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Abstract 

We have previously reported the roles of Valosin-Containing Proteins (VCP), as an 

intracellular energy regulator that mediates several cellular responses to not only confer 

protection to cells under physiological conditions, but also in pathological conditions. In this 

study, I analyzed how VCP contributes to the adaptation of specific cell types to stress 

conditions. I present a unique phenomenon in which VCP, which normally distributes evenly 

as “free VCP” across the cytoplasm, relocalizes and forms aggregate-like structures at 

perinuclear regions during nutrient starvation in PC3 prostate cancer cells. I reveal that VCP 

senses amino acid depletion, particularly glutamine, and then relocalizes, as the addition of 

glutamine to starvation media blocked this phenotype. Interestingly, blocking VCP 

relocalization by glutamine supplementation led to a sequence of events that highlights an 

underlying metabolic dysregulation. Reactive oxygen species (ROS) levels were significantly 

elevated due to sustained mitochondrial metabolism while glutathione (GSH) levels were 

relatively lowered, resulting in ferroptosis. Likewise, unlike endogenous VCPs, expression of 

GFP-fused VCP proteins, which irrespective of ATPase activities materialized as free VCP 

even during starvation, triggered cell death, suggesting that VCP relocalization is necessary 

for cell protection during amino acid starvation condition in these cells. Thus, during amino 

acid nutrient deprivation, a VCP-mediated nutrient sensing and relocalization system 

suppresses mitochondrial activity to protect PC3 cells from ferroptosis.  
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1.1 Cellular adaptation to stress 

In the face of environmental perturbations such as shifts in temperature, pH, osmotic pressure, oxygen 

concentration, levels of nutrients, cells must respond and adapt their metabolism to maintain 

homeostasis and survive (Plotnikov et al., 2011, Alfaqaan et al., 2019). This can be achieved through 

various survival programs, including reprogramming, e.g., ceasing nutrient-demanding anabolic 

processes and enabling protein recycling via proteasomal degradation and autophagy (Wellen and 

Thompson, 2010; Locasale, et al., 2011; Metallo and Heiden, 2013). These responses are often 

triggered by different signaling pathways, depending on the nature of the stimulus. Although it is 

conceivable that intricate events underlie these responses, how cells sense changes, and/or adapt in 

these situations is not fully established. Since metabolism is mostly driven by nutrient availability, 

starvation would be one of the most prevalent and most detrimental stresses faced by cells. Small 

organic molecules such as sugars, amino acids, and fats are the three major nutrients for cells, and in 

humans, each respectively contributes to approximately 30, 20, and 50% of total energy (ATP) 

production from the mitochondria. One consequence of mitochondrial oxidative phosphorylation 

during normal metabolism is the generation of reactive oxygen species (ROS) as by-products (He et 

al., 2017). As such, when cells or organisms are in states of nutrient deprivation, bioenergetic 

adaptations of mitochondria are also essential to curb ROS production (Liesa and Shirihai, 2013). 

Excessive generation of cells to ROS over the physiological range alters redox homeostasis, which 

results in ROS-mediated damage of cellular organelles, and biomolecules such as proteins, lipids, and 

nucleic acids, ultimately inducing necrotic cell death (Festjens et al., 2006; He et al.,  2017). 

Accordingly, cells have specific defense systems that eliminate ROS and maintain redox homeostasis. 

These systems include endogenous antioxidant enzymes such as superoxide dismutase (SOD), 

glutathione peroxidase, peroxidase, catalase, and small molecules such as glutathione (GSH), 

cysteine, or dietary natural antioxidants such as vitamin A, vitamin C, and vitamin E (He et al., 2017). 

Glutathione is one of the major cellular antioxidants and it consists of three amino acids, glutamic 

acid, cysteine, and glycine. Hence, during severe nutrient stresses such as amino acid starvation, its 

levels decrease severely (Yu & Long, 2016). Typically, when cells fail to adapt to environmental 
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changes, persistent defects may lead to elimination via programmed cell deaths (Figure 1a) or other 

pathways such as mitophagy in the case of mitochondrial damage (Palikara et al., 2018; D’Arcy, 

2019). Apoptosis was considered the classic programmed cell death while necrosis was deemed as 

death by accident. However, with the recent discovery of regulated necrosis, this notion has changed 

(Berghe et al., 2014). Apoptosis can be triggered by receptors in the TNF superfamily or through 

direct activation of mitochondrial effectors. It is driven by activation of caspases 8 or 9 (initiator 

caspases) and the consequent activation of caspases 3, 6, and 7 (executioner caspases) (D’Arcy, 

2019). Executioner caspases lead to events such as chromatin condensation, DNA fragmentation, cell 

shrinking, membrane blebbing, and cell surface exposure of phosphatidylserine (PS), which marks 

dying cells for uptake and phagocytic clearance (Berghe et al., 2014). In contrast, necrosis is marked 

by cell and organelle swelling, rapid plasma membrane leakage, and release of endogenous danger 

signals that trigger inflammation such as “danger-associated molecular patterns” (DAMPs) (Berghe et 

al., 2014). Several forms of programmed necrosis have been described, necroptosis describes necrosis 

induced by the receptor-interacting protein kinases (RIPK) ( Sosna et al., 2014). Another well-

documented form of programmed necrosis is ferroptosis, an iron-dependent, cell death associated with 

the accumulation of lethal levels of lipid hydroperoxides (Dixon et al., 2012). Although necroptosis 

and ferroptosis are the most studied, other types of regulated necrosis that occur independently of 

RIPK1 or RIPK3 have also been reported (Berghe et al., 2014). Ferroptosis mechanistically overlaps 

with oxytosis, which is triggered by inhibition of system Xc− Cys/Glu antiporter due to excessive 

neurotransmitter (glutamate) activity (Tan et al., 2001). Downstream calcium signaling in oxytosis is 

the key difference between oxytosis and ferroptosis. Necrotic cell death linked to overactivation of 

Poly(ADP-ribose) polymerase 1 (PARP) proteins has been described as Parthanatos (Andrabi et al., 

2008). Additionally, NETosis is a neutrophil-specific type of NADPH oxidase (NOX)-induced death 

that regulates the release of neutrophil extracellular traps (NETs), thereby enabling the immobilization 

and elimination of bacteria by neutrophils (Remijsen et al., 2011). A more generalized term 'ETosis' 

has been used to describe a similar type of cell death acting on eosinophils and mast cells (Wartha and 

Henriques-Normark et al., 2008). Finally, microbial pathogen-induced necrotic cell deaths have been 

reported. First, pyroptosis describes necrosis uniquely characterized by caspase 1-induced osmotic 
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pressure, the cellular release of IL-1β and IL-18, inflammation, fever, and death of Salmonella 

enterica (subsp. enterica serova Typhimurium)-infected macrophages (Cookson and Brennan 2001). 

Almost similarly, a caspase 1-independent cell death termed pyronecrosis is triggered by Shigella 

flexneri and regulated by the apoptosis-associated speck-like protein containing a CARD (ASC) and 

cathepsin B (Willingham et al., 2007). 

Figure 1. (a) Stress adaptation and various programmed cell death pathways. (b) Cellular functions of VCP 



10 
 

1.2 VCP in cellular homeostasis 

Although synthesis and functionality of most proteins are suppressed during periods of limited 

nutrient availability, certain critical proteins are required for cellular adaptation to stresses. Changes in 

the functionality of critical genes or proteins can prevent cells from adapting to environmental 

changes under stress conditions, leading to a compromise in cellular metabolism and ultimately cell 

death (Demetriades et al., 2013; Leprivier et al., 2013; Teleman et al., 2005; Choo et al., 2010). 

Investigations of the underlying mechanisms of neurodegenerative disorders in our previous work 

revealed that decreasing the ATPase activity of VCP (valosin-containing protein) is favorable to 

neurons (Higashiyama et al., 2002). To advance our understanding of VCP, we developed KUSs 

(Kyoto  University substances) that specifically inhibit the ATPase activity of VCP, but do not alter 

other cellular functions of VCP. KUSs prevent apoptosis in cells subjected to several cell death-

inducing insults by maintaining ATP levels (Ikeda et al.,2014). We have subsequently explored the 

functional importance of VCP in various cellular and mammalian systems. VCP is a member of the 

AAA+ (ATPases Associated with various cellular Activities) superfamily of proteins that are essential 

for cellular homeostasis (Kobayashi et al., 2002; Madsen et al., 2009; Hanzelmann et al., 2017; Meyer 

et al., 2012; Christianson and Ye, 2014). Several alleles of Cdc48 were identified through genetic 

screening in Saccharomyces cerevisiae, as cold-sensitive effectors of cell growth due to their ability to 

initiate cell cycle arrest at the G2-M cell cycle phase (Moir et al., 1982). Future studies then identified 

VCP, the 97 kDa protein precursor for the small peptide valosin, as the mammalian homolog of 

Cdc48p. VCP/p97 is often referred to as transitional endoplasmic reticulum ATPase (TER ATPase) in 

some species due to its endoplasmic reticulum (ER)-specific localization and function (Xia et al., 

2016). Here, this protein will be referred to as VCP. Typically, AAA+ ATPases are characterized by a 

~ 230 amino acid  α/β AAA ATPase domain consisting of two acidic residues in the Walker B motif, 

a central, parallel β sheet connected by five α helical nucleotide-binding domains, and a C-terminal 

four-helix bundle subdomain. The Walker A and Walker B motifs located respectively at the tip of β 

strands 1 and 3 are crucial for nucleotide binding and hydrolysis, they organize the β- and γ-

phosphates of ATP and the water activating magnesium ion. A polar residue in the sensor 1 motif at 
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the tip of the β strands strand coordinates the attacking water together with the Walker B residues 

during hydrolysis. The Walker B motif of most AAA+ ATPases consists of a conserved glutamate 

(Glu) that changes conformation, depending upon ATP binding (glutamate-switch). In the inactive 

state, the glutamate interacts with a polar or basic residue, usually a conserved asparagine on the β2 

strand, which assumes the ATPase configuration only after substrate binding. In the active form, 

arginine residues at the end of α4helix known as “arginine fingers” located near the γ-phosphate of the 

bound ATP in the neighboring subunit, stabilizes the transition state during ATP hydrolysis. 

Understanding the minor differences between the AAA+ proteins and their functional significance has 

provided useful insights into their roles in essential cellular pathways. Members of the AAA+ family 

to which VCP belongs possess some structural differences from other AAA proteins. For example, 

within their AAA modules, they consist of a small helical insert between β-strand 2 and α-helix 2, and 

the sensor 2 arginine in helix α7 which is typically conserved is replaced by alanine. Additionally, in 

the α4 helix, a short insertion is located within the arginine finger region and is usually separated by 

Pro and Gly, forming a double arginine motif, (Rx2R). (Wendler et al., 2012; Hanzelmann and 

Schindelin, 2016). Briefly, VCP consists of a D1, and D2 AAA ATPase domains connected by short 

polypeptide D1–D2 linkers. Although they have distinct functions, the D1 and D2 domains are 

structurally and sequentially homologous. The large amino-terminal domain (N-domain) is connected 

to the D1 domain by another linker (N–D1). The N-domain mostly mediates the binding of VCP to its 

partners. Furthermore, the carboxyl-terminus of the D2 domain is affixed with a 40-residues short tail 

that is vital for interaction with co-factors and contains the phosphorylation sites which mediates 

cofactor binding and affects the ATPase activity (Xia et al., 2016). VCP is the most abundant soluble 

ATPase in almost all types of cells and is mainly localized in the cytoplasm, but a small percentage of 

VCP are localized to subcellular organelles such as mitochondria, endosomes, ER, and Golgi (Xia et 

al., 2016). Limitations such as low resolution have hindered the clarification of ATP 

binding/hydrolysis and the resulting conformational changes. However, more recent studies have 

reported improved resolution crystal structures of the full-length p97 with mutations in the D2 domain 

(Hanzelmann and Schindelin, 2017) which revealed various functions of VCP’s structural dynamics. 

For example, the α7 insertion of the D2 domain is important for ATP binding and thus ATP 
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hydrolysis, and the highly conserved R766 is important for nucleotide binding and assists in catalysis 

(Hanzelmann and Schindelin, 2017). Although ATP binds to both D1 and D2 with similar affinity, the 

D1 domain exhibits low ATPase activity but has a relatively high affinity for ADP, hence, the 

contribution of its ATPase activity to VCP function is debated. However, available data suggest that 

the D2 domains are essential for the ATPase activity of VCP (Noi et al., 2013). The binding of ATP 

to all six D2 domains causes an upward displacement of the N-terminal domain, however, when ADP 

is bound, they assume a downward conformation (Banerjee et al., 2016). The energy from cycles of 

ATP hydrolysis is converted into a mechanical force that is used to disassemble substrate protein 

complexes (Noi et al., 2013; Huryn et al., 2020).                                                                                                                              

Some aspects of VCP functions can be regulated by interaction with various cofactors and binding 

partners that mediates its recruitment to different cellular pathways. Adaptor proteins mainly interact 

with VCP through the N-domain, and in a few reported cases, the C-terminal tail. (Butchberger et al., 

2015; Xue et al., 2016). Several studies have reported that adaptors link VCP to specific substrates 

(Raman et al., 2015; He et al., 2016). Most adaptors interact with VCP via conserved binding modules 

such as a Ubiquitin regulatory X (UBX ) or PUB domain, and sometimes a ubiquitin-binding domain 

(Schubertha and Buchberger, 2008). The majority of VCP mutations in neurodegenerative disorders 

such as amyotrophic lateral sclerosis, Paget’s disease of the bone, frontotemporal dementia, and 

inclusion body myopathy, occurs at the N terminal domain of VCP where adaptors bind, indicating 

that adaptor interaction with VCP could be involved in diseases (Raman et al., 2015; Xue et al., 

2016). Several other VCP functions require recruitment of major co-factors such as heterodimeric 

Ufd1(ubiquitin fusion degradation 1)/Npl4 (nuclear protein localization homolog 4), (Mårtensson, 

C.U et al. 2019) and p47 (Meyer, and Weihl, 2014), that contains multiple VCP binding sites. The 

Ufd1/Npl4 complex binds through the UBXL domain of Npl4 and the SHP box of Ufd1. The VCP-

Ufd1/Npl4 complex functions in several proteasomal degradation pathways by initiating the 

extraction of client proteins from complexes or cellular membranes as shown in the processing of 

transcription factor precursors on cell surfaces, and in ER-associated degradation (ERAD) where it 

mediates the extraction of polyubiquitylated substrates from the ER membrane into the cytosol for 

proteasomal degradation (Meyer et al., 2012; van den Boom and Meyer, 2018). On the other hand,  
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p47 interacts with VCP via the UBX domain and the SHP box. The VCP-p47 complex is thought to 

be mainly functional in proteasome-independent remodeling processes involving membrane protein 

segregation, such as the post-mitotic reassembly of Golgi and the nuclear envelope, and autophagy 

(Meyer et al., 2012; Butchberger et al., 2015).                                                                                   

Among the pleiotropic functions of VCP (Figure 1b), protein quality control (PQC) and maintenance 

of homeostasis, are some of the most crucial (Alieva et al., 2020), particularly under stressed 

conditions (Zhou et al., 2015). In an ATPase-dependent manner, VCP is involved in quality control 

processes that result in targeting and translocation of ubiquitinated proteins for their subsequent 

remodeling, recycling or proteasomal degradation (Madsen et al., 2009; Hanzelmann et al., 2017). 

ER-associated protein degradation (ERAD) was the first identified PQC function of VCP. During 

ERAD, misfolded proteins of the secretory pathway are retrotranslocated into the cytosol and 

eliminated by the ubiquitin proteasome system (Christianson and Ye, 2014). Recruitment of VCP is 

mediated by interaction with proteins such as Derlins, Hrd1, and VIMP which make up the 

retrotranslocation complex. ERAD substrates are further captured, ubiquitinated, released from the 

retrotranslocation channel, and eventually targeted for proteasomal degradation (Ye et al., 2017). 

Besides the extraction of proteins for degradation, VCP also mediates extraction and nuclear 

transportation of membrane-bound transcription factors, where they regulate gene expression 

(Shcherbik and Haines, 2007; Radhakrishnan et al., 2014). Another important VCP-dependent PQC 

function is facilitating the extraction and degradation of misfolded polypeptides from mitochondrial 

outer membranes to maintain mitochondrial protein homeostasis, in a process known as mitochondria-

associated degradation (MAD). VCP and its cofactors Ufd1/Npl4 are also recruited to mitochondrial 

membrane following mitochondria damage, for clearance of mitochondria turned over from the 

mitophagy pathway (Tanaka et al., 2010; Kimura et al., 2013). It has also been demonstrated that VCP 

is involved in ribosome-associated degradation (RAD) where it associates with a complex that 

includes the ribosome quality control 1 (Rqc1), translation-associated element (Tae2), and Listerin 

(Ltn1), a E3 ubiquitin ligase, for the degradation of aberrant peptides from the ribosomes following 

defective translation (Vekaria et al., 2016; Ye et al., 2017). VCP has also been linked to various 

membrane trafficking processes, including vesicle fusion of Golgi and the ER network, after mitosis 



14 
 

(Meyer, and Weihl, 2014).                                                                                                                     

Emerging studies have uncovered important roles of VCP in cellular responses that ensure genomic 

stability following DNA damage. Endogenous DNA double-strand breaks (DSBs), the most cytotoxic 

DNA lesions are caused by the collapse of DNA replication fork in dividing cells, while exogenous 

DSB is triggered by genomic insults such as ionizing radiation and anticancer drugs (Torrecilla et al., 

2017). Cells activate genome maintenance mechanisms known as DNA damage response (DDR) to 

cope with DSBs or face alterations in their genomes and/or cell death if they fail to. Post-translational 

modifications (PTMs) mainly phosphorylation, ubiquitination, and SUMOylation orchestrate 

signaling events during repairs (Torrecilla et al., 2017). Chromatin remodeling at sites of DSBs as 

well as recruitment of DDR proteins facilitate accurate DNA repair upon DNA damage. Enzymatic 

activity that extracts proteins from the chromatin fiber is required for the removal of DDR proteins 

from the chromatin  (Dantuma et al., 2014). VCP has been identified as a crucial factor in the repair of 

DNA double-strand breaks (DSBs), it coordinates the segregation of ubiquitinated substrates by 

physically associating with ubiquitin chains at the sites of DSBs via its co-factors mainly Ufd1 and 

Npl4 (Torrecilla et al., 2017; Meerang et al., 2011). It has been shown that RNF8-mediated 

ubiquitylation and Lys-48-linked ubiquitin (K48–Ub) chains recruit VCP–Ufd1/Npl4 complex to 

DNA lesions. Upon recruitment, VCP mediates assembly of signaling complexes using its ATPase-

dependent segregation activity in cooperation with RNF8, a ubiquitin ligase, to ensure efficient DSB 

repair and cell survival after exposure to ionizing radiation (Meerang et al., 2011). In another study, 

members of the DDR master kinase family, phosphatidylinositol 3-kinase-related kinases (PIKKs) 

mediated DNA damage-specific phosphorylation of Ser784 on VCP, thereby enhancing chromatin-

specific VCP activities such as chromatin protein extraction, DNA damage repair, and cell survival. 

Although in that study, VCP displayed lesser interaction with Ufd1/Npl4 and polyubiquitinated 

substrates (Zhu et al., 2020). Furthermore, the involvement of VCP in the progression and completion 

of non-homologous end-joining (NHEJ) has been shown. Additionally, VCP was reported to enable 

the initiation and progression of homologous recombination (van den Boom et al., 2016).  
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Given its diverse roles, disruption of VCP can be detrimental to cellular homeostasis. For example, 

siRNA knockdown of VCP causes irreversible ER stress, activation of the unfolded protein response 

(UPR), and apoptosis via ubiquitin proteasome system (UPS) inhibition and activation of caspases 

(Wojcik et al., 2006). VCP mutations have been linked to multiple diseases including Multisystem 

Proteinopathy (MSP), Familial Amyotrophic Lateral Sclerosis (FALS), and Charcot-Marie-Tooth 

Disease, (CMT) (Mizuno et al., 2003; Watts et al., 2004; Alieva et al., 2020). MSP1, also known as 

Inclusion bodies myopathy with Paget's disease of bone and frontotemporal dementia (IBMPFD), is 

an autosomal dominant disorder in which patients suffer progressive damages in multiple tissues 

including the muscles (myopathy), bones (Paget's disease of the bone, PDB), and the brain 

(frontotemporal dementia, FTD). The disease is caused by missense amino acid substitutions on the 

N-terminal and D1 domains of VCP (Ye et al., 2017). Autosomal dominantly inherited amyotrophic 

lateral sclerosis (ALS) (or Lou Gehrig's disease) is a progressive neurodegenerative disease mostly 

caused by sporadic mutations, with mutations in the D2 domain of VCP making up about 2% of the 

total mutations. ALS is characterized by nerve death, loss of motor neurons, and is frequently 

associated with the presence of ubiquitin-positive inclusions and/or accumulation of TDP-43-positive 

aggregates (Johnson et al., 2010). Missense mutations in VCP have been identified in patients with 

CMT type 2Y (CMT2Y), a subtype of CMT (Gonzalez et al., 2014). CMT is an autosomal dominant 

axonal peripheral neuropathy featuring slowly progressive muscular atrophy (Tang and Xia 2016). 

Furthermore, VCP mutation in patients with neurodegenerative diseases correlated with symptoms of 

parkinsonism, suggesting that interruption of normal VCP function is significant in Parkinson’s 

disease (PD). PD, one of the most common neurodegenerative diseases, is characterized by 

degeneration of cells that constitutes the dopaminergic system in the brain. PD is also characterized 

by the buildup of misfolded proteins and the formation of protein inclusions, Lewy bodies, and 

neurites (Nguyen et al., 2019; Alieva et al., 2020). Pathological processes in PD such as dysfunction 

of mitochondria and damage of ubiquitin-dependent proteolysis intersects with the functions of VCP 

in extraction and degradation of ubiquitylated outer mitochondrial membrane proteins (Tanaka et al., 

2010).                                                                                                                     

Various other studies have established the inhibition of VCP as a new approach for targeting protein 
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homeostasis in cancer cells (Deshaies, 2014; Magnaghi et al., 2013; Ian Cooney et al., 2019). Studies 

on the roles of VCP in cancer disease initiation and progression led to the need for identification of 

small molecule inhibitors of VCP. Most VCP functions are modulated by inhibitors; various active-

site and allosteric inhibitors of VCP have been biochemically characterized, however, there are no 

reports of small molecules that activate VCP or promote its ATPase activity. Of interest, DBeQ (N2, 

N4-dibenzylquinazoline-2,4-diamine), and CB-5083, are inhibitors of the D2 ATP binding Site of 

VCP (Huryn et al., 2020). DBeQ was identified as a reversible, competitive inhibitor of VCP ATPase 

activity, it blocks degradation of ubiquitin fusion degradation and ERAD pathway, as well as 

autophagy (Chou et al., 2011). Efforts to improve the potency of DBeQ led to the development of CB-

5083, a potent ATP-competitive, and orally bioavailable inhibitor that inhibits VCP by specifically 

binding to the D2 ATPase domain (Zhou et al 2015). CB-5083 triggers a dose-dependent 

accumulation of poly-ubiquitinated proteins, ER stress, and inhibition of autophagy in tumor cells. 

The most potent and specific VCP inhibitor described to date is the allosteric Inhibitor of the D1−D2 

Site, NMS-873. NMS-873 causes accumulation of poly-ubiquitinated proteins in the ER, activation of 

unfolded protein response (UPR), disruption of autophagy, and apoptosis of tumor cells (Magnaghi et 

al., 2013). Among other inhibitors that have been reported but not addressed here are Eeyarestatin-1, a 

covalent inhibitor that prevents ERAD (Wang et al., 2010), UPCDC30245 developed through 

optimization of the side chain from the original heterocycle l of NMS-873 (laPorte et al., 2018), and 

non-competitive Inhibitor, MSC1094308 (Pöhler et al., 2018). Covalent and allosteric inhibitors of 

VCP have been shown to induce cell death in various cancer cell lines (Magnaghi et al., 2013). DBeQ 

was identified as a potent inhibitor of cancer cell growth by activating the caspases-3 and 7 (Chou et 

al., 2011). Furthermore, treatment of tumor cells and mouse xenograft tumor models with CB-5083 

showed promising anti-cancer effects and is being evaluated in clinical trials for multiple myeloma 

and solid tumor patients (Zhou et al., 2015). Therefore, ongoing studies are exploring VCP as a target 

for cancer therapy.                         

We showed in our previous functional studies that VCP is highly regulated by PTMs such as 

phosphorylation and acetylation at several amino acid residues. We demonstrated that oxidative 

stresses such as ROS, RNS (reactive nitrogen species) and NEM (N-ethylmaleimide) in cultured cells 
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induce S-glutathionylation of VCP at Cys522 residue ((Noguchi et al. 2005). S-glutathionylation, S-

glutathionylation (SSG), S-nitrosylation (also called S-nitrosation, SNO), sulfhydration (SSHdisulfide 

bond formation (RS-SR), and sulfenylation (SOH) are reversible oxidative PTMs that regulates 

protein structure and function (Hanzelmann and Schindelin, 2017). Oxidative modification of Cys522, 

residue in the ATP-binding pocket of the D2 domain of VCP decreased ATPase activity and led to the 

accumulation of polyubiquitinated proteins, causing ER stress and apoptosis, which are key 

phenotypes in the pathology of neurodegenerative disorders such as Parkinson disease, Alzheimer, 

and polyglutamine diseases (Noguchi et al., 2005). We also reported modification of VCP via 

acetylation and phosphorylation at several D2α domains amino acid residues including Ser282, 

Ser284, Tyr495, Tyr755, Thr761 and Ser765 (phosphorylation sites), and Lys651 and Lys696 

(acetylation sites). Representative analysis of mutated Lys696 and Thr76 sites showed that 

modification of Lys696 is involved in the regulation of VCP ATPase activity (Mori-Konya, et al., 

2009). Several phosphorylation sites have been identified in VCP/p97 (Hanzelmann and Schindelin, 

2017). VCP was phosphorylated at Ser784 residue, in response to various DNA-damaging agents 

including doxorubicin, bleomycin, ionizing radiation, UV, and hydroxyurea, in HeLa and U2OS cells, 

and phosphorylated VCP localized to sites of DNA double-strand breaks (DSBs) (Livingstone et al. 

2005). VCP was identified as an Akt-binding protein and as an Akt substrate in PC-12 cell lysates, 

suggesting a role of Akt in the regulation of VCP function. Ser352, Ser746, and Ser748 sites were 

implicated as Akt phosphorylation sites on VCP (Klein et al., 2005). Another study investigating the 

role of VCP expression in the pathogenesis of Helicobacter pylori (H. pylori) infection in gastric 

epithelial cells demonstrated the role of Akt in mediating VCP phosphorylation. H. pylori infection 

was shown to stimulate Akt-mediated phosphorylation of VCP at the Ser-352, Ser-746, and Ser-748 

sites of VCP. The expression and phosphorylation of VCP were involved in the degradation of 

cellular regulators p53, Caspase9, BAD, p27kip1,  PDCD4, and IkBα, and promoted cell survival via 

an anti-apoptotic response (Yu et al., 2013). Furthermore, we have demonstrated that VCP 

modifications mediated changes in the localization of VCP, thereby exacerbating disease phenotypes 

such as neurite retraction in polyglutamine-expressing neuronal cells and eye degeneration in 

drosophila (Koike et al., 2010). Accumulation of abnormal proteins such as expanded polyglutamine 
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in neuronal cells triggered phosphorylation at Ser612 and Thr613 and acetylation of Lys614 residue, 

initiating the translocation of VCP to the nucleus. After nuclear localization of VCP, deacetylations of 

H3 and H4 histones suppressed transcription and protein synthesis, and thus led to atrophic 

phenotypes (Koike et al., 2010). Several other PTMs sites have been identified in VCP, such as 

Lysine and arginine N-Methylation, Palmitoylation (S-Acylation), SUMOylation, Ubiquitylation 

(Mori-Konya, et al., 2009; Fang et al., 2016; Hanzelmann and Schindelin, 2017; Hendriks et al., 

2017). These lines of evidence suggest that VCP may play a role in regulating cellular metabolism in 

different conditions. 

1.3 Aims and objectives 

While there is considerable evidence for the role of VCP in cellular events such as protein quality 

control and homeostasis, little is known about the mechanism by which various nutrient stresses 

affects or alter VCP function. Shedding more light on the roles of VCP in cellular adaptation to 

environmental changes will be useful in making progress as well as addressing the limitations of 

VCP-based therapy. In the present study, I analyzed the positional requirement of VCP during 

nutrient starvation, in various cell lines (Table 1). I report that VCP localizes to peri-nuclear regions 

upon amino starvation, specifically glutamine in PC3 cancer cell lines. This phenomenon is especially 

significant as disruption of VCP relocalization altered homeostasis characterized by increased 

mitochondrial activity, upregulated ROS production, and depletion of cellular GSH levels. This led to 

the induction of ferroptosis, an oxidative stress-related necrotic cell death. Taken together, I conclude 

that VCP relocalization plays an essential role in suppressing mitochondrial activity to protect PC3 

prostate cancer cells against ferroptosis during starvation.   
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2.1 Cell culture 

PC3 cells were grown in High glucose Dulbecco's modified Eagle's medium (DMEM) (Nacalai 

Tesque, Japan), supplemented with 10% fetal bovine serum (FBS) (Sigma, USA) at 37 °C and 5% 

CO2. All cells used in this study were within 20 passages after thawing and tested regularly for 

mycoplasma with a kit (MycoAlert, Lonza).  

Plasmid DNA transfections in PC3 cells were performed using Lipofectamine LTX-plus Reagent 

(Invitrogen) according to the manufacturer’s protocol. Plasmid constructs: pEGFP-N (negative 

control), pEGFP-N-VCP (wt), and pEGFP-N-VCP (K524A) expression vectors were described 

previously (Hirabayashi et al., 2001, Kobayashi et al., 2007). 

2.2 Cell treatments, media composition and reagents  

For standard amino acid starvation treatments, cells were cultured in commercial, amino-acid-

containing, high-glucose DMEM media (Nacalai tesque) or commercial, high-glucose DMEM media, 

without amino-acids (Wako, Japan), or Hank's Balanced Salt Solution-HBSS (Gibco). The individual 

custom-made amino acid medium containing or lacking respective amino acids, was prepared 

according to the formulation recipe for standard DMEM. Amino acid mixtures were prepared in 

amino acid free DMEM media (Wako) and filtered through a 0.22 μm filter device before use. All 

chemicals and pharmacological compounds were dissolved in AA(-) DMEM, ethanol (Nacalai tesque) 

or dimethyl sulfoxide-DMSO, (Nacalai tesque) before use. All amino acids were purchased from 

Nacalai tesque, except: L-Arginine Hydrochloride (Wako), Glycine (Kanto chemical, Japan) and 

Phenylalanine (Peptide institute, Japan). Other reagents include: Antimycin A (Sigma), Valinomycin 

(Sigma), Ferrostatin-1 (Cayman Chemical), CB-5083 (Cayman Chemical), DBeQ (Sigma), Alanyl-

lglutamine, reduced-GSH, NAC, DTT (Nacalai tesque), Necrosulfonamide (Calbiochem), 

Deferoxamine mesylate salt, (Sigma). 

2.3 Cell viability assays 

Cells were seeded at a density of 1×105 cells/well in 6-well dishes (Thermo Fisher Scientific). After 

24 h, the standard amino-acid-containing, high-glucose DMEM medium was changed to media 

containing treatment conditions for the indicated timepoints. Subsequently, cells were trypsinized, 
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centrifuged and re-suspended in culture media.  

For trypan blue assays, cell samples were diluted in Trypan Blue dye solution (Thermo Fisher 

Scientific) by preparing a 1:1 dilution of the cell suspension and quantifying with a Countess II FL 

automated cell counter (Life tech, Invitrogen). The same equipment was used for cell counting 

experiments.                                  

For the WST Assay, cells were cultured as described above; after treatments, cell viability was 

measured using SF cell-counting reagent according to the manufacturer’s instructions (Nacalai 

Tesque). Spectrophotometric quantification of cell viability was performed with a plate reader 

(ARVO multi-label counter, Perkin Elmer, Inc.). Relative cell viability was calculated by setting cell 

numbers or WST values before the treatment as 100%. 

2.4 Detection of cell death  

Necrotic cell death was determined using an Apoptotic/Necrotic/Healthy Cells detection Kit 

(PromoKine, PromoCell Germany). Cells were treated according to the manufacturer’s protocol. 

Briefly, following treatment, cells were harvested, washed twice with 1X Binding Buffer, centrifuged, 

and resuspended in staining solution (5 μL of FITC-Annexin V, 5 μL of Ethidium Homodimer III and 

5 μL of Hoechst 33342 in 100 μL 1X Binding Buffer) and incubated for 15 min at room temperature, 

protected from light. After incubation, cells were washed twice with 1X binding Buffer. Cell 

suspensions were mounted on microscope slides, cover-slipped, and the fluorescence was observed 

using FITC, Texas Red and DAPI filter sets. Immunofluorescence was observed on a Nikon Ti-E 

inverted microscope controlled with NIS-Elements (Nikon), using a 20x objective. Fluorescence 

emissions from samples were captured with a Zyla4.2 sCMOS camera (Andor). Images were 

processed using MetaMorph software (Molecular Devices, Sunnyvale, CA, USA).                           

For detection of EthD-III-positive cell death in GFP-tagged VCP-expressing PC3 cells and 

visualization of VCP localization in these cells after treatment, (as in Figure 5e; figure S6g), 

immunofluorescence was observed under a BZ-X800 fluorescence microscope (Keyence), with 20x 

and 40x objective lenses respectively, and images were analysed using the BZ-X800 Analyser. 
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2.5 Immunostaining  

PC3 cells were seeded at a density of 3.5x104 cells in 24-well dishes (Thermo Fisher Scientific), on 

18 mm (0.12 X 0.17 thick) sized round micro coverslips (Matsunami Glass Inc. Japan) (prior to 

seeding, the cover slips were washed in NaOH and HCl and coated in 0.1% Type IV collagen and 

0.2% HCl). After 24 h culture in complete medium, cells were treated as indicated in each 

experiment. Following treatments, cells were fixed in methanol for 15 min on ice, permeabilized in 

0.5% Triton X-100 buffer (0.5% Triton X-100, 20 mM HEPES, 50 mM NaCl, 3 mM MgCl2, and 0.3 

M sucrose) for 15 min at room temperature and blocked with 10% normal goat serum (Sigma) diluted 

in 1X PBS for 1 h at room temperature. Primary antibodies diluted in 1% normal goat serum were 

then added and allowed to bind overnight at 4°C. Polyclonal antibodies against VCP were developed 

in our laboratory and were described previously (Yasuda et al., 1999; Hirabayashi et al., 2001). 

Subsequently, cells were washed in PBS and incubated for 2 h at room temperature with an 

AlexaFluor 488 secondary antibody (Invitrogen) diluted in 1% normal goat serum. Cells on coverslips 

were then washed in PBS and mounted on glass microscope slides (Matsunami Glass ind. Japan) 

using Vectashield mounting medium containing DAPI (H-1200, Vector Lab Inc. Burlingame), and 

stored at 4°C until imaging. Images were captured on a Nikon Ti-E inverted microscope controlled 

with NISElements (Nikon), using a 60x objective (Nikon; CFI Plan Apo λ 60x oil: NA 1.40). 

Fluorescence emissions from samples were captured with a Zyla4.2 sCMOS camera (Andor). Alexa-

Fluor 488 is shown in green and DAPI in blue. Images were processed using MetaMorph (Molecular 

Devices). 

2.6 Evaluation of Mitochondrial membrane potential. 

PC3 cells were cultured in collagen‐coated 35‐mm glass‐bottom dishes (glass thickness 0.15–0.18 

mm, Mat-tek, Ashland, MA, USA), followed by a 12 h stimulation with Gln(+) or Gln(-) medium, or 

valinomycin in DMEM (10% FBS) as control, and the cells were then treated with 50 nM of 

tetramethylrhodamine methyl ester-TMRM (Invitrogen) in phenol red‐free DMEM (Nacalai tesque) 

for 30 min at 37℃. Florescence images of individual cells in phenol red-free starvation medium were 

captured using the same microscope as described above (4.5) with a 40x objective (Nikon, Tokyo, 
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Japan; CFI Plan Apo λ 40x: NA 0.95). Cells were maintained at 37℃ with a continuous supply of 

95% air and 5% CO₂ using a stage‐top incubator (Tokai Hit) for the duration of imaging. Average 

TMRM intensities were determined using MetaMorph software (Molecular Devices). 

2.7 Quantification of ROS generation  

PC3 cells were cultured in a collagen-coated glass-bottom 35 mm dish. Following treatment with the 

respective experimental conditions, as described in Results, cells were harvested by trypsinization and 

centrifugation, washed twice with PBS, and loaded with the ROS-sensitive probe CM-H2DCFDA 

(100 µM) in PBS for 30 min at 37°C in the dark, followed by a PBS wash step. Cell suspensions were 

mounted on glass microscope slides (Matsunami Glass ind. LTD Japan) and the fluorescence were 

captured with a digital camera, as described in 4.5. Fluorescence intensities were determined and 

quantified using MetaMorph software (Molecular Devices). Results presented are means ± S.E. of 

three independent experiment. 

2.8 Quantification of GSH  

Total glutathione-GSH concentrations were determined using a Total Glutathione Quantification Kit 

(#T419, Dojindo). After treatments, cells in 6-well plates were washed with PBS, collected using 

0.25% trypsin, centrifuged, lysed by addition of 10 mM HCl twice, and two rounds of freeze-thawing. 

For deproteination, 5% sulfosalicylic acid (SSA) (#190-04572, Wako) was added to lysates, followed 

by centrifugation and storage of supernatants at -80°C, until the assay. Total GSH levels in the 

supernatants were quantified according to the manufacturer’s protocol by measuring the absorbance at 

405 nm using a microplate reader (ARVO multi-label counter, Perkin Elmer, Inc) over 20 min; the 

values were normalized by the cell counts from aliquots of the lysates measured at the time of 

harvesting, using a countess II FL automated cell counter (Life tech, Invitrogen). 

2.9 Statistical analysis  

Statistical significance was evaluated using a two-tailed paired Student's t test. P-values <0.05 were 

considered statistically significant. 
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3.1 Endogenous VCP relocalizes in response to amino acid starvation.  

Building on our previous findings and our interest in identifying the roles of VCP in adaptation to 

stress conditions, I assessed changes in intracellular localization of VCP under various stress 

conditions (Figure 2), in several cell lines such as PC3, DU145, HEK293, B16F10, PC12, HELA, and 

MEF cells (Table 1).  

 

 

 

 

 

 

 

Figure 2. Preliminary experimental test. Cells lines in Table 1. were exposed to various stress 

conditions and intracellular VCP localization was monitored by immune-staining 

Table 1. VCP relocalization in cell lines in amino acid starvation 
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I discover that VCP displays a unique morphological and spatial changes during amino starvation 

exclusively in PC3 and DU145 prostate cancer cells. Under normal culture conditions, VCP exhibits a 

diffuse distribution across the cytoplasm and the nucleus of PC3 cells. Typically, culture in nutrient-

free Hanks' Balanced Salt Solution (HBSS), triggered a dramatic translocation and formation of 

aggregate-like VCP structures at perinuclear regions from as early as 6 hours after the initiation of 

starvation (Figure 3a, b). Interestingly these VCP structures were located asymmetrically along the 

nuclear membrane but not inside the nucleus. The percentage of cells displaying VCP structures 

(structure-positive cells) were quantified by manual counting. Hereafter, I refer to normal uniformly 

distributed VCP as “free VCP”, and this distinct morphological change as “VCP relocalization”. Next, 

I sought to identify the specific nutrient responsible the distinct VCP response. To achieve this, I 

added either glucose, lipids, or amino acids (AAs) to HBSS, to determine which nutrients could blunt 

VCP relocalization. I found that the addition of amino acids but not the other essential components of 

culture medium significantly reversed VCP relocalization; furthermore, in PC3 cells cultured in amino 

acid-free normal DMEM, VCP relocalization was visible (Figure 3c, d). This data shows that VCP 

distinctly relocalizes and forms aggregate-like structures exclusively during amino acid starvation in 

PC3 cells. 
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Figure 3. Amino acid deprivation induces relocalization and aggregation of VCP 

(a) VCP localization in cells cultured for 12 h in HBSS or DMEM. (b) Percentages of cells that 

were scored as VCP structure-positive cells in a. (c) VCP localization in cells cultured for 12 h in 

DMEM or DMEM without amino acids (AA(-) DMEM). (d) Percentages of VCP structure-positive 

cells in c. VCP localization was imaged by immuno-fluorescence staining using an Alexa-Flour 

488-conjugated secondary antibody and an anti-VCP primary antibody in fixed PC3 cells. 

Representative images are shown (Left, DAPI; middle, VCP; right, merged). VCP structure-positive 

cells were scored as the percentage of cells visibly displaying peri-nuclear VCP aggregates. Scale 

bars represent 10 µm. Data represents mean ± SD of 3 independent experiments. **P < 0.001, *** P 

< 0.001. 
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3.2  VCP relocalization is specifically triggered by glutamine. 

Having established that amino acid deficiency is the trigger for VCP relocalization, AA substitution 

experiments were performed to investigate which amino acid (s) loss is accountable for VCP 

relocalization. I cultured PC3 cells in media containing all amino acids (AA(+)) or AA(+) media 

lacking individual amino acids and performed immuno-staining for VCP. Remarkably, only cells 

cultured in media lacking glutamine exhibited VCP relocalization (Figure 4a, b). To reinforce this 

finding, I investigated which AA(s) can blunt VCP relocalization by incubating PC3 cells in amino 

acid-free media (AA(-)) or AA(-) media supplemented with individual AAs, respectively. I observed 

that only the addition of glutamine, but no other AAs to AA(-) media dramatically suppressed VCP 

relocalization (Figure 4c, d). Taken together, these results indicate that in PC3 cells VCP senses AA 

starvation, particularly glutamine starvation and relocalizes. 
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Figure 4. Relocalization and aggregation of VCP in response to glutamine availability in culture 

medium 

Representative immunofluorescence images showing VCP localization in PC3 cells, 12 h after 

incubation. (a) AA(+) DMEM as control (Con) or AA(+) DMEM lacking respective amino acids. (b) 

Percentages of VCP structure-positive cells after 12 h incubation in DMEM (Con) or DMEM lacking 

single amino acids, respectively, for 12 h (c) AA(-) DMEM as control (Con) or supplemented with 

individual amino acids.  (d) Percentages of VCP structure-positive cells. Representative images are 

shown; VCP (green) and DAPI (blue). Scale bars represent 10 µm.  
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3.3 Glutamine supplementation triggers rapid cell death. 

Typically, survival or death are among the fate of cultured mammalian/human cells under nutrient 

deprivation and other stresses. Hence, I performed phenotypic analysis of PC3 cells to uncover the 

effect of VCP relocalization on cell fate. I show that cells cultured in glutamine-free starvation 

medium (Gln(-)) in which VCP relocalizes, can survive over 5 days of starvation. On the other hand, 

in cells cultured in starvation medium containing 4 mM glutamine (Gln(+)), in which VCP exists as 

free VCP, I observed a rapid induction of cell death which peaked at 48 hours (Figure 5a, b). Next, to 

evaluate whether induction of cell death during starvation is limited to glutamine supplementation, 

cells were cultured in starvation medium (AA(-)) or AA(-) medium supplemented with individual 

AAs: Glycine (Gly), Arginine (Arg), Cystine (Cys2), Histidine (His), Isoleucine (Ile), Leucine (Leu), 

Lysine (Lys), Methionine (Met), Phenylalanine (Phe), Serine (Ser), Threonine (Thr), Tryptophan 

(Trp), Tyrosine (Tyr), Valine (Val) and Glutamine (Gln). Cell viability data confirmed that none of 

these amino acids were capable of inducing cell death during AA starvation, with the sole exception 

of glutamine, (Figure 5c, d). Similarly, supplementation of AA-starvation medium with alanyl-L-

glutamine, which gradually releases glutamine in culture media, triggered cell death (Figure 5e).  
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Figure 5. Glutamine supplementation triggered rapid cell death during amino acid starvation 

(a) Morphology of PC3 cells after incubation with AA(-) DMEM with/without glutamine at the indicated 

timepoints. (b) Time course of cell survival during amino acid starvation. PC3 cells were treated with or without 

4 mM glutamine (Gln(+) or Gln(-), respectively) in AA(-) DMEM, and cell viability was analyzed by trypan 

blue assay at 0, 6, 12, 24, 36, 48, 60 and 72 h. (c) Cell morphology after 48 h incubation in AA(-) DMEM or 

AA(-) DMEM supplemented with individual amino acids. Only Gln, but not the other amino acids, induced cell 

death. (d) Cell viability of PC3 cells subjected to single amino acid supplementation. PC3 cells were cultured in 

AA(-) DMEM (Con) or AA(-) DMEM supplemented with individual amino acids, for 48 h, and then cell 

viability was assessed by trypan blue assay. (e) A glutamine analog, Alanyl-l-glutamine (Ala-Gln), induced cell 

death in a similar fashion as glutamine. Cell viability of PC3 cells treated with/without glutamine in AA(-) 

DMEM, in the absence or presence of Ala-Gln (2 mM) for 48 h. Data represent mean ± SD of 3 independent 

experiments. ***P < 0.001 by unpaired two-tailed Student’s t test. 
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3.4 Glutamine-induced cell death is necrosis (Ethidium homodimer III-

positive)  

Apoptosis and necrosis are two major processes by which cells die. Typically, amino acid deprivation 

induces apoptosis which is associated with caspase activation (Eisler et al., 2004; Marti net et al., 

2005), and accompanied with subsequent morphological changes such as chromatin condensation, 

nuclear and chromosomal fragmentation, loss of cell volume, membrane blebbing, and externalization 

of phosphatidylserine (PS) to the outer surface of the cell membrane, which can be stained by FITC-

conjugated Annexin V. In necrosis, both internal organelle and plasma membrane integrity are lost, 

and cytosolic and organellar contents are spilled into the surrounding environment, rendering it 

permeable to Ethidium homodimer III (EthD-III). To explore the molecular nature of glutamine-

induced cell death, I used an Apoptotic/Necrotic Cells Detection assay kit to detect apoptotic or 

necrotic cells. Cells were starved with or without glutamine for 48 h and then stained according to 

instructions from manufacturers. Staurosporine was used as apoptosis control and cells were exposure 

to heat shock at 49° C for necrosis control. Fluorescence microscopy imaging showed that the 

morphological changes associated with glutamine-induced cell death were consistent with the 

morphological features of necrotic cell death, but distinct from apoptosis (Figure 6a, b).  
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Figure 6. Glutamine-induced cell death is necrosis 

 PC3 cells were cultured with/without glutamine in AA(-) DMEM for 48 h and then imaged 

according to the kit staining protocol. For the necrosis control, cells cultured with DMEM (10% 

FBS) were exposed to 49 ℃ in a water bath for 45 mins. For the apoptosis control, cells 

cultured in DMEM with 10% FBS (DMEM) were treated with 0.75 µM Staurosporine (STP) 

for 4 h. Cells were stained with: membrane-permeable Hoechst 33342 (blue), Annexin V-FITC 

(green), and Ethidium homodimer III (red). Fluorescence images show apoptotic blebs in green 

and necrotic cells in red. Three independent experiments were performed, and representative 

images are shown. Scale bar represents 10 µm.      (b) Percentages of necrotic cells in (a). (c, d) 

Rescue effects of ferroptosis inhibitors on glutamine-induced cell death.
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3.5  Glutamine-induced necrosis is propagated via a ferroptotic pathway 

during starvation  

It has recently become clear that molecular regulation of cell death processes is not limited to 

apoptosis. In fact, recent studies have led to more refined categories of necrosis, driven by regulatory 

mechanisms involving intracellular signaling transduction molecules. These include necroptosis and 

ferroptosis. Necroptosis is a programmed necrosis pathway mediated by receptor-interacting serine-

threonine kinases 1 (RIP1) and 3 (RIP3) (Cho et al., 2009; He et al., 2009), while ferroptosis is an 

erastin-induced oxidative, iron and lipid ROS-dependent form of necrosis (Dixon et al., 2012). To 

assess whether glutamine-induced necrosis is mediated via either of these cell death pathways, I tested 

the effect of a potent inhibitor of ferroptosis, ferrostatin-1 (Fer-1), (Dixon et al., 2012) and a specific 

necroptosis inhibitor, necrosulfonamide (NSA) (Liao et al., 2014). NSA inhibits necrosis by 

selectively blocking receptor-interacting serine-threonine kinase 3 (RIP3) activation or its substrate 

mixed lineage kinase domain-like protein (MLKL), thereby, preventing MLKL-RIP1-RIP3 

necrosome complex from interacting with downstream necrosis effectors (Sun et al., 2012). On the 

other hand, Fer-1 inhibits peroxidation initiated by iron and traces of lipid hydroperoxides. Treatment 

with NSA did not protect cells against glutamine-induced cell death (Figure 7a), ruling out a direct 

involvement of RIPK mediated necroptosis, but Fer-1 significantly diminished glutamine-induced cell 

death (Figure 7b). In the presence of Fer-1, cell viability was comparable to control conditions and 

cells did not stain positive for EthD-III (Figure 7c, d). Furthermore, cell viability was maintained in 

the presence of deferoxamine (DFO), an iron chelator that inhibits ferroptosis (Dixon et al., 2012), 

and cells did not stain positive for EthD-III (Figure 7e, g). These results demonstrate that cell necrosis 

triggered by glutamine during AA starvation is ferroptosis. 
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Figure 7. Glutamine-induced necrosis is ferroptosis. 

(a) Cell viability of PC3 cells treated with/without glutamine in AA(-) DMEM, in the absence (Con) or 

presence of 0.25 µM and 5 µM Necrosulfonamide (NSA) for 48 h.            (b) PC3 cells 

treated with/without glutamine in AA(-) DMEM in the absence (Con) or presence of 20 µM ferrostatin-1 

(Fer-1) for 48 h. (c, e) Fluorescence microscopy images of PC3 cells stained with Hoechst (blue) and 

Ethidium homodimer III (EthD-III) (red), after treatment with/without glutamine in AA(-) DMEM, in 

the absence or presence of 20 µM Fer-1 (b) or 50 µM DFO (d). Scale bars represent 10 µm. (d, f) 

Percentages of necrotic cells determined by counting the number of EthD-III-positive cells (red stain) in 

the experiments shown in (b, d), respectively.                   (g) 

PC3 cells treated with/without glutamine in AA(-) DMEM in the absence (Con) or presence of 50 µM 

deferoxamine (DFO)  for 48 h. Cell viability was measured by WST analysis. Data represent mean ± SD 

of 3 independent experiments. ***P < 0.001 by unpaired two-tailed Student’s t test. 
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3.6  Cystine rescues glutamine-induced ferroptosis, independent of VCP 

relocalization  

The results above showed that the addition of glutamine to starvation medium triggers ferroptosis. 

However, amino acids, and/or conventional culture medium, containing all amino acids, do not 

normally trigger cell death. It seemed likely that glutamine-induced cell death is a result of amino acid 

imbalance. Therefore, addition of certain AA(s) to starvation medium, may eliminate glutamine-

induced ferroptosis. I performed AA compensation analyses to determine whether glutamine-induced 

ferroptosis could be alleviated by the addition of subsets of amino acid(s). I created three AA groups 

(Figure 8a) based on their concentrations in normal culture medium, they include: high (group A: Ile, 

Leu, Lys, Tyr), medium (group B: Arg, Cys2, Phe, Thr, Val), and low (group C: Gly, His, Met, Ser, 

Trp) (Figure 6a). Cells were treated then in glutamine-containing (Gln(+)) starvation medium 

supplemented with the respective AA groups. Only the group-B mix prevented glutamine-induced 

ferroptosis (Figure 8b). Upon testing individual members of the group B mix, I observed that addition 

of cystine (oxidized dimer form of cysteine), but not Arg, Phe, Thr, or Val abolished glutamine-

induced ferroptosis (Figure 8c, d). Although, cystine was protective, it did not restore VCP 

relocalization as expected (Figure 8e, f), suggesting that cystine prevents glutamine-induced 

ferroptosis irrespective or downstream of VCP relocalization.  
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Figure 8. Cystine blocks glutamine induced cell death 

Amino acid compensation analyses to examine rescue effects on glutamine-induced ferroptosis. (a) 

Table of amino acids grouped by concentration (low to high) according to the commercial DMEM 

formulation. (b-d) Cell viability of PC3 cells after 48 h incubation in DMEM or AA(-) DMEM 

with/without glutamine, in the presence of the specified single amino acids or amino acid groups. (e) 

Representative immunofluorescence images of cells following 12 h starvation in AA(-) DMEM 

with/without glutamine in the absence or presence of 0.2 mM cystine (Cys2). Scale bar represents 10 

µm. (f) Percentages of VCP structure-positive cells in the experiments shown in (e). Data represent 

mean ± SD of 3 independent experiments. *** P < 0.001, N.S = not significant, by unpaired two-tailed 

Student’s t test. 
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3.7 Glutamine-induced ferroptosis is associated with high intracellular ROS 

levels in starved PC3 cells. 

One major role of cystine is its contribution to the maintenance of redox homeostasis. Thus, I 

investigated whether the protective effect of cystine was linked to the levels of ROS in Gln(+) 

starvation condition. I hypothesized that glutamine supplementation induces ferroptosis by increasing 

ROS production. Cells were treated in AA(-) medium with Gln(+) or Gln(-) for 6 hrs and C-

dichlorofluorescein (c-DCF)-sensitive ROS production was monitored after incubation in a cellular 

ROS probe, 5-(and-6)-chloromethyl 2´,7´dichlorodihydrofluorescein diacetate, acetyl ester (CM-

H2DCFDA). Significantly higher ROS levels were detected in the Gln(-) cells, similar to ROS levels 

in H2O2-treated cells. However, in the Gln(-) condition or co-treatment with glutamine and N-

acetylcysteine (NAC), a well-known ROS scavenger, ROS levels were comparable to those of cells 

treated in normal DMEM conditions (Figure 9a, b). Additionally, NAC restored viability and 

prevented EthD-III positive cell death during starvation (Figure 9c-e). These results indicate that 

during starvation, addition of glutamine increases cellular ROS levels, thereby triggering ferroptosis, 

and that cystine can prevent glutamine-induced ferroptosis downstream of VCP relocalization by 

preventing accumulation of ROS.
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Figure 9. Glutamine-induced ferroptosis is associated with  increased ROS production. 

 (a, b) Analyses of ROS generation in PC3 cells incubated in AA(-) DMEM with/without glutamine for 

12 h. Fluorescence microscopy images and Quantification of CM-H2DCFDA fluorescence intensity is 

shown. Data indicate the total fluorescence emission from individual cells. Scale bar represents 10 µm. 

(c) Cell viability of cells following treatment with/without glutamine in AA(-) DMEM, in the absence 

(Con) or presence of 2 mM NAC. (d, e) Fluorescence images of EthD III-positive cells and the 

percentages of necrotic cells, following treatment with/without glutamine in AA(-) DMEM, in the 

absence or presence of 2 mM NAC. Scale bar represents 20 µm. Data represent mean ± SD of 3 

independent experiments. **P < 0.01, *** P < 0.001 by unpaired two-tailed Student’s t test. 
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3.8 Glutamine-induced ferroptosis is associated with decreased GSH levels in 

starved PC3 cells. 

High ROS levels are usually a consequence of the imbalance between ROS generation and their 

elimination by antioxidants. I next analyzed the cellular levels of glutathione (GSH), a strong ROS 

scavenger and a cystine metabolite, under starvation conditions using a total glutathione quantification 

kit. This kit includes a ratiometric DTNB-based redox reporter that utilizes the enzymatic glutathione 

recycling method with glutathione reductase DTNB (5,5 Edithiobis (2-nitrobenzoic acid), Ellman’s 

reagent). Glutathione reductase regenerates GSH from oxidized glutathione (GSSG), and the 

sulfhydryl group of GSH reacts with DTNB to produce a yellow colored 5-Mercapto-2-nitrobenzoic 

acid (TNB) whose absorbance at 412 nm can be spectrophotometrically measured to provide a precise 

valuation of GSH in the sample. In cells cultured in glutamine-containing starvation medium, GSH 

levels were significantly lower, compared to cells cultured in Gln(-) starvation medium which 

displayed similar GSH levels to the positive control condition treated with reduced GSH (Figure 10a). 

Furthermore, reduced GSH effectively obstructed glutamine-induced ferroptosis (Figure 10b-d). 

Compounds with antioxidant properties such as Dithiothreitol (DTT), or resveratrol prevented 

glutamine-induced ferroptosis (Figure 10e, f). Thus, it seems that reduction of GSH levels combined 

with higher ROS are the causes of glutamine-induced ferroptosis. 
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Figure 10. Glutamine-induced ferroptosis is associated with lower GSH levels. 

(a) Total glutathione (GSH+GSSG) levels in PC3 cells treated with/without glutamine in AA(-) DMEM 

for 24 h. Total GSH levels were assessed by a colorimetric enzymatic reaction, and after 20 min, 

absorbance was measured in a microplate reader. The GSH concentration was determined according to 

the manufacturer’s protocol, and data were normalized to cell counts. Mean GSH values of cells cultured 

in Gln(-) condition were set at 100%. 2 mM NAC and 250 µM reduced-GSH were used as positive 

controls. (b) Cell viability of cells following treatment with/without glutamine in AA(-) DMEM, in the 

absence (Con) or presence of 250 µM reduced-GSH.        

(c, d) Fluorescence images of EthD III-positive cells and the percentages of necrotic cells, following 

treatment with/without glutamine in AA(-) DMEM, in the absence or presence of 250 µM reduced GSH. 

(e, f) Cell viability was evaluated after 48 h treatment with/without glutamine in AA(-) DMEM, 

containing 4 mM Dithiothreitol (DTT) (b) or 100 µM Resveratrol (ResV). Scale bar represents 20 µm. 

Data represent mean ± SD of 3 independent experiments. All data shown here represent mean ± SD of 3 

independent experiments. *P < 0.01, *** P < 0.001 unpaired two-tailed Student’s t test. 
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3.9 VCP relocalization correlates with limited mitochondrial activity during 

amino acid starvation. 

The mitochondrial electron transport chain (ETC) is the main generator of mitochondrial ROS during 

oxidative phosphorylation in the inner mitochondrial membrane. It is widely accepted that active 

mitochondria corelates with high mitochondrial membrane potential (ΔΨm) and higher ROS 

production. I evaluated the involvement of mitochondrial activity in glutamine-induced ferroptosis by 

measuring ΔΨm. Cells were cultured for 12 h or 24 h in Gln(+) or Gln(-) starvation conditions and 

ΔΨm was examined by staining with tetramethylrhodamine methyl ester (TMRM) staining for 15 

mins. Analysis of TMRM fluorescent signals revealed that ΔΨm in cells treated in the presence of 

glutamine were equivalent to non-starved control cells cultured in DMEM. In contrast, a substantial 

loss of  ΔΨm was detected in cells starved without glutamine, identical to ΔΨm in cells treated with 

valinomycin, a known inducer of  rapid ΔΨm potential loss (Figure 11a). Furthermore, it has been 

shown that ROS is generated from mitochondrial complexes I and III of the ETC and their 

involvement in oxidative damage have been documented (Chen et al., 2003). In support of these 

findings, I demonstrate that inhibiting mitochondrial complex III by treatment with Antimycin A in 

glutamine-containing starvation media partially mitigated glutamine-induced ferroptosis (Figure 11b). 

These results indicate that the presence of glutamine in starvation inappropriately sustained 

mitochondrial activity and active mitochondria are the main causes of glutamine-induced ROS 

elevation and the resulting ferroptosis. 
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Figure 11. Mitochondria activity is maintained in glutamine-supplemented starvation 

conditions. 

(a) Quantitative analyses of Tetramethylrhodamine methyl ester (TMRM) signal intensities 

in PC3 cells incubated in AA(-) DMEM with/without glutamine for 12 h. The data represent 

the total fluorescence emission from individual cells, and valinomycin treatment served as 

the negative control.                          

(b) WST analyses of cell viabilities in cells treated with/without glutamine in AA(-) 

DMEM, in the absence or presence of 5 µM Antimycin-A for 48 h. . All data shown here 

represent mean ± SD of 3 independent experiments. *P < 0.05, **P < 0.01 unpaired two-

tailed Student’s t test. 
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3.10 VCP inhibitors sustain mitochondrial activity, lowers GSH levels, and 

induces ferroptosis. 

I have shown in preceding chapters that the presence of glutamine during starvation prevents VCP 

starvation response (relocalization), resulting in mitochondrial dysregulation and cell death. The last 

missing link in this study was to determine the significance of VCP and VCP relocalization on these 

processes. To achieve this, I used competitive inhibitors of VCP, CB-5083 and DBeQ. I found that 

addition of CB-5083 (0.55 µM) and DBeQ (2 µM) to cells cultured in Gln(-) starvation medium 

abolished VCP relocalization and significantly reduced cell viability (Figure 12a-f), emphasizing a 

link between VCP relocalization and cell survival. Having initially established that cell survival was 

associated with mitochondrial activity and antioxidant levels, I next clarified the involvement of VCP 

in mitochondrial activity and cell survival in PC3 cells cultured for 24 h in Gln(-) or Gln(+) starvation 

medium in the presence or absence of CB-5083. Interestingly, compared to control conditions without 

CB-5083, cells treated in Gln(-) starvation medium containing CB-5083 exhibited significant 

depletion of GSH levels (Figure 12g), accompanied by an increase in mitochondrial membrane 

potential (Figure 10h). These results show that during starvation, VCP is a key regulator of 

mitochondrial functions, and the effects of glutamine supplementation are parallel to the addition of 

VCP inhibitors. 
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Figure 12. VCP inhibitors modulate mitochondria activity, GSH levels and cell survival 

(a) Immuno-fluorescence images showing VCP localization in PC3 cells after 12 h treatment with/without 

glutamine in AA(-) DMEM, in the absence or presence of 0.55 µM CB-5083.                         

(c) Percentages of VCP structure-positive cells in (b). (c) Cell viability assessed by WST assay, 48 h after 

starvation with/without glutamine in AA(-) DMEM, in the absence (Con) or presence of 0.55 µM CB-5083. 

(d) Immuno-fluorescence staining of cells treated with/without glutamine in AA(-) DMEM, in the absence 

or presence of 2 µM DBeQ for 12 h. (e) Quantification of VCP structure-positive cells in (d). (f) Cell 

viability was evaluated by WST assay 48 h after incubation in AA(-) DMEM in the absence or presence of 2 

µM DBeQ. (g) Quantification of ΔΨm after 12 h of treatment with/without glutamine in AA(-) DMEM, in 

the absence or presence of 0.55 µM CB-5083. (h) Total GSH levels determined in cells collected 24 h after 

treatment with/without glutamine in AA(-) DMEM, in the absence (Con) or presence of 0.55 µM CB-5083. 

NAC was used as a positive control. Scale bars represent 10 μm. Data represent the mean ± SD of 3 

independent experiments. *P < 0.05, **P < 0.01 unpaired two-tailed Student’s t test. 
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3.11 Free VCP correlates with cell death in starved PC3 cells  

Finally, to assess the involvement of VCP ATPase activity in glutamine-induced cell death, I 

transiently expressed GFP-fused wild-type VCP (VCP-wt) and a dominant-negative form of VCP 

(VCP(K524A)) in PC3 cells and cultured the cells with or without glutamine in starvation medium. 

Surprisingly, immuno-staining images show that GFP-fused VCPs did not relocalize but distributed 

uniformly in the cytoplasm (Figure 13a) as free VCP; perhaps due the size of the GFP protein. This  

hindered the possibility of assessing VCP relocalization under these under these conditions. 

Fortuitously this limitation provided an avenue to study the importance of relocalized and free VCP. I 

hypothesized that since free VCP correlated with cell death, GFP-positive cells will stain positive for 

EthD-III. Cosistently, EthD-III-positive cell death was triggered in cells expressing GFP-fused VCPs, 

regardless of the presence or lack of glutamine in starvation medium (Figure 13b). These data 

demonstrates that, during starvation in PC3 cells, if VCP exists as “free VCP”, regardless of its 

ATPase activity, mitochondria persist in an active state and consequently generates ROS, which in 

turn triggers ferroptosis. 

To summarize, (Figure 14c ), my data stipulate the following model for VCP-mediated starvation 

response in PC3 cells: (1) In the absence of glutamine, VCP senses lack of glutamine during AA 

starvation and relocalizes to perinuclear regions. (2) VCP relocalization is associated with reduced 

mitochondrial activities and lesser ROS production and the overall consequence is the suppression of 

cell death (3) Conversely, addition of glutamine to starvation media suppresses VCP relocalization, 

resulting in maintenance of mitochondrial activity, ROS production, reduction of GSH levels and 

ferroptosis. 

 

  



48 
 

  

Figure 13. Lack of relocalization of VCP during 

starvation causes cell death. 

(a) Fluorescence images of PC3 cells expressing 

EGFP-fused VCPs: vector control (pEGFP-N), wt-

VCP (pEGFP-N-VCP (wt)) or ATPase-negative 

mutant VCP (pEGFP-N-VCP (K524A)). Cells 

were observed after a 24 h incubation in AA(-) 

DMEM with/without glutamine.        

(b) Colocalization of free VCP (green signals) 

with EthD-III staining. PC3 cells transfected with 

vectors for GFP-fused VCPs (VCP-wt, or VCP 

(K524A) or pEGFP-N (Vector Control) were 

cultured with/without glutamine in AA(-) DMEM 

for 24 h, processed for staining with Hoechst and 

Ethidium homodimer III, and analyzed by 

fluorescence microscopy. Hoechst; cell nuclei, 

EthD-III; necrotic cells, EGFP; cells expressing 

GFP-tagged VCPs or GFP alone. Scale bars 

represent 20 µm. Three independent experiments 

were performed, and representative images are 

shown. 
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Figure 14.  Diagram of hypothetical model 

During AA starvation in glutamine-free conditions, VCP senses lack of glutamine and 

relocalizes to perinuclear regions. This response is associated with reduced 

mitochondrial activities and ROS production and survival.     

Conversely, re-addition of glutamine to starvation media represses VCP relocalization, 

causing an even distribution of VCP, maintenance of mitochondrial activity, ROS 

production, reduction of GSH levels and ferroptosis 
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4  Chapter 

Discussion 
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In our previous studies, we showed that VCP plays a crucial role in cellular homeostasis. Here, I 

present evidence that VCP is important in the adaptation of PC3 prostate cancer cells to amino acid 

starvation especially via mitochondria regulation. VCP is the most abundant soluble ATPase in most 

cells and is generally regarded as a key player in maintaining cellular energy homeostasis. As a 

soluble protein, VCP is primarily localized in the cytosol, but a small percentage is present on 

membranes of cellular structures. In the present study, I focused on the response of VCP to starvation 

in prostate cancers cells. I specifically investigate the effect of nutrient stresses on VCP localization. 

VCP localizes evenly across the cytoplasm, under normal culture conditions in PC3 cells. However, 

during nutrient starvation, VCP appeared to relocalize to peri-nuclear regions and self-aggregate, 

hinting that VCP may play a role in how these cells cope with stress. I found that this phenomenon 

was a response to the lack of amino acids, particularly glutamine in the culture medium. Indeed, with 

glutamine in starvation media, VCP remained uniformly distributed in cells, and rapid cell death was 

triggered. Thus, I demonstrate that VCP senses glutamine availability, and this response was linked to 

cell survival. This observation is reasonable since subcellular localization of proteins is critical in 

determining protein function, and changes in protein subcellular localization are necessary to regulate 

protein activity during certain biological processes (Scott et al., 2005).                                                                                   

I showed in PC3 cells starved without glutamine, that mitochondrial activity is significantly 

decreased, and the cells die very slowly with apoptotic phenotypes. On the other hand, in glutamine-

treated cells, ROS production from persistent mitochondrial activity, and low GSH levels due to lack 

of cystine in culture media led to ferroptosis. At present, two critical requirements are necessary to 

define cell death as ferroptosis. First, cell death must be suppressed by lipophilic radical-trapping 

antioxidants, such as ferrostatin 1, liproxstatin 1, vitamin E, and secondly, they must be inhibited by 

iron depletion. In line with this, necrotic cell death in this study was inhibited by both ferrostatin-1 

(Fer-1) and deferoxamine (DFO) an iron chelator, thus confirming ferroptosis.                         

I found that cell survival was exclusive to conditions in which VCP aggregates. Also, VCP inhibitors 

blocked VCP relocalization and triggered cell death, even in the absence of glutamine. This supports 

the likelihood that free VCP is sequestered to shield the cells from ferroptosis during starvation. 

Interestingly, transiently expressed GFP-fused VCPs irrespective of the presence or lack of VCP 
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ATPase activities, remained uniformly distributed in PC3 cells during starvation, and cells expressing 

these VCPs underwent ferroptosis. Taken together, it is conceivable that free VCP, a major consumer 

of ATP, also promotes mitochondrial ATP production. However, when PC3 cells are faced with 

starvation, VCP self-aggregates, apparently reducing its ATP consumption and simultaneously 

contributing to the restriction of mitochondrial activity to conserve energy.                                      

VCP is involved in mitochondrial function in various cell types. For example, the recruitment of VCP 

and its adaptor Ufd1/Npl4 to the mitochondria for clearance of damaged mitochondria via the 

PINK1/Parkin pathway, as shown in a Drosophila model (Kim et al., 2013), is essential for 

mitochondria quality control. Similarly, VCP has been recognized as a player in the outer 

mitochondrial membrane-associated degradation (OMMAD) where it acts as retrotranslocase of 

ubiquitinated mitochondrial proteins for proteasomal degradation, playing roles in mitochondrial 

maintenance via proteostasis, mitophagy, and cell death (Fang et al., 2015). Furthermore, in support 

of the notion of VCP in mitochondrial maintenance, a study reported a VCP-mediated protection of 

cardiac mitochondrial function which was dependent upon VCP-conferred increase of expression and 

activity of nitric oxide synthase (iNOS) in cardiomyocytes (Lizano et al., 2017). My study reveals a 

novel role of VCP in nutrient sensing and regulating mitochondrial functions via its localization.                                                                                                                                            

VCP relocalization, and ferroptosis induced by glutamine supplementation during amino acid 

starvation were unique to prostate cancer cell lines, PC3, and DU145 cells, but not other cell lines 

(Table 1). PC3 cells require high levels of exogenous glutamine in culture (Canapè et al., 2015), and 

lack of glutamine in culture causes cell cycle arrest (Shin et al., 2013). Glutamine metabolism is 

highly remodeled for cellular adaptation, previous studies have highlighted a cancer-specific change 

in the fate of glutamine nitrogen from anaplerotic pathway into the TCA cycle to nucleotide 

biosynthesis, controlled by glutaminase (GLS1) and phosphoribosyl pyrophosphate amidotransferase 

(PPAT). This was essential for malignant progression of small cell lung cancer (SCLC) (Kodama et 

al., 2020). These features emphasize the cancer-specific roles of glutamine. Here, I contend that at 

least three crucial functions of glutamine in prostate and/or prostate cancers are relevant to my 

findings. Firstly, as a precursor for the biosynthesis of polyamines, glutamine is crucial in prostate 

cells. The prostate synthesizes and secretes polyamines, particularly spermine in the prostatic fluid, 
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which is vital for successful fertilization (Affronti et al., 2020; Li et al., 2020). Glutamine can be 

sequentially metabolized by glutaminase (GLS) and ornithine aminotransferase (OAT) to ornithine 

which is then metabolized to polyamines. Second, prostate cancer cells possess unique metabolism 

compared to other malignant cell types. Of interest are metabolic rewiring, and glutamine 

dependence, which highlights the importance of mitochondrial functions (Bostwick et al., 2004; Oh et 

al., 2016; Schöpf et al., 2020; Vayalil, 2019). Thirdly, prostate cancer cells are prone to oxidative 

stress due to their dependence on glutamine and mitochondrial function. To lessen such risks 

glutamine also plays an important in the synthesis of the antioxidant GSH. Indeed, I observed 

significantly high levels of ROS and lower levels of GSH in ferroptotic cells.  

As part of adaptation, cells must first sense changes in their environment and appropriately regulate 

various cellular processes including growth, stress response, and survival (Plotnikov et al. 2011). 

Since glutamine is profoundly important in prostate and/or prostate cancer cells, they should possess 

mechanisms to monitor glutamine levels in their surroundings. One possible mechanism is VCP 

functioning as a sensor, which binds to glutamine or its metabolites. When VCP is fully occupied by 

abundant glutamine or its metabolites, VCP assumes a free form and is uniformly distributed in the 

cells. Conversely, when the levels of glutamine or its metabolites drop, VCP loses their binding, 

translocate and aggregate at perinuclear regions. It has also been shown that aberrations in the 

subcellular localization of proteins, lead to loss of function or toxic gain of functions that can cause 

disorders that involving biogenesis, protein aggregation, cell metabolism, or signaling (Hung and 

Link, Davis et al 2006, Kintaka et al. 2016). Consistently, changes in VCP localization determined 

cell survival in this study. An alternative mechanism of VCP action is that, depending on the levels of 

surrounding glutamine levels, specific amino acids side chains of VCP are rendered susceptible to 

modifications, such as S-cysteinylation, S-thiolation, S-glutathionylation, acetylation, oxidation, 

phosphorylation, etc. (Noguchi et al., 2005; Mori-Konya, et al 2009; Koike, 2010, Xiong et al., 2011; 

Jones and Sies, 2015). Such molecular regulations might have initiated the changes in VCP 

localization and functions to meet the demands of PC3 cell, as demonstrated in this study. The process 

of translocation of signaling proteins after stimulation deserves further investigation, as it may emerge 
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as an important regulatory step in various cellular processes. Notwithstanding, further study is needed 

to elucidate the molecular basis of these remarkable findings.                                                                                                                                           

Prostate cancer is the second most common cancer that affects men worldwide (after lung cancer), 

accounting for 7% of newly diagnosed cancers in men globally and 15% in developed countries 

(Powers et al., 2020). Due to the poor prognosis in patients with metastatic prostate cancer (Powers et 

al., 2020), it is the leading cause of cancer-related death in men, with 1.2 million new cases and over 

350,000 deaths reported yearly (Rebello et al., 2021). Since current therapies such as radical 

prostatectomy and androgen blockade are not always effective or have severe side effects on patients’ 

quality of life, there is a need for new treatment regimens/drugs. My data provide evidence that VCP 

functions as a molecular switch for mitochondrial activity in PC3 cells, and this switch can be 

initiated when prostate cancer cells are faced with starvation, to lower mitochondrial activity, ROS 

generation, and potential ferroptosis.                                                                                                            

Since changes in intracellular protein localization often underlie stress responses and the progression 

of certain diseases such as cancer, my findings highlight the central role of VCP in cellular stress 

survival pathways. Additionally, the unique dependence of prostate cancer cells on high levels of 

glutamine and the VCP response highlighted in this study represents a potential vulnerability that can 

be targeted as a therapeutic opportunity for cancer treatment, for example, therapeutic attempts to 

regulate VCP localization.   
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