://imagej.nih.gov/ij/plugins/colocalization.html) was then run to identify areas of 

overlap between masks of the two images, and the number of colocalized points 

(mCherry+EGFP+) was counted. The number of mCherry+EGFP- puncta was 

determined by subtracting the number of mCherry+EGFP+ puncta from the total number 
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of mCherry+ particles, and these numbers were normalized to the number of nuclei with 

detectable puncta on a per image basis. Images that contained less than 2 puncta 

normalized to the number of nuclei were excluded from data analysis. 

 

Proximity-dependent biotinylation and affinity purification 

Proximity-dependent biotinylation was performed based on established 

protocols,376,380 and detailed methods are described in Chapter 3. HEK293Ts were 

transfected with BioID constructs and the next day induced to undergo biotinylation by 

incubating cells in media supplemented with 50 µM biotin (Sigma-Aldrich B4501) for 24 

hours. Cell lysates were harvested in RIPA lysis buffer and quantified as described 

above. For each intended downstream immunoblot, 0.5 mg lysate was incubated 

overnight on a tube rotisserie at 4°C with 25 µl triply pre-washed NeutrAvidin beads 

(Thermo Fisher 29204), then washed extensively to remove unbound protein, mixed 

with 37.5 µl 3X protein sample buffer, and heated at 95°C for 30 minutes to elute 

captured protein before SDS-PAGE and immunoblotting. 

 

Statistical analysis 

 Unless noted otherwise, statistical analyses were performed using Prism 

software (Version 8) (GraphPad). 
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