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Abstract: Members of the Protein Disulphide Isomerase (PDI) family have essential roles in 

mediating the oxidation, reduction and isomerisation of disulphide bonds during protein 

maturation in the endoplasmic reticulum. PDI family members are characterised by the 

presence of a thioredoxin motif (CXXC) with dual cysteines that permit proteins their 

oxidoreductase activity. However, PDI proteins that harbour evolutionary divergent 

thioredoxin motifs have also been identified; the Anterior Gradient-2 (AGR2) protein that 

possesses a single cysteine residue in its thioredoxin-like domain (CPHS) is one such protein. 

AGR2 is known to be required for the correct folding and secretion of mucins, the primary 

gel-forming proteins within mucus. Although its expression is normally restricted to certain 

secretory and reproductive organs, AGR2 is found derepressed in various cancers. We have 

previously shown that AGR2 forms a disulphide-dependent interaction with the autophagy 

receptor Sequestosome 1 (SQSTM1). The oxidation of SQSTM1 is required for the 

stimulation of autophagy to promote cell survival under conditions of oxidative and 

proteotoxic stress. The disulphide-dependent interaction between AGR2 and SQSTM1 links 

AGR2 to autophagy for the first time. Tumours are exposed to high levels of oxidative stress, 

and thus autophagy can prevent cytotoxicity by removing the cellular components damaged 

by oxidative stress that may otherwise be toxic to the cell. It is plausible, therefore, that the 

upregulation of SQSTM1 and AGR2 in human cancers could be involved in the induction of 

pro-survival autophagy.  
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1. Introduction   

1.1. AGR2 is an evolutionary divergent member of the PDI family 

As the first compartment in the secretory pathway, the endoplasmic reticulum is the site 

of protein folding and assembly. Once translocated through the endoplasmic reticulum 

membrane, newly synthesised proteins undergo various maturation stages that include 

protein folding, disulphide bond formation and post-translational modifications. These 

steps are carefully monitored to maintain protein homeostasis (proteostasis). 

Dysregulations at any given stage can lead to alterations in the secretory pathway and 

ultimately the cellular proteome, representing an important tipping point into a multitude 

of diseases (Benham, 2019). Protein folding in the endoplasmic reticulum is assisted by 

several classical chaperone families, including the peptidyl-prolyl isomerases (PPIases), 

heat shock proteins (HSPs), and protein disulphide isomerases (PDIs), as well as several 

unique chaperones and folding enzymes. These proteins are crucial players in the 

endoplasmic reticulum quality control system for the ‘proof-reading’ of newly synthesised 

proteins (Adams, Oster and Hebert, 2019).  

Members of the PDI family have essential roles as disulphide oxidoreductases or 

isomerases, meaning that they mediate the making (oxidising), breaking (reducing) and 

rearranging (isomerizing) of disulphide bonds in various proteins that are known as 

“clients” (Fig. 1). In proteins, disulphide bond formation occurs between the -SH groups 

of two cysteine residues and requires the concomitant transfer of electrons to the PDI 

family member. The endoplasmic reticulum is relatively more oxidising than the cytosol, 

which promotes disulphide bond formation in the proteins that translocate into the 

endoplasmic reticulum (Oka and Bulleid, 2013). The tripeptide glutathione serves as an 

electron donor in redox reactions and is crucial in maintaining the oxidising environment 

of the endoplasmic reticulum. An equilibrium exists between glutathione in its reduced 

(GSH) and oxidised (GSSG) states in distinct cellular compartments. Compared with the 

cytosol, the endoplasmic reticulum has a high ratio of oxidised glutathione (GSSG) to 

reduced glutathione (GSH). As such, the oxidation of thiol groups (-SH) to form 

disulphide bonds (S-S) is favoured in the endoplasmic reticulum but not the cytosol. 

Disulphide bonds play important stabilising roles in many protein structures (both 

intramolecular and intermolecular) and can also serve as regulatory switches in redox 

signalling. PDIs are thus indispensable for regulating protein activities and maintaining 

proteostasis (Benham, 2012).  
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To date, 21 members of the PDI gene family have been identified, differing in their 

enzymatic function, tissue expression, and size (Galligan and Petersen, 2012). 

Phylogenetic analysis identified AGR2 and AGR3 and as evolutionary distant members 

of the PDI family (Persson et al., 2005). Distinguishing features of PDI family members 

are endoplasmic reticulum localisation and the presence of a thioredoxin motif (CXXC) 

with dual cysteines that permit proteins their oxidoreductase activity (Koslov et al., 2010). 

AGR2 is an unusual PDI family member in that it possesses a single cysteine residue in 

its evolutionary divergent thioredoxin-like domain (CPHS). AGR2 plays a known role in 

enabling the correct folding and secretion of intestinal mucins (Park et al., 2009). Through 

its non-canonical CPHS domain, AGR2 forms mixed disulphides with the mucins MUC1, 

MUC2 and MUC5AC (Park et al., 2009; Schroeder et al., 2012; Norris et al., 2013). 

However, the mechanism by which AGR2 mediates mucin disulphide bond formation is 

currently unclear as AGR2 lacks a redox active thioredoxin motif with dual cysteines.   

AGR2 has attracted considerable research interest for its role as an oncoprotein and its 

derepression has been demonstrated across multiple tumour types, including those of the 

oesophagus (Pohler et al., 2004), lung (Zhu et al., 2007), ovary (Park et al., 2011), prostate 

(Zhang et al., 2005), breast (Fletcher et al., 2003) and pancreas (Ramachandran et al., 

2008). Despite this, the exact mechanisms by which AGR2 functions as an oncoprotein 

remain a subject of debate. Recent evidence points to a potential role for AGR2 in pro-

survival autophagy, a notion that warrants further investigation. Uncovering the 

relationship AGR2 has with quality control in the endoplasmic reticulum, mucin secretion 

and autophagy may contribute to elucidating its oncogenic function. 
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Figure 1. The oxidation, reduction and isomerisation of disulphide bonds in a peptide. 
Members of the PDI family are characterised by their ability to catalyse such reactions. During 
redox reactions, peptide oxidation results in PDI reduction and vice versa. The peptide is illustrated 
in orange. Red arrows indicate direction of electron movement. PDI – protein disulphide 
isomerase.  

 

1.2. AGR2 structure and biochemical functions 

AGR2 possesses many structural features typical of a PDI. The nuclear magnetic 

resonance (NMR) structure reveals that AGR2 consists of an unstructured N-terminal 

region followed by a C-terminal thioredoxin-like fold (Fig. 2). The NMR data indicate 

that the unstructured N terminal region of AGR2 is responsible for its interactions with 

client proteins (Patel et al., 2013). However, a structural loop from amino acids 131-135 

in the thioredoxin-like domain of AGR2 has also been shown to interact sequence-

specifically to the peptide sequence TTIYY (Mohtar et al., 2018). It is thus clear that the 

mechanism by which AGR2 interacts with its client proteins requires further investigation.  

AGR2 exists in a monomer-dimer equilibrium. Patel et al. 2013 demonstrated that the 

concentration for AGR2 dimer dissociation is 8.83 μM. Given that the concentration of 

AGR2 is expected to be higher than this in the endoplasmic reticulum, the authors 
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concluded that the protein would predominantly be in its dimeric form in this location. 

The NMR data from Patel et al. (2013) demonstrated that intermolecular salt bridges 

involving E60 and K64 in the C-terminal domain stabilise the dimer. It is plausible that 

dimerization may enable AGR2 to present multiple binding sites for its client proteins, in 

particular the multimeric mucin MUC2. It has also been suggested that the dimeric 

structure of AGR2 may provide a redox capacity equivalent to the canonical thioredoxin 

motif with dual cysteines (Moidu et al., 2020), but the role of AGR2 dimerization is yet 

to be proven.  

The majority of PDIs harbour a typical KDEL retrieval sequence (Ellgaard and Ruddock, 

2005). It is usual for chaperone proteins to remain associated with newly synthesised 

proteins as they begin to pass through the secretory pathway from the endoplasmic 

reticulum to the Golgi apparatus (Wu, Newstead and Biggin, 2020). These chaperone 

proteins must subsequently be retrieved to the endoplasmic reticulum, a process that is 

mediated by the KDEL receptor. The KDEL receptor is an example of a retrieval sequence 

as it returns proteins to the compartment they reside in. In contrast, a retention sequence 

ensures proteins do not leave a specified cellular compartment. The KDEL receptor 

recognises and binds to the KDEL sequence on resident endoplasmic reticulum proteins 

present in the Golgi (Miesenböck and Rothman, 1995). The activated KDEL receptor 

initiates the recruitment of COPI vesicles for retrograde trafficking of chaperone proteins 

back to the endoplasmic reticulum (Majoul et al. 2001). AGR2 exhibits an unconventional 

KTEL endoplasmic reticulum retrieval sequence (Fig. 2). It has been shown that, in 

cancer, AGR2 is capable of escaping the endoplasmic reticulum retrieval machinery and 

can localise to the plasma membrane, extracellular matrix and nucleus (Fourtouna et al., 

2009; Gupta, Dong and Lowe, 2012; Fessart et al., 2016). It is tempting to speculate that 

the non-canonical endoplasmic retrieval motif may lower the affinity of AGR2 to the 

KDEL receptor, enabling the diverse trafficking of this protein when overexpressed. 

However, HEK-293T cells transfected with AGR2 mutant constructs in which the KTEL 

motif was mutated to either a KDEL or a STOP were shown to secrete similar levels of 

AGR2 to wild-type AGR2 (Fessart et al., 2016). It would thus appear that the extracellular 

function of AGR2 is independent of the KTEL motif.  

Interestingly, it has been reported that dimerization plays a role in AGR2 secretion into 

the extracellular environment (Maurel et al., 2019). Maurel et al. generated monomeric 

(AGR2 E60A) and dimeric mutant (AGR2 Δ45) proteins in HEK293T cells. It was found 

that the monomeric mutant displayed a higher secretion rate than wild-type AGR2. 
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Furthermore, the dimeric mutant was retained intracellularly, suggesting that dimerization 

may regulate AGR2 secretion. Whether post-translational modifications could also 

influence the dimerization and secretion of AGR2 is not known. Most secretory proteins 

become either N-glycosylated or O-glycosylated by a process initiated in the endoplasmic 

reticulum (Klis et al., 1998; Bennett et al., 2012). Clarke, Rudland and Barraclough (2015) 

demonstrated that AGR2 is O-glycosylated upon secretion from human and rat cell lines, 

although it remains to be determined how O-linked glycosylation may alter the biological 

activities of AGR2. 

 

 

 

 

 

1.3. The role of AGR2 in maintaining normal intestinal function and in cancer 

AGR2 expression is normally restricted to endocrine organs and/or mucus secreting cells, 

such as the small intestine, colon, stomach, prostate and lungs (Brytova, Vojtesek and 

Hrstka, 2011). Accordingly, AGR2 is required in healthy cells for the maturation and 

secretion of mucins (Park et al., 2009), the cysteine-rich glycoproteins that provide mucus 

Figure 2. Dimeric AGR2 structure. The schematic panel above represents the full length AGR2 
protein. Functional motifs are colour coded with the dimerization motif in blue; the thioredoxin-like 
motif (CXXS) in red; the peptide docking site in green; and the ER retrieval motif (KTEL) in purple. 
The solution structure of dimeric AGR2, represented as a cartoon, is shown below. PDBe-
KB: O95994. Image generation and analysis conducted in PyMol. N – N-terminus; C – C-terminus.  
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with its viscosity (Fig. 3). Through its thioredoxin-like domain, intracellular AGR2 forms 

mixed disulphides with the mucins MUC1, MUC2 and MUC5AC (Park et al., 2009; 

Schroeder et al., 2012; Norris et al., 2013). The importance of AGR2 for the maintenance 

of intestinal function was demonstrated in an AGR2-deficient mouse, in which the animals 

are highly susceptible to severe colitis due to their reduced intestinal mucus production 

(Park et al., 2009). Furthermore, Zheng et al. (2005) identified Agr2 as an important gene 

in inflammatory bowel disease. Across 2,540 patients with intestinal bowel disease, two 

single nucleotide polymorphisms (SNPs) in the 5’ promoter region of the Agr2 gene 

showed significant association with the disease. Moreover, AGR2 was downregulated in 

patients with the disease compared to healthy controls, supporting the notion that AGR2 

is crucial for maintaining intestinal barrier function. It has also been shown that Agr2 

expression is upregulated in the mammary gland during late pregnancy and lactation in 

normal, healthy mice, presumably to allow for the increased processing and production of 

milk proteins (Verma et al., 2012). Indeed, Verma et al. generated Agr2-/- pregnant mice 

and found that these animals exhibited a reduced expression of milk proteins during late 

pregnancy and lactation. Collectively, these findings suggest that AGR2 can mediate the 

correct folding of client proteins via the PDI activity and controls protein secretion from 

cells.  

AGR2 was first shown to be coexpressed with oestrogen receptor in five breast carcinoma 

cell lines (Thompson and Weigel, 1998), and it has subsequently been shown that AGR2 

is transcriptionally activated by oestrogen (Hrstka et al., 2010). The derepression of AGR2 

has since been identified in a multitude of different cancers, including oesophageal (Pohler 

et al., 2004; O’neill et al, 2017), pancreatic (Ramachandran et al., 2008), ovarian (Park et 

al., 2011), lung (Zhu et al., 2007), prostate (Zhang et al., 2005), gastric (Tsuji et al., 2015), 

and head and neck (Ma et al., 2015). Increased levels of AGR2 in prostate and breast 

cancer has been associated with markedly reduced patient survival (Barraclough et al., 

2009; Zhang et al., 2007). Furthermore, a recent meta-analysis evaluating 20 studies 

containing 3,285 patients revealed that the overexpression of AGR2 predicted poor overall 

survival and time to tumour progression in all solid tumours (Tian et al., 2017). As a result, 

AGR2 has attracted recent interest as a potential broad-spectrum drug target. Despite such 

findings, however, the role of AGR2 in cancer remains incompletely understood. Figure 

3 outlines the various pro-oncogenic features of AGR2 that have been proposed thus far.  

It is conceivable that the upregulation of AGR2 in cancerous cells allows for the increased 

secretory demands and levels of protein production that occur during cancer development. 
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High expression of mutated proteins, a characteristic of cancer cells, can induce folding 

demands in the endoplasmic reticulum during a response known as ER stress. In turn, ER 

stress can activate the unfolded protein response (UPR) signalling network, a stress 

response that serves to reduce the unfolded or misfolded protein load. The UPR achieves 

this by downregulating the transcription of genes encoding secretory proteins as well as 

upregulating the expression of genes encoding chaperone proteins (Schröder and 

Kaufman, 2005). The UPR may be induced chemically by the reducing agent 

Dithiothreitol (DTT) to prevent disulphide bond formation or by tunicamycin to inhibit 

glycosylation (Braakman et al., 1992; Wu et al., 2018). Chemically-induced ER stress by 

tunicamycin and DTT was shown to increase AGR2 expression in both HeLa cervical 

cancer cell lines and Hep-G2 liver cancer cell lines (Higa et al., 2011).  It therefore appears 

that AGR2 may be important for maintaining homeostasis in the endoplasmic reticulum.  

Three signalling pathways, IRE1, PERK and ATF6, play important roles in the activation 

of the UPR and the maintenance of proteostasis (Schröder and Kaufman, 2005). It is 

thought that AGR2 expression could be induced by the IRE1α and ATF6 arms of the 

unfolded protein response because both IRE1α and ATF6α silencing in HepG2 cells 

resulted in decreased basal Agr2 mRNA expression and prevented Agr2 induction upon 

tunicamycin treatment (Higa et al., 2011). In an analogous fashion, AGR2 silencing in 

two pancreatic cancer cell lines (FA6 and CFPAC1) resulted in the overexpression of the 

endoplasmic reticulum stress marker XBP1s (Dumartin et al., 2016). Overall, these 

findings suggest that a pro-oncogenic role may exist for AGR2 in maintaining proteostasis 

during ER stress.   

AGR2 has also been shown to play an oncogenic role in Barrett’s oesophagus, a 

premalignant condition characterised by increasing levels of oesophageal metaplasia. 

There is a strong selection pressure for mutating the tumour suppressor p53 in the 

progression of Barret’s metaplasia to adenocarcinoma. A proteomics screen aimed at 

analysing proteins upregulated in Barrett’s oesophagus could therefore be used by Pohler 

et al. (2004) to identify novel p53 regulatory factors. Using this proteomics approach, 

Pohler et al. identified AGR2 as a protein that is universally upregulated in Barrett’s 

oesophagus and functions as an inhibitor of p53. The p53 protein is a stress-activated 

transcription factor that is considered to be one of the most important classical type tumour 

suppressors, given that approximately half of human cancers harbour loss of function 

mutations in the p53 gene (Marei et al., 2021). Various cell stressors, including DNA 

damage, are capable of stimulating p53-induced cell cycle arrest and subsequent DNA 
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repair, or apoptosis. It is now known that AGR2 inhibits p53 activity by the upregulation 

of Dual Specificity Phosphatase 10, which leads to the inhibition of p38 mitogen‐activated 

protein kinase activity and in turn prevents the phosphorylation and activation of p53 

(Hrstka et al., 2016). Successful chemotherapy treatment is reliant upon the induction of 

DNA damage and the subsequent p53-induced cellular response, directly involving AGR2 

with chemotherapy resistance and highlighting this pathway as a promising therapeutic 

avenue. 

Emerging evidence indicates that AGR2 also exerts pro-oncogenic functions as an 

extracellular protein in the tumour microenvironment (Fig. 3). In a pancreatic ductal 

adenocarcinoma cell line, the extracellular addition of recombinant AGR2 increased 

cellular proliferation, migration and invasion (Arumugam et al., 2015). These functions 

require the involvement of cell surface receptors and Arumugam et al. demonstrated that 

the orphan GPI-linked receptor C4.4A, previously reported as a regulator of metastasis, 

co-immunoprecipitated with AGR2. Antibodies against AGR2 and/or C.4.4A 

significantly reduced tumour growth and metastasis, leading to regression of xenograft 

tumours and improved survival in mouse models (Arumugam et al., 2015). In addition, 

extracellular AGR2 has been shown to interact with the pro-angiogenic VEGFA and FGF2 

(Vascular Endothelial Growth Factor A and Fibroblast Growth Factor 2), enhancing their 

homodimerization and thereby promoting their pro-angiogenesis activities (Guo et al., 

2017). Guo et al. further demonstrated that blocking AGR2 activity with a monoclonal 

antibody reduces angiogenesis and inhibits tumour growth in xenograft models of ovarian 

cancer.  

The presence of AGR2 in the extracellular environment has also been coupled with the 

acquisition of a pro-inflammatory phenotype. Pancreatic stellate cells are known to be 

critical for the development of pancreatic ductal adenocarcinoma during a process that is 

driven by immune activation and inflammation (Sherman et al., 2014). In the PS1 

pancreatic stellate cell line, ER stress induced by tunicamycin treatment led to a significant 

increase in AGR2 expression and significantly increased levels of pro-inflammatory 

markers (Dumartin et al., 2017). Normal human pancreatic cells treated with the 

conditioned media from the ER-stressed PS1 cells also became ER-stressed and 

experienced a significant induction of AGR2 expression. To investigate the link between 

AGR2 and inflammation, Maurel et al. (2019) exposed peripheral blood mononuclear 

cells from three healthy human volunteers to media conditioned by cells overexpressing 

AGR2. When present in the extracellular milieu, AGR2 was found to play a direct role in 
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the chemoattraction of monocytes from peripheral blood mononuclear cells. Monocyte 

migration was impeded by AGR2 blocking antibodies. These findings revealed a new 

function for extracellular AGR2 as a pro-inflammatory chemokine. 

 

 

Figure 3. Proposed functions of AGR2 in normal and cancerous cells. The normal cell depicted 
represents those that are mucus-secreting or have endocrine functions and express AGR2. The 
cancerous cell shown illustrates one in which AGR2 is derepressed. iAGR2 - intracellular AGR2; 
eAGR2 - extracellular AGR2. Figure generated in BioRender.  
 
 
1.4. The potential oncogenic role of AGR2 in pro-survival autophagy  

Autophagy is an important mechanism by which cells can degrade dysfunctional or 

unnecessary cellular components. As a result, autophagy plays a housekeeping role in 

ensuring that the cellular components that have reached the end of their lifetime are 

removed. Furthermore, autophagy can serve to eliminate intracellular pathogens and also 

provide an alternative source of energy to nutrient-stressed cells (Glick, Barth, and 

Macleod, 2010). Three defined types of autophagy have been determined: 

macroautophagy, microautophagy, and chaperone-mediated autophagy. In 

macroautophagy, double membrane vesicles known as autophagosomes form that capture 

cellular components. The autophagosomes subsequently fuse with an available lysosome 

to degrade and recycle their contents. In contrast, microautophagy involves the direct 
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uptake of the dysfunctional or unnecessary cellular components by the lysosome through 

a process of membrane invagination. In chaperone-mediated autophagy, chaperone 

proteins deliver a select group of soluble proteins that harbour a specific pentapeptide 

motif to the lysosome for degradation (Dice, 1990).  

In cancer, autophagy can play multifaceted functions in tumour initiation and progression. 

Indeed, autophagy is essential for protecting cancerous cells from oxidative stress 

(Taucher et al., 2022); for fulfilling the high metabolic demands of tumours (Pavlides et 

al., 2012); for contributing to the maintenance of cancer stem cells (Peng et al., 2017); 

and for mediating cancer drug resistance (Hao et al., 2019). Therefore, the modulation of 

autophagy is a promising therapeutic strategy in anticancer therapy (Yun and Lee, 2018).  

An accumulating body of evidence suggests that oxidative stress regulates the autophagy 

pathway (McClung et al., 2010; Nezis and Stenmark, 2012; Filomeni, Zio and Cecconi, 

2014). Autophagy is a particularly important mechanism for the degradation of proteins 

and organelles that have been damaged by oxidative stress and may be toxic to the cell. 

Tumours are exposed to high levels of oxidative stress, and thus autophagy can prevent 

cytotoxicity in cancer environments (Taucher et al., 2022). Various mechanisms to enable 

the upregulation of the autophagy pathway in response to oxidative stress have been 

suggested but the exact process by which the cellular components damaged by reactive 

oxygen species are targeted to autophagosomes remains undetermined. Evidence 

presented herein suggests that AGR2, alongside the autophagy receptor protein 

sequestosome-1 (SQSTM1), may be involved in the induction of autophagy to maintain 

cellular homeostasis under conditions of oxidative stress.  

SQSTM1, also known as the ubiquitin-binding protein p62, is a cysteine-rich protein that 

delivers ubiquitinated cargos to the autophagosome (Pankiv et al., 2007). Two oxidation-

sensitive cysteine residues (C105 and C113) have recently been identified in SQSTM1 

(Carroll et al., 2018). Carroll et al. further demonstrated that the wild type but not a 

C105A,C113A-mutant of SQSTM1 was able to stimulate autophagy in mouse embryonic 

fibroblasts. Autophagy stimulation in the fibroblasts ectopically expressing SQSTM1 

increased upon exposure to hydrogen peroxide, suggesting that SQSTM1 plays a 

functional role in the induction of oxidative stress-induced autophagy. The same study 

demonstrated that mouse embryonic fibroblasts lacking SQSTM1 or expressing the 

C105A,C113A mutant were more susceptible to cell death when exposed to oxidative 

stress than those cells expressing wild type SQSTM1. Moreover, treatment with the 

autophagy inhibitor chloroquine cancelled out this difference in cell survival between the 
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cells expressing wild type SQSTM1 and those lacking SQSTM1 or expressing the 

C105A,C113A mutant, highlighting autophagy as the pro-survival mechanism. These data 

imply that SQSTM1 oxidation may serve as a regulatory mechanism that evolved to 

enable the activation of autophagy under conditions of oxidative stress to promote cellular 

survival. This mechanism could be vital in providing a survival advantage to longer-lived 

species by offsetting age-related oxidative stress within differentiated cells, such as 

neurons. It is also plausible that such a mechanism would be upregulated by cancerous 

cells to enable their survival under oxidative stress conditions. Importantly, cancerous 

cells experience high levels of oxidative stress as a result of increased metabolism, poor 

vascular irrigation and gene mutations (Perillo et al., 2020; Arfin et al., 2021).  

A recent study investigating the behaviour of AGR2 in the OE19 oesophageal 

adenocarcinoma cell line adopted an alkylation trapping and immunoprecipitation 

approach to analyse the AGR2 interactome under oxidising and normoxic conditions 

(Worfolk et al., 2018). The study demonstrated that an interaction occurs between AGR2 

and SQSTM1 that is mediated by disulphide bonds, suggesting AGR2 may potentially 

play a role in the oxidation of SQSTM1 to induce autophagy. Using SDS-PAGE and 

Western blotting, Worfolk et al. further demonstrated that AGR2 forms a range of 

complexes that are dispersed upon addition of the reducing agent DTT, supporting the 

notion that oxidising conditions promote the recruitment of client proteins to AGR2. 

Given that AGR2 lacks a fully functional CXXC motif, the direct oxidation of SQSTM1 

by AGR2 is unlikely. However, as AGR2 is known to form mixed disulphides with its 

mucin clients (Park et al., 2009), it is plausible that additional oxidation enzymes may 

assist AGR2 to complete full redox reactions. It is also conceivable that AGR2 could play 

a chaperone role to assist SQSTM1 into an appropriate conformation for the oxidation of 

C105 and C113. Alternatively, the dimeric structure of AGR2 may provide the full redox 

capacity to permit disulphide bond formation between C105 and C113 in SQSTM1.  

Analogously to AGR2, SQSTM1 is also upregulated in human cancers, including 

oesophageal (Adams et al., 2016), breast (Thompson et al., 2003), pancreatic (Mohamed 

et al., 2015), ovarian (Ju et al., 2016), prostate (Kitamura et al., 2006), and many others. 

Therefore, it is plausible that the upregulation of AGR2 and SQSTM1 in cancer could be 

involved in stimulating autophagy to promote cellular survival under conditions of 

oxidative stress (Fig. 4). 
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Figure 4. The potential oncogenic roles of SQSTM1 and AGR2 in autophagy to promote 
cellular survival under conditions of oxidative stress. The oxidation of SQSTM1 is known to 
be essential for the promotion of autophagy as a pro-survival mechanism under oxidative stress 
conditions. Oxidative stress occurs when there is an excess of reactive oxygen species (ROS) that 
can be damaging to proteins, lipids and DNA. Cancer cells are characterised by experiencing high 
levels of oxidative stress. An interaction occurs between AGR2 and SQSTM1 that is mediated by 
disulphide (S-S) bonds, suggesting AGR2 may potentially play a role in the oxidation of SQSTM1 
to induce pro-survival autophagy.  

 

1.5. The interaction between AGR2 and SQSTM1 poses a topological issue 

A topological issue exists as to how AGR2 and SQSTM1 interact. AGR2 normally resides 

in the endoplasmic reticulum, but can also be localised to the plasma membrane, 

extracellular matrix and nucleus in the cancer context (Fourtouna et al., 2009; Gupta, 

Dong and Lowe, 2012; Fessart et al., 2016). In contrast, SQSTM1 is primarily located in 

the cytosol within the autophagosomes and lysosomes (Berkamp, Mostafavi and Sachse, 

2020). 

It is possible that AGR2 and SQSTM1 interact at the mucin granule. During the first stage 

of mucin processing, AGR2 is known to be involved in the folding and polymerisation of 

mucins in the endoplasmic reticulum (Park et al., 2009). Polymeric mucins are then 

transported from the endoplasmic reticulum to the Golgi via a mechanism that is poorly 

understood, but is thought to involve modulated COP-II vesicles to transport the large 

polymeric mucins (Adler, Tuvim and Dickey, 2013). In the Golgi, mucins undergo further 

polymerisation as well as O-glycosylation (Kesimer et al., 2010; Bennett et al., 2012). 

Polymeric mucins are subsequently exported from the trans-Golgi and the post-Golgi 
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vesicles undergo lateral fusion to form the mature mucin secretory granules (Adler, Tuvim 

and Dickey, 2013). The exocytosis of these large mucin secretory granules (~1 μm) is 

highly regulated to ensure mucins are secreted from cells at the appropriate rate (Davis 

and Dickey, 2008). Recent research showed that the autophagy pathway plays a role in 

removing excess non-secreted intracellular mucin granules during the resolution of a state 

of airway inflammation termed mucous metaplasia (Sweeter et al., 2021). In mucous 

metaplasia, inflammatory signalling leads to an increased expression of mucin genes and 

an overproduction of mucus (Curran and Cohn, 2010). Mucous metaplasia is characterised 

by enlarged secretory cells and is persistent in chronic airway diseases such as asthma, 

chronic obstructive pulmonary disease and cystic fibrosis (Kim et al., 2008; Adler, Tuvim 

and Dickey, 2013).  

It is interesting to speculate whether autophagy may play a similar role in the removal of 

intracellular mucins in oesophageal cancer or the premalignant condition Barrett’s 

oesophagus. It is conceivable that, in oesophageal adenocarcinoma, SQSTM1 could 

interact with AGR2 during the autophagic removal of mucins in COP-II vesicles, post-

Golgi vesicles or mucin granules. For such a mechanism to occur, AGR2 must remain 

associated with mucins following their export from the endoplasmic reticulum. This is 

entirely possible, given that AGR2 is known to escape the endoplasmic reticulum retrieval 

machinery in cancerous cells (Fessart et al., 2016; Guo et al., 2017; Dumartin et al., 2017).  

Because AGR2 can be secreted from cancer cells (Tsuji et al., 2015, Guo et al., 2017), it 

is also plausible that AGR2 may follow the secretory pathway and be exocytosed, before 

being endocytosed back into the cell to be degraded by selective autophagy mediated by 

SQSTM1. Such a mechanism would similarly enable AGR2 and SQSTM1 to be in 

proximity for their interaction. Appropriately, AGR2 contains a motif characteristic of the 

secretory signal-peptide, which suggests that AGR2 may be able to follow the classical 

secretory pathway along the ER-Golgi-plasma membrane route (Gupta, Dong and Lowe, 

2012).  

The interaction between AGR2 and SQSTM1 has thus far only been identified in 

oesophageal adenocarcinoma (Worfolk et al., 2019), and therefore is perhaps as a result 

of perturbed oncogenic signalling. However, further work is required to establish whether 

AGR2 interacts with SQSTM1 in non-malignant cells. Overall, it is clear that the 

topological issue regarding the AGR2-SQSTM1 interaction requires further investigation, 

particularly regarding the potential involvement of mucin granule synthesis and autophagy 

in this interaction.  
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1.6. Therapeutic strategies and future outlooks 

Autophagy has been demonstrated to play multifaceted functions in the initiation and 

progression of cancer, and thus is a promising therapeutic strategy in anticancer therapy. 

Indeed, clinically-approved autophagy inhibitors, such as chloroquine, have been 

successfully used in combination with other agents for the treatment of various tumour 

types (Chude and Amaravadi, 2017). Chloroquine inhibits autophagy by preventing 

autophagosome-lysosome fusion (Mauthe et al., 2018). SQSTM1 has also shown 

promising results as a drug target in cancer. PTX80 is a novel inhibitor of SQSTM1 that 

induces proteotoxic stress and in turn activates the unfolded protein response, resulting in 

apoptosis (Kalid et al., 2022). Kalid et al. reported significant inhibition of tumour growth 

in mice bearing various cell line xenografts compared to vehicle control and the treatment 

was well tolerated. The overexpression of AGR2 and its multitude of reported oncogenic 

functions have also made it an attractive therapeutic target. Guo et al. (2016) generated a 

humanized antibody 18A4 that targets AGR2. The study demonstrated that 18A4 

treatment in a subcutaneous ovarian cancer xenograft tumour model reduced tumour 

volumes by more than 50% compared with the vehicle control group without any reported 

side effects. Another intriguing therapeutic avenue could involve targeting the AGR2-

SQSTM1 interaction with antioxidants, as oxidising conditions have been shown to induce 

the formation of AGR2 complexes (Worfolk et al., 2019).  

AGR2 has attracted considerable research interest for its role as an oncoprotein, although 

the exact mechanisms by which it functions remain a subject of debate. The present thesis 

investigates the role of AGR2 in oesophageal adenocarcinoma to further investigate the 

intriguing interaction that was discovered with SQSTM1 in this tumour type (Worfolk et 

al., 2019). Using reducing and non-reducing SDS-PAGE and subsequent Western 

blotting, the presence of disulphide-dependent AGR2 complexes in oesophageal 

adenocarcinoma cell lines will be investigated. The AGR2-SQSTM1 interaction will also 

be verified through immunoprecipitation experiments in oesophageal adenocarcinoma 

cell lines. Immunofluorescence experiments will be utilised to analyse the cellular 

localisation of AGR2 and SQSTM1, and explore the topological conundrum as to how 

these two proteins interact. Use of SDS-PAGE and Western blotting will also permit 

investigation into any potential alteration to the levels of AGR2 in oesophageal 

adenocarcinoma cell lines following autophagy stimulation via cell stress treatments. The 

secretion of AGR2 from oesophageal adenocarcinoma cells will also be explored by 

subjecting culture media to SDS-PAGE and Western blotting with an AGR2 mAb. AGR2 
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appears to be at the centre of a complex relationship between endoplasmic reticulum 

quality control, mucin secretion, autophagy and cancer; uncovering the connection 

between AGR2 and the aforementioned functions may provide a holistic understanding of 

its oncogenic role.  
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2. Materials and Methods 

2.1. Antibodies and chemicals 

The rabbit monoclonal anti-AGR2 (D9V2F) was purchased from Cell Signalling 

Technologies. The mouse monoclonal anti-p62,SQSTM1 (66184-1-Ig), mouse 

monoclonal anti-LC3 (66139-1-Ig) and mouse monoclonal anti-GAPDH (60004-1-Ig) 

were purchased from Proteintech. The rabbit monoclonal anti-AGR2 (ab76473) and 

mouse monoclonal anti-β-actin (ab8224) were purchased from Abcam. The mouse 

monoclonal anti-GM130 (610823) was purchased from BD Biosciences. The mouse 

monoclonal anti-PDI,P4HB RL90 (MA3-019) was purchased from Thermo Fisher 

Scientific. Secondary antibodies used for immunofluorescence experiments were donkey 

anti-rabbit Alexa Fluor 488 (A21206) and goat anti-mouse Alexa Fluor 633 (A21136) 

from Thermo Fisher Scientific. Goat anti-mouse HRP (GAMPO - P0447) and swine anti-

rabbit HRP (SARPO - P0217) from Agilent were used as secondary antibodies for 

Western blotting experiments.  

For immunofluorescence experiments, the dilutions of the primary antibodies used were: 

anti-AGR2 (D9V2F), 1:200; anti-AGR2 (ab76473), 1:250; anti-p62,SQSTM1 (66184-1-

Ig), 1:250; anti-GM130 (610823), 1:200; anti-PDI,P4HB RL90 (MA3-019), 1:200; anti-

LC3 (66139-1-Ig), 1:200. The dilutions for the secondary antibodies used in 

immunofluorescence experiments were 1:1,000 for both donkey anti-rabbit Alexa Fluor 

488 and goat anti-mouse Alexa Fluor 633. The dilutions of the primary antibodies used 

for Western blotting were: anti-AGR2 (D9V2F), 1:1,000; anti-p62,SQSTM1 (66184-1-

Ig), 1:1,000; anti-GAPDH (60004-1-Ig), 1:5,000; anti-AGR2 (ab76473), 1:5,000; anti-β-

actin (ab8224), 1:10,000. The dilutions for the secondary antibodies used for Western 

blotting were 1:3,000 for both GAMPO P0447 and SARPO P0217. 

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich.  

2.2. Cell lines and culture 

The OE19 (JROECL19), OE21 (JROECL21) and OE33 (JROECL33) cell lines were 

obtained from ECACC (European Collection of Cell Cultures). The OE19, OE21 and 

OE33 cell lines were established from a stage III adenocarcinoma of the gastric 

cardia/oesophageal gastric junction, a stage IIA squamous carcinoma of mid oesophagus, 

and a stage IIA adenocarcinoma of the lower oesophagus, respectively. Cells were grown 

in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine 

serum (Sigma), 1% penicillin/streptomycin (Invitrogen Thermo Fisher), and 2 mM 
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GlutaMAX (Invitrogen Thermo Fisher). Cells were maintained at 37 °C and a humidified 

atmosphere of 5% CO2. Cells were subcultured twice a week at a split ratio of 1:10. Prior 

to treatment, cells were grown to 70-80% confluence.  

2.3. Cell treatments  

Urea hydrogen peroxide tablets (Sigma) were dissolved in dH2O and used fresh prior to 

treatment. Stock solutions of chloroquine (Sigma) were made up in RPMI media and 

either frozen at -20 °C prior to treatment or used fresh. Cells were treated with fresh RPMI 

media supplemented with the required chemical to make up the indicated concentration 

and returned to a 37 °C incubator for duration of the treatment. For salt stress treatments, 

cells were incubated in Earle’s Balanced Salts Solution (with sodium bicarbonate, without 

calcium chloride and magnesium sulphate) from Sigma (E6267) at 37 °C for the indicated 

treatment time. For nutrient starvation, cells were incubated at 37 °C for the indicated 

treatment time in RPMI media prepared as described previously excluding the fetal bovine 

serum and GlutaMAX to create a non-glucose, non-glutamine medium. Cells were washed 

twice with phosphate buffered saline (PBS) from Thermo Fisher Scientific and lysed 

immediately after treatment.  

2.4. Cell lysis  

Cells were washed with ice-cold PBS then scraped into MNT lysis buffer (100 mM NaCl, 

30 mM Tris, 20mM 4-morpholineethanesulfonic acid, made up to pH 7.4, with the 

addition of 1% Triton X-100 and the protease inhibitors antipain, chymostatin, pepstatin 

A and leupeptin at 10 μg mL-1 each). Cell lysates were then left on ice for 30 min and 

subsequently centrifuged at 13,000 rpm for 10 min at 4 °C. The supernatant was collected 

and used fresh or stored at -20 °C and thawed before use.  

2.5. Protein determination 

Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific) using the microplate procedure. Bovine serum albumin (BSA) was 

diluted with lysis buffer to produce a series of standard protein concentrations ranging 

from 0-2,000 µg/mL. Standards and lysates (25 µL of each) were pipetted into a 96-Well 

plate and 200 µL of the BCA working reagent was added to each well. The plate was 

mixed on a plate shaker in a 37 °C room for 30 min. The plate was allowed to cool to 

room temperature and the absorbance at 562 nm was measured on a plate reader. A 

standard curve was generated from the absorbance values of the BSA standards, allowing 

the protein concentrations of the samples to be estimated.  
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2.6. SDS-PAGE and Western blotting 

Between 20 and 50 μg of total protein per sample were used for SDS-PAGE and Western 

blotting analysis. Sample proteins were prepared by the addition of 2 X Laemmli sample 

buffer (2.1% SDS, 26.3% glycerol, 0.01% bromophenol blue, and 65.8 mM Tris-HCl at 

pH 6.8). Dithiothreitol (DTT) at 10% was added where reducing conditions were used, 

but was omitted under non-reducing conditions. Lysis buffer was added to ensure an equal 

volume of sample was loaded into each well of the SDS-PAGE gel. Samples were 

prepared by boiling at 95 °C for 5 min and then were run on a 12% polyacrylamide gel in 

a  Hoefer™ Mighty Small™ II Mini Vertical Electrophoresis Systems tank (Thermo 

Fisher Scientific). The resolving gel (0.4 M Tris at pH 8.8, 40% acrylamide, 0.1% 

ammonium persulphate (APS), 0.1% sodium dodecyl sulfate (SDS), and 0.001% 

N,N,N’,N’-Tetramethylethylenediamine (TEMED)) was cast first and covered with a 

layer of dH20. Once set, the water layer was removed and a 10-well gel comb was inserted. 

The stacking gel (0.125 M Tris at pH 6.8, 6% acrylamide, 0.1% APS, 0.1% SDS, and 

0.001% TEMED in dH20) was then cast and left to polymerise. Gels were run at 20 mA 

for ~45 min in Tris-Glycine SDS Running Buffer (25 mM Tris, 192 mM Glycine, and 

0.1% SDS in dH20, pH 8.3). 

Following separation by SDS-PAGE, proteins were wet-transferred from the gel onto a 

polyvinylidene fluoride (PVDF) membrane using the Bio-Rad Mini-PROTEAN Tetra 

electrophoresis system. PDVF membranes were first activated in methanol for 10 seconds. 

Proteins were transferred onto membranes in transfer buffer (190 mM glycine, 25 mM 

Tris base, and 20% methanol in dH2O) at either 150 mA for 2 hours or 30 V overnight. 

Membranes were then either analysed by Ponceau S staining or were blocked with 5% 

milk diluted in Tris-Buffered Saline Tween-20 (TBS-T made up of 25 mM Tris base, 136 

mM NaCl, 2.7 mM KCl in dH20, pH 8.0, 0.1% Tween 20) for 45 min at room temperature. 

After washing five times in TBS-T (5 min each), membranes were incubated with primary 

antibodies on a plate shaker for 1 hour at room temperature or overnight at 4 °C. 

Membranes were washed as above and then incubated with secondary antibodies for 1 

hour at room temperature. Membranes were washed as above and then incubated for 5 

min with the Pierce ECL Western Blotting Solution (Thermo Fisher Scientific) and signals 

were detected by chemiluminescence on an Invitrogen iBright Imaging System (Themo 

Fisher Scientific).  
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2.7. Ponceau S staining 

After the transfer stage of Western blotting, PDVF membranes were washed in dH2O in 

triplicate (1 min each). Membranes were then incubated in Ponceau S solution (0.1% 

Ponceau S (w/v) from Sigma-Aldrich diluted in dH2O, with 5% acetic acid) for 10 min at 

room temperature on a rocker. Membranes were then rinsed in dH2O for 30 seconds and 

subsequently photographed. To remove the stain, membranes were washed once in TBS-

T for 5 min then rinsed again in dH2O for 30 seconds.  

2.8. Immunoprecipitation 

Cells were lysed using the aforementioned protocol then snap frozen in liquid nitrogen 

and stored at -20 °C prior to being thawed for immunoprecipitation analysis. Protein A-

Sepharose beads (Sigma) were washed twice with lysis buffer and incubated with primary 

antibodies for 1 hour at 4 °C at a ratio of 15 µl:35 µl (antibody:Protein A-Sepharose beads) 

with rotational shaking. The antibody bead mixture was washed three times in lysis buffer 

(5 min each) and subsequently incubated with 250 µL cell lysate overnight at 4°C with 

rotational shaking. The beads were washed once with lysis buffer, retaining the 

supernatant. The lysate bead mixture was eluted using 50 µl of 2 X Laemmli sample 

buffer. Following the addition of 10% DTT, samples were heated to 95 °C for 5 min. 

Samples were then loaded onto an SDS-PAGE gel and subsequently analysed by Ponceau 

S and Western blotting. Each sample was loaded alongside remaining lysate that had not 

been incubated with beads or antibodies as a control.  

2.9. Immunofluorescence 

OE19 and OE33 cells were seeded on coverslips in 12-well plates. Cells were incubated 

at 37 °C and 5% CO2 in RPMI medium until ~60% confluency. After any indicated 

treatments, cells were washed twice (5 min each) in phosphate buffered saline with 

magnesium and calcium (PBS++) from Thermo Fisher Scientific. Cells were then fixed 

in 4% paraformaldehyde (PFA) in PBS++ for 10 min at room temperature. Cells were 

washed twice in PBS++ (5 min each) and then permeabilised in 0.1% Triton X-100 in 

PBS++ for 10 min (omitted for non-permeabilised analysis of cells). Cells were washed 

in triplicate in PBS++ (5 min each) and then blocked in 2% bovine serum albumin (BSA) 

in PBS++ for 30 min at room temperature. Coverslips were incubated with primary 

antibodies diluted in PBS++ (concentrations given in section 2.1) for 2 hours at room 

temperature or overnight at 4 °C in a closed container with wetted Kimwipes to maintain 

a humid atmosphere. Coverslips were washed in PBS++ in triplicate (5 min each) and then 
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incubated with the appropriate secondary antibody at a 1:500 dilution in PBS++ for 1 hour 

at room temperature in a dark, humidified container. Coverslips were washed in PBS++ 

in triplicate (5 min each) in the dark. Nuclear DNA was stained by incubation with 25 µL 

of 5 µg/mL 4’,6-diamino-2-phenylindole (DAPI) solution for 10 min at room temperature 

in the dark. Coverslips were washed once in PBS++ for 5 min in the dark. Coverslips were 

mounted on slides with 5 µL of VECTASHIELD Hardset Antifade Mounting Medium 

(Vector Laboratories) and left for 15 min to set at room temperature in the dark. Coverslips 

were then sealed onto microscope slides with nail varnish and left to set. Slides were kept 

at 4 °C overnight in the dark prior to imaging on a confocal microscope (Zeiss 800) using 

a 63X Oil objective. Images were analysed using ZEISS ZEN 3.5 (blue edition) and 

ImageJ software. Where multiple antibodies were used for co-staining, these were applied 

simultaneously.  

2.10. Live cell imaging 

OE19 cells were incubated in a glass-bottom culture dish at 37 °C and 5% CO2 in RPMI 

medium until ~60% confluency. Cells were then incubated in RPMI medium containing 

7 µg/ml CellMask™ Deep Red plasma membrane stain (Thermo Fisher Scientific - 

C10046) for the indicated treatment time. Cells were washed twice with fresh RPMI 

(warmed to 37 °C) and then imaged with a Zeiss LSM 880 confocal microscope at X63 

magnification. During live cell observation, the microscope was maintained at 37°C and 

5% CO2. 

2.11. Cell viability assay 

To determine cell viability, the Orangu assay (Cell Guidance Systems Ltd, Cambridge, 

UK) was used according to the manufactory guidelines. Briefly, 5 x 103 OE19 and 5 x 103 

OE33 cells were seeded in 96-well plates. Cells were treated with increasing 

concentrations of chloroquine (0, 2, 4, 8, 16, 32, 64, 128, 256 µM) and incubated at 37 °C 

and 5% CO2. After 48 hours of incubation, 10 μL of Orangu cell counting solution was 

added to each well and incubated for 120 min at 37 °C and 5% CO2. After incubation, 

absorbance was measured at a wavelength of 450 nm. To calculate percentage cell 

viability, the absorbance of untreated cells was used as a reference of 100% and the 

absorbance of chloroquine-treated cell cultures were correlated to them.  

2.12. Cell counting 

In an Eppendorf tube, 100 µL of cells was mixed with 400 µL 0.4% Trypan Blue Solution 

(Thermo Fisher Scientific). Trypan Blue cell suspension (100 µL) was applied to the 
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chambers of a haemocytometer. The number of live cells were counted within each of the 

gridlines of the haemocytometer using the EVOS Cell Imaging System at 10X 

magnification. The final estimation of viable cells/mL in the original cell suspension was 

calculated.  

2.13. Statistical analysis 

Western blot quantification was performed by densitometry analysis using ImageJ. 

Intracellular aggregates of SQSTM1, LC3 or AGR2 were counted by eye with the 

assistance of the cell counter tool in ImageJ. Where unpaired Student’s t-tests were carried 

out, sample data met the requirements for normality as determined by the Shapiro-Wilk 

and the Jarque-Bera test for skewness and kurtosis. All statistical tests are two-tailed. 

Sample sizes are given in the relevant figure legends. All statistical tests were 

implemented in R v4.0.3. 

2.14. Signal peptide prediction 

The human AGR2 amino acid sequence was taken from UniProt (reference 095994). The 

PrediSi (Prediction of Signal Peptides) online tool was used for the prediction of signal 

peptide sequences and signal sequence cleavage positions as described previously (Hiller 

et al., 2004). The Eukaryotic group was selected for analysis. PrediSi is available at 

http://www.predisi.de/predisi/index.html.  
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3. Results 

3.1. AGR2 forms disulphide-dependent complexes in OE19 cells 

A proteomics screen identified AGR2 as a protein that is universally upregulated in 

Barrett’s oesophagus, a premalignant condition characterised by increasing levels of 

oesophageal metaplasia (Pohler et al., 2004). Previous work in the laboratory has also 

demonstrated that AGR2 is expressed in certain oesophageal adenocarcinoma cell lines 

(Worfolk et al., 2019). To follow up on these findings, the expression of AGR2 in three 

oesophageal adenocarcinoma cell lines (namely, the OE19, OE21 and OE33 cells) was 

investigated. The OE19, OE21 and OE33 cell lines were established from a stage III 

adenocarcinoma of the gastric cardia/oesophageal gastric junction, a stage IIA squamous 

carcinoma of mid oesophagus, and a stage IIA adenocarcinoma of the lower oesophagus, 

respectively. 

The single cysteine residue of AGR2 has been reported to form mixed disulphide bonds 

with its client proteins (Park et al., 2009; Schroeder et al., 2012; Norris et al., 2013). 

Therefore, samples were separated by both reducing and non-reducing SDS-PAGE to 

identify the presence of disulphide-dependent complexes using Western blotting analysis 

with the ab76473 AGR2 mAb. Under reducing conditions, DTT was added as the reducing 

agent to the sample to break any intermolecular or intramolecular disulphide bonds. DTT 

was omitted under the non-reducing conditions, allowing disulphide bonds to remain 

intact. Running samples through reducing and non-reducing SDS-PAGE can thereby 

indicate the presence or absence of disulphide-dependent complexes.  

The results of a representative experiment show that AGR2 was strongly expressed in 

OE19 cells, but was not detectable by Western blotting in OE21 and OE33 cells (Fig. 5). 

In these OE19 cells, monomeric AGR2 is visible as a distinct band at ~19 kDa. Under 

non-reducing conditions, the band at ~37 kDa is likely to be homodimeric AGR2 and 

many higher molecular weight complexes (~50-80 kDa) are also visible. As expected, 

these AGR2 complexes in the OE19 cell lysates were dispersed by the addition of the 

reducing agent DTT to the sample buffer, and thus are disulphide dependent (Fig. 5). 

Therefore, it is clear that endogenous AGR2 can form disulphide-dependent complexes in 

OE19 cells.  
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3.2. AGR2 resides in the endoplasmic reticulum in OE19 cells 

Given that high levels of AGR2 expression had been identified in the OE19 cells (Fig. 5), 

this cell line was used to further investigate the biochemical features and potential 

oncogenic function of AGR2. The intracellular distribution of AGR2 in OE19 cells was 

explored using immunofluorescence and confocal microscopy. AGR2 normally resides in 

the endoplasmic reticulum, but can also be localised to the plasma membrane and nucleus 

in the cancer context (Fourtouna et al., 2009; Gupta, Dong and Lowe, 2012; Fessart et al., 

2016). OE19 cells on coverslips were fixed, permeabilised and stained for AGR2 and the 

cis-Golgi marker GM130, or AGR2 and the ER marker P4HB (Fig. 6). AGR2 did not 

colocalize with GM130, as expected. However, the majority of AGR2 did colocalize with 

P4HB in the endoplasmic reticulum. 

Figure 5. AGR2 expression in oesophageal adenocarcinoma cell lines under reducing and 
non-reducing conditions. (A) OE19, OE21 and OE33 cells were lysed, analysed by reducing and 
non-reducing SDS-PAGE and subjected to Western blotting with the ab76473 AGR2 mAb. (B) 
The membrane was stripped and reprobed for β-actin as a Western blot control. kDa markers are 
displayed on the left. 

A 

B 
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3.3. AGR2 interacts with SQSTM1 in OE19 cells 

Endogenous AGR2 forms disulphide-dependent complexes in OE19 cells (Fig. 5). 

Proteomics experiments have previously identified an interaction between AGR2 and the 

autophagy receptor SQSTM1 that is mediated by disulphide bonds (Worfolk et al., 2019). 

Data produced by Carroll et al. (2018) showed that the oxidation of SQSTM1 stimulates 

autophagy to promote cellular survival under oxidative stress conditions. These findings 

link AGR2 to a potential role in pro-survival autophagy. To further investigate this notion, 

the interaction between AGR2 and SQSTM1 required verification in the OE19 cell line. 

It was previously demonstrated that AGR2 was not detectable by Western blotting in the 

OE33 cells (Fig. 5), and thus this cell line was used as a negative control. OE19 and OE33 

cell lysates were subjected to immunoprecipitation (IP) with the 66184-1-Ig SQSTM1 

mAb before analysis by SDS-PAGE and Western blotting with the ab76473 AGR2 mAb. 

For confirmation, this experiment was also repeated in the reverse such that OE19 and 

OE33 cell lysates were subjected to IP with the ab76473 AGR2 mAb before analysis by 

SDS-PAGE and Western blotting with the 66184-1-Ig SQSTM1 mAb.  

Bands at ~19 kDa corresponding to AGR2 monomers were visible in the OE19 lysate and 

OE19 IP SQSTM1 lanes, demonstrating that endogenous AGR2 interacts with SQSTM1 

in the OE19 cells (Fig. 7A). As expected, the monomeric AGR2 bands were entirely 

absent from OE33 lysate and OE33 IP SQSTM1 lanes (Fig. 7A). In addition, bands 

Figure 6. Intracellular distribution of AGR2 in OE19 cells. OE19 cells on coverslips under 
control conditions were fixed, permeabilised and costained for AGR2 (red) and GM130 (green) 
(A), or AGR2 (red) and P4HB (green) (B), and subsequently analysed on a Zeiss 800 confocal 
microscope at X63 magnification. Nuclei are stained for with DAPI. Scale bar: 10 μm. 

A 

B 
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corresponding to SQSTM1 at ~60 kDa were present in both the OE19 lysate lane and 

OE19 IP AGR2 lane, which verifies the interaction between SQSTM1 and AGR2 (Fig. 

7B). The SQSTM1 band was also visible in the OE33 lysate lane but absent from the 

OE33 IP AGR2 lane, as expected due to the absence of AGR2 expression in the OE33 

cells (Fig. 7B). GAPDH was probed for as a control to demonstrate the equal loading of 

cell lysates across wells (Fig. C & D). Staining with ponceau S was used to confirm the 

presence of equal amounts of immunoglobulin (Ig) in both IPs as a Western blotting 

control (Fig. 7E & F). 

 

 

To further investigate the AGR2-SQSTM1 interaction, the intracellular distribution of 

these two proteins was explored using immunofluorescence to investigate any potential 

colocalization between them. SQSTM1 serves to sequester ubiquitylated cytoplasmic 

components to the nascent autophagic vesicles (Ponpuak et al., 2010). Consequently, 

Ig 
Ig 

Figure 7. SQSTM1 co-immunoprecipitates with AGR2 in OE19 cells. OE19 and OE33 cell 
lysates were either analysed by SDS-PAGE and subsequent Western blotting with the ab76473 
AGR2 mAb or were subjected to immunoprecipitation (IP) with the 66184-1-Ig SQSTM1 mAb 
before analysis by SDS-PAGE and Western blotting with the ab76473 AGR2 mAb (A). OE19 and 
OE33 cell lysates were also analysed by SDS-PAGE and subsequent Western blotting with the 
66184-1-Ig SQSTM1 mAb or were subjected to immunoprecipitation (IP) with the ab76473 AGR2 
mAb before analysis by SDS-PAGE and Western blotting with the 66184-1-Ig SQSTM1 mAb (B). 
Membranes were reprobed for GAPDH as a Western blotting control (C, D). Staining with ponceau 
S was used to confirm the presence of IgG in both IPs as a Western blotting control (E, F). Cells 
were grown to ~80% confluency to provide sufficient protein concentrations for IP analysis. kDa 
markers are given on the left. IP – immunoprecipitation; Ig – immunoglobulin.  
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B 
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SQSTM1 can be used as a autophagosome marker in immunofluorescence experiments 

(Carroll et al., 2018). How AGR2 and SQSTM1 interact therefore poses a topological 

issue, as the majority of AGR2 was found to localize in the endoplasmic reticulum (Fig. 

6).  

The punctate distribution of SQSTM1 marking the autophagosomes is visible in Figure 8. 

Although there is not clear colocalization between AGR2 and SQSTM1, some areas of 

overlap are visible (arrowheads; Fig. 8). It is clear that the mechanism by which AGR2 

may be capable of escaping the endoplasmic reticulum retrieval machinery in order to 

interact with SQSTM1 requires further investigation. 

 

 

 

 

 

3.4. The effect of cell stress treatments on the intracellular distribution and levels of AGR2 

The interaction with SQSTM1 links AGR2 to the induction of autophagy in response to 

oxidative stress conditions for the first time. Therefore, in the following experiments 

OE19 cells received various treatments known to induce autophagy to investigate the 

behaviour and function of AGR2 under such conditions. A disbalance in calcium 

homeostasis can initiate endoplasmic reticulum stress, which in turn promotes the 

stimulation of autophagy via the unfolded protein response (Taucher et al., 2022). 

Therefore, cells were incubated in Earle’s Balanced Salts Solution (EBSS) that excludes 

calcium chloride and magnesium sulphate to investigate any potential increase in 

autophagy stimulation. Production of reactive oxygen species can also lead to a rapid 

induction of autophagy through proteins that are sensitive to oxidative stress. Such 

proteins include AMPK, which is activated by H2O2 to promote autophagy (Zmijewski et 

al., 2010), and reduced glutathione that has been shown to stimulate autophagy when 

oxidised (Desideri, Filomeni, and Ciriolo, 2012). OE19 cells were thus exposed to H2O2 

Figure 8. Intracellular distribution of AGR2 and SQSTM1 in OE19 cells. OE19 cells on 
coverslips under control conditions were fixed, permeabilised and costained for AGR2 (red) and 
SQSTM1 (green), and subsequently analysed on a Zeiss 800 confocal microscope at X63 
magnification. Nuclei are stained for with DAPI. Arrowheads show the SQSTM1-labelled 
autophagosomes that overlap with AGR2 staining. Scale bar: 10 μm. 

AGR2 SQSTM1 DAPI MERGE 
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treatment to investigate any potential involvement of AGR2 in a pro-survival autophagy 

response to oxidative stress. A non-glucose, non-glutamine RPMI medium was also used 

to subject OE19 cells to nutrient starvation, which is known to induce autophagy via 

signalling through PI3K (phosphatidylinositol 3-kinase)/AMPK (adenosine 

monophosphate-activated protein kinase) and other nutrient-sensing pathways (Alers et 

al., 2012; Chiao et al., 2013). Nutrient starvation often leads to metabolic stress and a 

higher demand for ATP, leading to mitochondrial overburden and electron leakage that 

ultimately triggers excessive generation of reactive oxygen species (Ophuis et al., 2009; 

Taucher et al., 2022). Therefore, nutrient deprivation is also thought to trigger autophagy 

indirectly through the cellular response to oxidative stress (Taucher et al., 2022). Other 

mechanisms yet to be elucidated may also stimulate autophagy in response to endoplasmic 

reticulum, oxidative or nutrient stress.  

Given the potential involvement of AGR2 in pro-survival autophagy, alongside the 

topological issue of the AGR2-SQSTM1 interaction, it was considered appropriate to 

investigate the intracellular distribution of AGR2 during autophagy stimulation. Indeed, 

it is possible that AGR2 could escape the endoplasmic reticulum retrieval machinery 

solely during endoplasmic reticulum, oxidative and/or nutrient stress. For instance, 

pathways involved in unconventional protein secretion (the secretion of proteins via a 

route bypassing the endoplasmic reticulum and/or Golgi) are stimulated in human cells by 

stressors such as nutrient starvation and endoplasmic reticulum stress (Gee et al., 2011; 

Cruz-Garcia et al., 2014). Therefore, OE19 cells on coverslips received 20 min H2O2 

treatment (3mM); 48 h salt stress treatment (cultured in Earle’s Balanced Salts Solution 

without calcium chloride and magnesium sulphate); 48 h nutrient starvation (non-glucose, 

non-glutamine RPMI medium); or remained untreated (control). Cells were subsequently 

fixed, permeabilised and costained for AGR2 and the autophagosome marker SQSTM1, 

or AGR2 and the ER marker P4HB, then imaged on a confocal microscope (Fig. 9). 

SQSTM1-labelled autophagosomes were quantified and significantly increased numbers 

of autophagosomes per field of view and per cell were detected in the nutrient starved and 

H2O2 treated cells, compared to controls (Fig. 10). Salt stress did not significantly alter the 

number of autophagosomes visible. Thus, nutrient starvation and H2O2 treatment, but not 

salt stress treatment, appeared to stimulate autophagy as indicated by the significantly 

increased number of autophagosomes visible. 

 

 



39 
 

Figure 9. Intracellular distribution of AGR2 under stress conditions in OE19 cells. OE19 cells received 20 min H2O2 treatment (3mM); 48 h salt stress treatment (cultured in Earle’s 
Balanced Salts Solution without calcium chloride and magnesium sulphate); 48 h nutrient starvation (non-glucose, non-glutamine RPMI medium); or remained untreated (control). After 
treatments, cells were fixed, permeabilised and stained for the colocalization of AGR2 (red) and either the autophagy receptor SQSTM1 (green) or the ER marker P4HB (green). Nuclei 
are stained for with DAPI. Slides were analysed on a Zeiss 800 confocal microscope at X63 magnification. Scale bar: 10 μm. 

Control 
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Under the control and salt stress conditions, without significant autophagy stimulation, 

AGR2 localised with P4HB in the endoplasmic reticulum (Fig. 9) in accordance with 

previous findings (Fig. 6). In the nutrient-starved and H2O2-treated cells that did induce 

significant autophagy stimulation, there is some evidence to suggest that AGR2 localised 

further towards the plasma membrane (Fig. 9). Refer to Fig. 16 and Fig. 17 for follow-up 

experiments on AGR2 localisation with respect to the plasma membrane during nutrient 

starvation and oxidative stress. It is tempting to speculate that AGR2 may be capable of 

escaping the endoplasmic reticulum retrieval machinery under conditions of oxidative 

stress to interact with SQSTM1 and enable the stimulation of pro-survival autophagy. 

Such a role may involve AGR2 tracking towards the plasma membrane and being 

secreted, then being endocytosed back into the cell to interact with SQSTM1. This 

speculation, however, warrants further investigation. Furthermore, due to the tendency of 

these OE19 cells to grow in islands, it is also possible that the antibodies used could not 

permeate through to island centres. Such an effect could give the false impression of 

plasma membrane staining.  

There is also some evidence of brighter AGR2 staining in nutrient-starved and H2O2-

treated OE19 cells, compared to controls (Fig. 9). Therefore, SDS-PAGE and Western 

Figure 10. The ability of three stress treatments (salt stress, nutrient starvation, and H2O2 

treatment) to stimulate autophagy in OE19 cells as assessed by immunofluorescence and 
quantification of the number of autophagosomes. Graphs represent the average number of 
autophagosomes per field of view (A) and per cell (B). OE19 cells received the aforementioned 
treatments and were subsequently fixed, permeabilised and stained for the autophagosome marker 
SQSTM1. Slides were imaged on a Zeiss 800 confocal microscope at X63 magnification and the 
number of autophagosomes were counted manually using the ImageJ Counting Tool. 
Representative images used to generate autophagosome counts by staining for SQSTM1 are 
provided in Figure 9. Error bars represent standard deviation; n = 3; Unpaired t-tests, *P < 0.05, 
**P < 0.01, ***P < 0.005. n.s. - not significant. N starve - nutrient starvation.  

A B 
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blotting were used to investigate any potential change in the levels of AGR2 under these 

same cell stress conditions (nutrient starvation, salt stress and H2O2 treatment). SQSTM1 

itself is degraded by autophagy, and thus decreased levels of this protein can be used as a 

marker of high autophagic flux (Bjørkøy et al., 2009). Membranes were therefore stripped 

and reprobed for SQSTM1 to determine the level of autophagic flux during each of the 

cell stress treatments.  

To verify that any potential changes to the levels of AGR2 and/or SQSTM1 from the cell 

stress treatments were due to autophagy stimulation, OE19 cells also received concomitant 

treatment with the autophagic inhibitor chloroquine during cell stress treatments. 

Chloroquine inhibits autophagy by blocking lysosomal acidification, thereby preventing 

autophagosome-lysosome fusion (Yoon et al., 2010). A cytotoxicity evaluation of 

chloroquine in OE19 cells was carried out to identify a suitable concentration for use (Fig. 

11). Chloroquine inhibited the viability of OE19 cells in a dose-dependent manner as 

tested by the Orangu assay, which measures the amount of formazan dye generated by 

dehydrogenases in living cells. To limit any potential reduction in cell viability, a 

maximum chloroquine concentration of 30 μM for 48 hours was used in the following 

experiments. 

 

 

  

 

 

 

 

 

 

Figure 12 shows the levels of AGR2 and SQSTM1 in OE19 cells after 15 min H2O2 

treatment, 24 h salt stress, and 24 h nutrient starvation and in untreated controls as 

determined by SDS-PAGE and Western blotting. No observable differences in the levels 

of AGR2 were induced by the cell stress treatments or from the same treatments +/- 

Figure 11. Cytotoxicity evaluation of chloroquine in OE19 cells. Cells were seeded at a density 
of 5 x 103 cells per well in a 96-well plate. Various concentrations of chloroquine (CQ) were added 
to cell cultures and cells were incubated for 48 h. Cell viability was assessed using the Orangu 
assay. Optical density values are normalised using the viability value of untreated cells (untreated 
cells = 100%). The results are mean ± SD of 3 experiments. CQ - chloroquine.  
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chloroquine. Levels of SQSTM1 appeared to decrease slightly after 15 min H2O2 

treatment, 24 h salt stress, and 24 h nutrient starvation, compared to the control, although 

these bands are not entirely clear potentially due to the SDS-PAGE gel becoming too hot.  

 

 

 

 

 

 

OE19 cells subsequently received longer stress treatments (20 min H2O2 treatment, 48 h 

salt stress, and 48 h nutrient starvation) and the levels of AGR2 and SQSTM1 were 

assessed again using SDS-PAGE and Western blotting (Fig. 13). It is important to note 

that levels of AGR2 in the control lane appear as only a faint bad at 19 kDa because a 

lower overall protein concentration was loaded across all sample wells in these 

experiments (Fig. 13; Fig. 14). This was because lower protein concentrations were 

obtained when lysing cells under these cell stress conditions, potentially due to the 

removal of a higher proportion of unattached, dead cells.  

The 20 min H2O2 treatment, 48 h nutrient starvation and 48 h salt stress treatments 

appeared to induce autophagy as indicated by reduced levels of SQSTM1 compared to the 

control (Fig. 13). These findings are in accordance with the increased number of 

autophagosomes that were observed upon 48 h salt stress and 48 h nutrient starvation, 

although no significant increase in the number of autophagosomes were observed during 

48 h salt stress treatment (Fig 9; Fig. 10). The difference in the levels of SQSTM1 were 

cancelled out by chloroquine, indicating that treatment with 30 μM chloroquine for 48 h 

did indeed inhibit autophagy (Fig. 13). Interestingly, levels of AGR2 appeared to increase 

upon 20 min H2O2 treatment and 48 h nutrient starvation, compared to the control (Fig. 

13). This increase in AGR2 appeared to be due to enhanced autophagy stimulation as 

Figure 12. The effect of cell stress treatments on the levels of SQSTM1 and AGR2 in OE19 
cells. OE19 cells either received 24 h salt stress treatment (cultured in Earle’s Balanced Salts 
Solution without calcium chloride and magnesium sulphate); 24 h nutrient starvation (non-
glucose, non-glutamine RPMI medium); 15 min H2O2 treatment (3mM); 24 h salt stress or nutrient 
starvation treatment concomitantly with 24 h chloroquine treatment (30 μM); or remained 
untreated (control). Cells were lysed and analysed by SDS-PAGE and reducing Western blotting 
with the ab76473 AGR2 mAb and the 66184-1-Ig SQSTM1 mAb. GAPDH was used as a loading 
control. CQ - chloroquine. kDa markers are shown.  
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treating cells with chloroquine during H2O2 treatment or nutrient starvation reduced the 

levels of AGR2, as compared to the relevant stress treatment without chloroquine. This 

effect was particularly pronounced in the H2O2-treated OE19 cells.  

 

 

 

 

 

 

 

 

 

 

To validate the aforementioned findings, the levels of AGR2 under the same cell stress 

conditions (+/- chloroquine) were assessed by SDS-PAGE and Western blotting in 

triplicate and subsequently quantified by densitometry using ImageJ (Fig. 14). The levels 

of AGR2 significantly increased in the OE19 cells during 20 min H2O2 treatment and 48 

h nutrient starvation, compared to untreated controls. When treated concomitantly with 

chloroquine, the levels of AGR2 did not significantly increase during any cell stress 

treatment compared to controls. This finding suggests that the increase in AGR2 appeared 

to be due to increased autophagy stimulation.  

 

 

 

 

Figure 13. Levels of AGR2 increased during stress-induced autophagy stimulation in OE19 
cells. OE19 cells received 20 min H2O2 treatment (3mM); 48 h nutrient starvation (non-glucose, 
non-glutamine RPMI medium); 48 h salt stress treatment (cultured in Earle’s Balanced Salts 
Solution without calcium chloride and magnesium sulphate); 48 h chloroquine treatment (30 μM) 
followed by 20 min H2O2 treatment (3 mM); 48 h salt stress or nutrient starvation treatment 
concomitantly with 48 h chloroquine treatment (30 μM); or remained untreated (control). Cells 
were lysed and analysed by SDS-PAGE and reducing Western blotting with the ab76473 AGR2 
mAb and the 66184-1-Ig SQSTM1 mAb. GAPDH was used as a loading control. CQ - chloroquine. 
kDa markers are shown. 
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Immunofluorescence evidence suggested that AGR2 may localise at the plasma 

membrane during 48 h nutrient starvation and 20 min H2O2 treatment (Fig. 9). To explore 

this notion, it was necessary to identify a marker of the plasma membrane in the OE19 

cells. Therefore, after 48 h nutrient starvation, 20 min H2O2 treatment or under control 

conditions, OE19 cells were incubated for 15 minutes in RPMI medium containing 7 

µg/ml CellMask Deep Red plasma membrane stain (C10046). Cells were subsequently 

imaged live with a Zeiss 880 laser scanning confocal microscope. CellMask appeared to 

effectively label the plasma membrane in the OE19 cells during live-cell imaging under 

the control, H2O2 treatment and nutrient starvation conditions (Fig. 15).  

 

 

 

 

 

A B 

AGR2 

Figure 14. Levels of AGR2 significantly increase during 20 min H2O2 treatment and 48 h 
nutrient starvation. OE19 cells received 20 min H2O2 treatment (3mM); 48 h nutrient starvation 
(non-glucose, non-glutamine RPMI medium); 48 h salt stress treatment (cultured in Earle’s 
Balanced Salts Solution without calcium chloride and magnesium sulphate); 48 h chloroquine 
treatment (30 μM) followed by 20 min H2O2 treatment (3 mM); 48 h salt stress or nutrient 
starvation treatment concomitantly with 48 h chloroquine treatment (30 μM); or remained 
untreated (controls). Cells were lysed and analysed by SDS-PAGE and reducing Western blotting 
in triplicate with the ab76473 AGR2 mAb (A). Levels of AGR2 were quantified by densitometry 
using ImageJ software (B). Error bars represent standard deviation; n = 3; Unpaired t-tests, *P < 
0.05, **P < 0.01, ***P < 0.005. n.s. - not significant; CQ - chloroquine; ctrl - control; n starve - 
nutrient starve; s stress - salt stress. kDa markers are shown. 
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After CellMask was established as a suitable plasma membrane stain for OE19 cells by 

live-cell imaging, fixed-cell imaging was used to explore any potential colocalization of 

AGR2 and CellMask during 48 h nutrient starvation. CellMask staining (red) appeared 

more diffuse when used in fixed-cell imaging (Fig. 16) compared to live-cell imaging 

(Fig. 15), making it less suitable as a plasma membrane marker for this purpose. However, 

the images obtained still suggested that AGR2 (green) localised closer to the plasma 

membrane in the nutrient starved cells, compared to the control cells (Fig. 16). It is worthy 

to note that the relatively small size and roundness of these OE19 cells may give a false 

impression or heightened appearance of plasma membrane staining.  

 

 

Figure 15. Live-cell labelling of the plasma membrane using CellMask in OE19 cells. Cells 
either remained untreated (control); received H2O2 treatment (3mM, 20 min); or underwent 
nutrient starvation (48 h incubation in non-glucose, non-glutamine RPMI medium). After 
treatments, cells were incubated at 37°C in the presence of 5% CO2 for 15 minutes in RPMI 
medium containing 7 µg/ml CellMask™ Deep Red plasma membrane stain (C10046). Cells were 
washed twice with fresh RPMI and then imaged with a Zeiss 880 laser scanning confocal 
microscope at X 63 magnification. Scale bar: 10 μm. N starve – nutrient starvation.  
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Fixed-cell imaging was subsequently used to explore any potential colocalization between 

AGR2 and CellMask during treatment with H2O2. OE19 cells were treated with 3mM 

H2O2 for 0, 15 or 30 mins to investigate any potential changes to the localisation of AGR2 

that may occur incrementally with increasing exposure to oxidative stress. OE19 cells 

were also concomitantly incubated with 7 µg/ml CellMask for 10, 20 or 30 mins to 

ascertain the optimal treatment time for plasma membrane staining during fixed-cell 

imaging. Optimal plasma membrane labelling appeared to occur at 10 min incubation with 

CellMask, although staining still appeared diffuse at this timepoint (Fig. 17). It is thus 

apparent that part of the cell fixing process interferes with the precise labelling of the 

plasma membrane using the CellMask stain. Interestingly, as periods of H2O2 treatment 

lengthened, an increasing aggregation-promoting effect on AGR2 was observed. Indeed, 

the number of AGR2 aggregates were quantified and significantly more AGR2 aggregates 

were observed per cell and field of view following each incremental increase in H2O2 

treatment time from 10 to 30 mins (Fig. 18).  

 

 

Figure 16. Distribution of AGR2 (green) during 48 h nutrient starvation in OE19 cells stained 
with the plasma membrane marker CellMask (red). Cells underwent nutrient starvation (48 h 
incubation in non-glucose, non-glutamine RPMI medium) or remained untreated (control). After 
treatment, cells were incubated at 37°C in the presence of 5% CO2 for 15 minutes in RPMI medium 
containing 7 µg/ml CellMask™ Deep Red plasma membrane stain (C10046). Cells were washed 
twice with fresh RPMI and subsequently fixed and stained for the expression of AGR2. Nuclei were 
stained with DAPI. Images were taken on a Zeiss LSM 800 confocal microscope at X63 
magnification. Scale bar: 10 μm. N starve - nutrient starvation.  
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Figure 17. Distribution of AGR2 (green) following H2O2 treatment in OE19 cells stained with 
CellMask (red). Cells were incubated at 37°C in 5% CO2 for 10 (A), 20 (B) or 30 (C) mins in RPMI 
medium containing 7 µg/ml CellMask™ Deep Red plasma membrane stain (C10046). After 
treatment, cells were washed once in fresh RPMI medium and subsequently treated with 3mM H2O2 

in RPMI medium for 0, 15, or 30 mins at 37°C in 5% CO2. Cells were then washed three times in 
PBS++, fixed, and stained for the expression of AGR2. Nuclei were stained with DAPI. Images were 
taken on a Zeiss LSM 800 confocal microscope at X63 magnification. Scale bar: 10 μm. 
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Figure 18. Significantly more AGR2 aggregates are observed per cell and field of view 
following increases in exposure time to oxidative stress. A representative confocal image of 
OE19 cells that were treated with 3 mM H2O2 for 15 min, washed, fixed and stained for the 
expression of AGR2 (green) (A). Arrowheads show examples of AGR2 aggregates. Nuclei were 
stained for with DAPI.  Scale bar: 5 μm. The number of AGR2 aggregates were quantified per 
field of view (B) and per cell (C) following 0, 15 and 30 min H2O2 treatment (3 mM). Error bars 
represent standard deviation; n = 3; Unpaired t-tests, *P < 0.05, **P < 0.01, ***P < 0.005. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

The AGR2 aggregates observed in Figure 17 and 18A appeared similar in shape (circular) 

and size (~0.5 μm) to suggest they may be present within autophagosomes. However, little 

colocalization was observed previously between AGR2 and the autophagosome marker 

SQSTM1 following 20 min treatment with 3 mM H2O2 (Fig. 9). To further investigate the 

aggregation-promoting effect of H2O2 treatment on AGR2, immunofluorescence was used 

to explore any potential colocalization between AGR2 and another autophagosome 

marker known as LC3 following 0, 10, 20 and 30 min treatments with 3 mM H2O2. LC3 

plays a role in the selection of substrates for autophagy and in autophagosome biogenesis 

and may show differential staining to SQSTM1 (Rogov et al., 2014). The number of LC3-

labelled autophagosomes increased with longer exposure to H2O2, indicating an increase 

in autophagy stimulation (Fig. 19). An aggregation-promoting effect on AGR2 was again 

observed with increasing H2O2 exposure (Fig. 19), corresponding to previous findings 

(Fig. 17). Analogously to nutrient starvation treatment (Fig. 9; Fig. 16), many of these 

AGR2 aggregates were observed in close proximity to the plasma membrane (Fig. 19). 

Importantly, AGR2 aggregates did not show clear colocalization with the LC3-labelled 

autophagosomes (Fig. 19). Therefore, other factors are likely to account for the observed 

aggregation of AGR2, including perhaps its enclosure in vesicles or an association with 

mucin complexes.  
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Figure 19. Intracellular distribution of AGR2 (red) and LC3 (green) in OE19 cells following 
increasing periods of H2O2 exposure. OE19 cells were exposed to 0, 10, 20 and 30 min H2O2 

treatment (3mM). After treatments, cells were fixed, permeabilised and stained for the 
colocalization of AGR2 and LC3. Nuclei are stained for with DAPI. Images were taken on a Zeiss 
LSM 800 confocal microscope at X63 magnification. Scale bar: 10 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

3.5. AGR2 is secreted from OE19 cells 

Given that AGR2 localises in close proximity to the plasma membrane following nutrient 

starvation and H2O2 treatment, and that AGR2 plays a known role in the tumour 

microenvironment, it seemed prudent to investigate any potential secretion of AGR2 from 

the OE19 cells. OE19 cells received 20 min H2O2 treatment (3mM), 48 h nutrient 

starvation, or remained untreated as controls. Culture media were collected and subjected 

to SDS-PAGE and Western blotting with the ab76473 AGR2 mAb. It is worthy to note 

that a high overall protein concentration of 50 μg (as measured by the BSA protein assay) 

were loaded into wells from each sample of culture media. Figure 20 shows that AGR2 

was detected in relatively equal concentrations in the media collected from the control, 

H2O2-stressed and nutrient-starved OE19 cells. Therefore, the cell stress treatments did 
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Figure 20. AGR2 is secreted from OE19 cells under control, H2O2-stressed and nutrient-
starved conditions. OE19 cells received 20 min H2O2 treatment (3mM); 48 h nutrient starvation 
(non-glucose, non-glutamine RPMI medium); or remained untreated (control). Culture media 
were collected 72 h after cells were last split and subjected to SDS-PAGE and Western blotting 
with the ab76473 AGR2 mAb (A). Cells were lysed at a confluency of 8.9 x 106. Ponceau S 
staining was used as a loading control (B). kDa markers are shown. N starve – nutrient starvation.  

not appear to induce an increase in AGR2 secretion. The presence of extracellular AGR2 

in the culture media also demonstrates that AGR2 is likely to be present at the plasma 

membrane of OE19 cells under the control and cell stress conditions, as was debated 

previously (Fig. 9; Fig. 16; Fig. 17). The extracellular function of AGR2 and the 

mechanism by which it escapes the endoplasmic reticulum retrieval machinery remain 

undetermined and warrant further investigation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In the conventional secretory pathway, proteins utilise a N-terminal signal sequence to 

enable translocation into the endoplasmic reticulum and subsequent targeting to the Golgi 

then plasma membrane via secretory vesicles or granules (Vitale and Denecke, 1999). 

Importantly, proteins show a high degree of variation in signal sequence conservation and 

length (Hiller et al., 2004). Other proteins may use unconventional protein secretion, 

which does not require an N-terminal signal sequence or involve transport through the 

endoplasmic reticulum and Golgi (Kim, Gee and Lee, 2018). The mechanism by which 

AGR2 is secreted from cancer cells remains undetermined. To investigate the potential 

for AGR2 to follow the conventional secretory pathway, the PrediSi (Prediction of Signal 

Peptides) tool was used to determine the presence of a signal peptide from the human 

AGR2 amino acid sequence. This computational tool uses a position weight matrix 

approach based on the frequency of amino acids in parts of the signal sequences from 

constructed datasets (Hiller et al., 2004). This calculation also includes a frequency 

correction that takes into account the amino acid bias in proteins. A predicted signal 
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Figure 21. PrediSi predicted the presence of a signal peptide from Met1-Ala20 in AGR2. The 
score represents statistical ideal amino acid frequency for each position in the amino acid sequence 
along the human AGR2 protein (A). The signal peptide (highlighted in yellow) is predicted to be 
cleaved off between Ala20 and Arg21 (B). The signal peptide was predicted with 96% confidence.  

peptide was identified in the N-terminus of AGR2 with 96% confidence (Fig. 21A). The 

predicted signal peptide was 20 amino acids in length from Met1-Ala20 (Fig. 21B). The 

presence of this predicted signal peptide in AGR2 suggests that AGR2 may follow the 

conventional secretory pathway rather than the unconventional one.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Cytotoxicity evaluation of the autophagy inhibitor chloroquine in OE19 and OE33 

cells 

To finalise these experiments, the extent to which the OE19 cells may utilise autophagy 

to promote cellular survival required investigation. Figure 5 demonstrated that AGR2 is 

strongly expressed in OE19 cells, but is not detectable by Western blotting in OE33 cells. 

The availability of two oesophageal adenocarcinoma cell lines in which one expresses 

AGR2 (OE19 cells) and one does not (OE33 cells) provides a system to compare the extent 

to which cells may potentially rely on AGR2-associated autophagy for cellular survival. 

Therefore, a cytotoxicity evaluation of the autophagy inhibitor chloroquine was carried 

out in these two cell lines. 

Chloroquine inhibited the viability of the OE19 and OE33 cells in a dose-dependent 

manner as tested by the Orangu assay (Fig. 22). The OE19 cells were more sensitive to 

chloroquine compared with the OE33 cells; the CC50 (50% cytotoxic concentration) was 
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determined as 56 μM in OE19 cells and 103 μM in OE33 cells. To our knowledge, the 

CC50 of chloroquine in OE19 or OE33 cells has not previously been reported. Images of 

cells at each concentration of chloroquine were taken using the EVOS Cell Imaging 

System and further demonstrate the increased sensitivity of the OE19 cells to chloroquine, 

compared to the OE33 cells (Fig. 22A). The increased sensitivity of the AGR2-expressing 

OE19 cells to autophagy inhibition provides evidence to support future knockout studies 

exploring the potential role of AGR2 in pro-survival autophagy, particularly under 

oxidative stress conditions. It is important to note that many other inter-tumour differences 

between the OE19 and OE33 cell lines that have not been explored here could also underly 

the variation in chloroquine sensitivity.  

Numerous studies have reported the anticancer potential of chloroquine when used as a 

monotherapy or in combination with chemotherapy across a range of different tumour 

types (Joshi et al., 2012; Maycotte et al., 2015; Hu et al., 2016; Eloranta et al., 2020). 

However, the efficacy of chloroquine in cancers of the oesophagus has not previously 

been reported. The reduced viability of the OE19 and OE33 cell lines from concentrations 

of chloroquine in the micromolar range supports further investigation into the potential 

therapeutic benefits of chloroquine for oesophageal adenocarcinoma.  
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3.7. Summary of results 

Reducing and non-reducing SDS-PAGE followed by Western blotting demonstrated that 

AGR2 forms disulphide-dependent complexes in OE19 cells, but AGR2 could not be 

detected in the OE21 or OE33 cells (Fig. 5). The interaction between AGR2 and SQSTM1, 

first identified by Worfolk et al. (2019), was then verified by immunoprecipitation 

experiments (Fig. 7). Immunofluorescence experiments showed that the majority of 

AGR2 appeared to colocalise with P4HB in the endoplasmic reticulum (Fig. 6). However, 

there was some evidence to suggest that AGR2 localised further towards the plasma 

membrane in the OE19 cells during nutrient starvation and H2O2 treatment (Fig. 9). Both 

nutrient starvation and H2O2 treatment were capable of inducing autophagy in OE19 cells 

Figure 22. Cytotoxicity evaluation of chloroquine in OE19 and OE33 cells. Cells were seeded at 
a density of 5 x 103 cells per well in a 96-well plate. Various concentrations of chloroquine were 
added to cell cultures and cells were incubated for 48 h. Images obtained using the EVOS Cell 
Imaging System at 40x magnification (A). Cell viability was assessed using the Orangu assay (B). 
Optical density values are normalised using the viability value of untreated cells (untreated cells = 
100%). The results are mean ± SD of 3 experiments. Chloroquine - CQ.  
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as demonstrated by significantly increased numbers of autophagosomes and reduced 

levels of SQSTM1 (Fig. 10; Fig. 13). Although there was not clear colocalization between 

AGR2 and SQSTM1 under control or autophagy-inducing conditions, some areas of 

overlap were visible (Fig. 8; Fig. 9). Levels of AGR2 were found to significantly increase 

following nutrient starvation and H2O2 treatment (Fig. 14). This increase in the levels of 

AGR2 appeared to be due to enhanced autophagy stimulation as treating cells with 

chloroquine during H2O2 treatment or nutrient starvation reduced the levels of AGR2 (Fig. 

13; Fig. 14). The short 20-min time frame in which AGR2 levels increased during the 

H2O2 treatment suggests a potential reduction in the proteolytic degradation of AGR2, 

possibly as part of a pro-survival autophagy response to oxidative stress conditions. 

Interestingly, as periods of H2O2 treatment lengthened, an increasing aggregation-

promoting effect on AGR2 was observed (Fig. 17; Fig. 18). However, AGR2 aggregates 

did not show clear colocalization with LC3-labelled autophagosomes (Fig. 19). Therefore, 

other factors are likely to account for the observed aggregation of AGR2, including its 

potential enclosure in vesicles or an association with mucin complexes.  

AGR2 was shown to be secreted into the culture media from OE19 cells (Fig. 20). AGR2 

was detected in relatively equal concentrations in the media collected from control, H2O2-

stressed and nutrient-starved OE19 cells (Fig. 20). Thus, cell stress treatments did not 

appear to induce an increase in AGR2 secretion. The presence of a predicted signal peptide 

in AGR2 suggests that AGR2 follows the conventional secretory pathway rather than the 

unconventional one (Fig. 21). Lastly, chloroquine inhibited the viability of the OE19 and 

OE33 cells in a dose-dependent manner as tested by the Orangu assay (Fig. 22), supporting 

future studies investigating the therapeutic potential of autophagy inhibition for 

oesophageal adenocarcinoma. AGR2 expressing OE19 cells were more sensitive to 

chloroquine compared with AGR2 non-expressing OE33 cells; the CC50 was determined 

as 56 μM and 103 μM in the OE19 and OE33 cells, respectively (Fig. 22). 
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4. Discussion 

4.1. AGR2 interacts with its client proteins through disulphide bonds 

In the present study, AGR2 was strongly expressed in OE19 cells but was not detectable 

by Western blotting in OE21 and OE33 cells (Fig. 5). AGR2 expression is normally 

restricted to specific secretory and reproductive organs. However, AGR2 is found 

derepressed in various cancers, including individual cases of oesophageal 

adenocarcinoma. The difference in AGR2 expression between these three oesophageal 

adenocarcinoma cell lines thus highlights the heterogeneity of tumour gene expression. 

These findings suggest that should AGR2 play a functional role in pro-survival autophagy, 

it is not ubiquitously required in oesophageal adenocarcinoma. Indeed, individual tumours 

of the same type frequently do not follow the same evolutionary pathway in terms of the 

oncogenic aberrations accumulated during tumour progression (Ciriello and Magnani, 

2021). However, it would also be worthwhile to utilise more sensitive methods (e.g. RNA 

sequencing or mass spectrometry) to investigate whether AGR2 is potentially being 

expressed in the OE21 and OE33 cells at a level below the limit of detection by Western 

blotting. 

A proteomics screen identified AGR2 as a protein that is universally upregulated in 

Barrett’s oesophagus, a premalignant condition for the development of oesophageal 

adenocarcinoma (Pohler et al., 2004). It would therefore be interesting to investigate any 

potential survival advantage AGR2 may specifically convey to the highly inflammatory 

and metaplastic environment present during Barrett’s oesophagus, and its progression to 

oesophageal adenocarcinoma. In breast cancer, the overexpression of AGR2 is a predicter 

of poor prognosis (Hrstka et al., 2010); however, it remains to be determined whether this 

is also the case in oesophageal adenocarcinoma. 

AGR2 is an evolutionary distant member of the PDI family of proteins and possesses a 

single cysteine residue in its thioredoxin-like domain (residues CPHS). Using SDS-PAGE 

and Western blotting, it was shown that AGR2 complexes in the OE19 cell lysates were 

dispersed by the addition of DTT, and thus are disulphide dependent (Fig. 5). Therefore, 

it is clear that endogenous AGR2 can form disulphide dependent complexes in OE19 cells 

through its single cysteine residue. This is in accordance with studies showing that, 

through its single cysteine residue, AGR2 forms mixed disulphides with the mucins 

MUC1, MUC2 and MUC5AC (Park et al., 2009; Schroeder et al., 2012; Norris et al., 
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2013). Through its non-canonical CPHS domain, AGR2 can also form disulphide bonds 

with itself, creating homodimers (Clarke et al., 2016).  

The mechanism by which AGR2 mediates disulphide bond formation with its client 

proteins is currently unclear as AGR2 lacks a redox active thioredoxin motif with dual 

cysteines. It has been suggested that the dimeric structure of AGR2 may permit disulphide 

bond formation by providing a redox capacity equivalent to the canonical thioredoxin 

motif with dual cysteines (Moidu et al., 2020). Indeed, the dissociation constant of 

dimerization indicates that AGR2 is in its dimeric state in the endoplasmic reticulum 

(Patel et al., 2013). It is also plausible that additional redox enzymes in the endoplasmic 

reticulum may be involved in assisting AGR2 to perform full redox reactions. For 

instance, AGR2 is known to form mixed disulphides with MUC2 (Park et al., 2009), but 

perhaps another oxidation enzyme is required to complete disulphide bond formation 

within this mucin. Several redox enzymes are known to act cooperatively to enable 

disulphide bond formation in the endoplasmic reticulum, such as the endoplasmic 

reticulum oxidoreductin 1-protein disulphide isomerase (ERO1-PDI) oxidation pathway 

(Araki and Inaba, 2012). Moreover, through immunoprecipitation followed by mass 

spectrometry experiments, AGR2 has been shown to interact with various other 

endoplasmic reticulum chaperone proteins that include Ero1α, ERp29, ERp44 and 

peroxiredoxin IV (Worfolk et al., 2019). Another possibility is that although the absence 

of dual cysteines may hinder AGR2 from oxidising disulphide bonds in its client proteins, 

the single cysteine residue in its CPHS domain may allow for the isomerisation of 

necessary disulphide bonds (Fig. 1). By mediating the rearrangement of disulphide bonds, 

AGR2 could perhaps play a vital role in stabilising the structure of the large and complex 

mucins.  

Wofolk et al. (2019) lysed OE19 cells in the presence or absence of N-Ethylmaleimide 

(NEM), which blocks sulphydryl groups to prevent disulphide bond formation. The 

authors then used immunoprecipitation followed by mass spectrometry to identify 

disulphide-dependent AGR2 interacting proteins. SQSTM1 was identified as an AGR2 

interacting protein that was detected only when cells were lysed in the absence of NEM, 

demonstrating that this interaction was disulphide-dependent. The present study verified 

the interaction between AGR2 and SQSTM1 in OE19 cells by immunoprecipitation 

followed by SDS-PAGE and Western blotting (Fig. 7). The notion that AGR2 may be 

involved in autophagy was founded upon three key points: firstly, that disulphide bond 

formation is known to be required in SQSTM1 to stimulate pro-survival autophagy 
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(Carroll et al., 2018); secondly, that AGR2 is known to be involved in mucin disulphide 

bond formation (Park et al., 2009); and lastly, that a disulphide-dependent interaction 

exists between AGR2 and SQSTM1 (Worfolk et al., 2019). It is plausible, therefore, that 

the upregulation of SQSTM1 and AGR2 in human cancers could be involved in the 

induction of pro-survival autophagy. 

4.2. A potential oncogenic role for AGR2 in pro-survival autophagy  

Genomic alterations in AGR2 and SQSTM1 were investigated in cBioPortal using the 

data from the Pan-Cancer Analysis of Whole Genomes (PCAWG) containing 2,683 

samples and 2,565 patients (The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes 

Network, 2020). AGR2 amplification was the prominent genomic alteration identified 

across various cancers in this dataset (Fig. 23A). It therefore holds that AGR2 is 

overexpressed in cancer for its oncogenic function and that AGR2 mutants play a much 

smaller role in tumorigenesis. Analogously, SQSTM1 amplification was a frequent 

genomic alteration across many cancers in this dataset (Fig. 23B), emphasising the role of 

autophagy in tumour initiation and progression (Lu, He and Ma, 2020). 
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Figure 23. Genomic alterations of AGR2 (A) and SQSTM1 (B) across data from the Pan-Cancer 
Analysis of Whole Genomes Consortium of the International Cancer Genome Consortium 
(ICGC) and The Cancer Genome Atlas (TCGA) (The ICGC/TCGA Pan-Cancer Analysis of 
Whole Genomes Network, 2020). Database contains 2683 samples/2565 patients with mutation and 
copy number alteration data. Analysis was carried out in cBioPortal (https://www.cbioportal.org/).  
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Autophagy is an important mechanism for the degradation of proteins and organelles that 

have been damaged by oxidative stress and may be toxic to the cell (Filomeni, Zio and 

Cecconi, 2015). Tumours are exposed to high levels of oxidative stress due to impaired 

perfusion and heightened proliferation; therefore, autophagy can prevent cytotoxicity in 

cancer environments (Taucher et al., 2022). Furthermore, through the degradation and 

recycling of proteins and organelles, enhanced autophagy stimulation can serve to 

maintain nutrient supplies to rapidly dividing tumour cells (He et al., 2018). By 

ameliorating oxidative and nutrient stresses, the upregulation of autophagy can also 

mediate resistance to chemotherapy and radiation therapy. For instance, inhibiting 

autophagy with chloroquine enhanced the therapeutic efficacy of both the chemotherapy 

drugs oxiplatin and gemcitabine in an orthotopic murine model of pancreatic cancer (Loux 

et al., 2010). Importantly, the mechanisms that underpin the upregulation of autophagy 

across various cancers remain to be elucidated.  

An accumulating body of evidence suggests that oxidative stress regulates the autophagy 

pathway (McClung et al., 2010; Nezis and Stenmark, 2012; Filomeni, Zio and Cecconi, 

2014). The present work demonstrated that two cell stress treatments, 20 min H2O2 

treatment and 48 h nutrient starvation, were capable of stimulating autophagy in OE19 

cells, as demonstrated by the significantly increased number of autophagosomes and 

significantly reduced levels of SQSTM1 (Fig. 10; Fig. 13). An increased number of 

autophagosomes determined by immunofluorescence and reduced levels of SQSTM1 

assessed by Western blotting are routinely used as two reliable methods of determining 

autophagy induction in cells (Bjørkøy et al., 2009; Carroll et al., 2018). Furthermore, an 

increased number of LC3-labelled autophagosomes can be seen following 20 and 30 min 

H2O2 treatment, supporting the notion that H2O2-induced stress promotes autophagy (Fig. 

19). The autophagosome is the hallmark of macroautophagy (Mijaljica, Prescott and 

Devenish, 2012), and thus the present study focuses solely on stimulating the 

macroautophagic process (referred to here as simply autophagy). The LC3-II/LC3-I ratio, 

determined by Western blotting, is also indicative of the formation of autophagosomes 

and could have been used to further demonstrate autophagy induction in the present study.  

Both H2O2 and nutrient stress treatments are capable of generating oxidative stress. The 

Fenton’s reaction between H2O2 and Fe2+ ions generates the highly damaging hydroxyl 

radical, which is thought to be a major source of oxidative damage (Ward et al., 1987). In 

contrast, nutrient starvation can cause metabolic stress and a higher demand for ATP, 

leading to mitochondrial overburden and electron leakage that ultimately triggers 
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excessive generation of reactive oxygen species (Ophuis et al., 2009; Taucher et al., 

2022). Nutrient starvation is also known to induce autophagy through the involvement of 

PI3K/AMPK and other nutrient-sensing pathways (Alers et al., 2012; Chiao et al., 2013). 

The present findings thus support the notion that nutrient and oxidative stress stimulates 

the autophagy pathway.  

Intriguingly, the levels of AGR2 significantly increased in OE19 cells during 20 min H2O2 

treatment and 48 h nutrient starvation, compared to controls (Fig. 14). The increase in 

AGR2 levels appeared to be due to enhanced autophagy stimulation as treating cells with 

chloroquine reduced the levels of AGR2, compared to the relevant cell stress treatment 

without chloroquine (Fig. 14). The decrease in SQSTM1 levels was cancelled out by 

chloroquine, suggesting that chloroquine treatment did indeed inhibit autophagy (Fig. 13). 

The short 20 min time frame in which AGR2 levels significantly increased during H2O2 

treatment suggests a potential reduction in the proteolytic degradation of AGR2, possibly 

as part of a pro-survival autophagy response to oxidative stress conditions. Overall, these 

findings provide further insights into the complex relationship between cellular stress, 

autophagy, and cancer, and suggest that AGR2 may be an important player in these 

processes (Fig. 4). 

The AGR2 expressing OE19 cells were more sensitive to chloroquine compared with the 

AGR2 non-expressing OE33 cells; the CC50 was determined as 56 μM and 103 μM in 

OE19 and OE33 cells, respectively (Fig. 22). Although many inter-tumour differences 

may underlie this variation in autophagy inhibition sensitivity, this finding supports future 

knockout studies exploring the potential oncogenic role of AGR2 in pro-survival 

autophagy. Experiments investigating any potential difference in chloroquine sensitivity 

between OE19 control cells and those with silenced AGR2 expression or harbouring 

mutations of its single cysteine (C81) could reveal further insights into the potential role 

of AGR2 in pro-survival autophagy. It would also be interesting to investigate any 

potential reduction in cell viability that may be induced by knocking out AGR2 (or 

introducing mutations of C81) during exposure of OE19 cells to oxidative stress treatment, 

compared to controls. Should knocking out AGR2 lead to an increased sensitivity to 

oxidative stress, repeating the experiment in AGR2 knockout cells and controls with or 

without concomitant chloroquine treatment would provide insight into the extent to which 

AGR2 may utilise autophagy to promote cellular survival. 

Many studies have reported the anticancer potential of chloroquine when used as a 

monotherapy or in combination with chemotherapy across a range of different tumour 
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types (Joshi et al., 2012; Maycotte et al., 2015; Hu et al., 2016; Eloranta et al., 2020). 

However, the efficacy of chloroquine in cancers of the oesophagus has not previously 

been reported. The reduced viability of the OE19 and OE33 cell lines from concentrations 

of chloroquine in the micromolar range encourages further investigation into the potential 

therapeutic benefits of chloroquine for oesophageal adenocarcinoma (Fig. 22). Treatment 

with 30 μM chloroquine for 48 h increased the levels of SQSTM1 in the OE19 cells (Fig. 

13), suggesting that the antiproliferative effects of chloroquine treatment could be due to 

its anti-autophagic effects. The finding that chloroquine had a greater cytotoxic effect on 

the OE19 cells, compared to the OE33 cells, also supports future studies using a 

biomarker-driven approach to select subpopulations of patients (based on tumour 

expression profiles) that are likely to receive the most benefit from chloroquine treatment. 

Both AGR2 and SQSTM1 exhibit frequent gene amplification in multiple tumours (Fig. 

23); thus, it would be interesting to explore whether high levels of AGR2 or SQSTM1 

correlate with improved patient responses to chloroquine treatment.  

4.3. The interaction between AGR2 and SQSTM1 – a topological conundrum 

The interaction between AGR2 and SQSTM1, verified in Figure 5, poses a topological 

issue. AGR2 normally resides in the endoplasmic reticulum, but can also be localised to 

the plasma membrane, extracellular matrix and nucleus in the cancer context (Fourtouna 

et al., 2009; Gupta, Dong and Lowe, 2012; Fessart et al., 2016). In contrast, SQSTM1 is 

primarily located in the cytosol within the autophagosomes and lysosomes (Berkamp, 

Mostafavi and Sachse, 2020). As expected, a punctate distribution of SQSTM1 marking 

the autophagosomes/lysosomes was observed in OE19 cells by immunofluorescence (Fig. 

8). Under normal conditions, the majority of AGR2 colocalised with P4HB in the 

endoplasmic reticulum (Fig. 6), which corresponded with previous findings (Worfolk et 

al., 2019). Although there was not clear colocalization between AGR2 and SQSTM1, 

some areas of overlap were visible (Fig. 8). It is worthy to note that the small size and 

roundness of the OE19 cells made precisely determining the cellular localisation of AGR2 

difficult during this study.  

An increasing aggregation-promoting effect on AGR2 was observed during increasing 

periods of oxidative stress induced by H2O2 treatment (Fig. 17). These AGR2 aggregates 

appeared similar in shape (roughly circular) and size (~0.5 μm) to suggest they may be 

present within autophagosomes. However, AGR2 aggregates showed no colocalization 

with the autophagosome marker LC3, and thus the aggregation of AGR2 is unlikely to be 

due to its inclusion within autophagosomes (Fig. 19). Therefore, other factors are likely 
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to account for the observed aggregation of AGR2, including perhaps its enclosure in 

vesicles or an association with mucin complexes. Many of these AGR2 aggregates present 

during H2O2 treatment were observed in close proximity to the plasma membrane (Fig. 

17). There was also evidence that AGR2 localised closer towards the plasma membrane 

during 48 h nutrient deprivation, compared to untreated controls (Fig. 15). It is therefore 

interesting to speculate whether AGR2 may remain associated with mucin granules 

following their export from the endoplasmic reticulum. During mucin secretion, post-

Golgi vesicles containing mature polymeric mucins undergo lateral fusion to form the 

mucin granules, which are then exocytosed at a regulated rate to ensure the appropriate 

secretion of mucins (Adler, Tuvim and Dickey, 2013). The presence of AGR2 at the mucin 

granule may explain its aggregation near the plasma membrane (Fig. 9; Fig. 17), and 

potentially provide a mechanism by which AGR2 is secreted from oesophageal 

adenocarcinoma cells (Fig. 20).  

The presence of AGR2 at the mucin granule may also explain the topological conundrum 

regarding its interaction with SQSTM1. A recent study demonstrated that the autophagy 

pathway plays a role in removing excess non-secreted intracellular mucin granules during 

the resolution of a state of airway inflammation termed mucous metaplasia (Sweeter et 

al., 2021). Sweeter et al. showed that stimulation of autophagy via mTOR inhibition 

resulted in a reduction in the levels of MUC5AC in human airway epithelial cells. 

Furthermore, they used immunostaining and structured illumination microscopy to 

demonstrate that LC3 and Lamp1 labelled autolysosomes come into close contact with, 

and subsequently engulf, mucin granules. It is possible that this autophagy response to 

remove excess mucin granules during inflammatory insult in oesophageal glandular cells 

may also occur in oesophageal adenocarcinoma, in which inflammation is key in driving 

tumour development (O’Sullivan et al., 2014). In such a theory, it is possible to envision 

that SQSTM1 at the autophagosome would closely approximate AGR2 at the mucin 

granule to enable the AGR2-SQSTM1 interaction to take place. Further investigation into 

the precise localisation of AGR2, SQSTM1 and mucins in OE19 cells, under both control 

and cell stress conditions, is required to explore such a theory.  

Given that AGR2 is secreted from oesophageal adenocarcinoma cells (Fig. 20), another 

possibility is that AGR2 could be endocytosed from the extracellular environment into the 

cell to then be degraded by selective autophagy mediated by SQSTM1. Such a mechanism 

would therefore permit the close association between AGR2 and SQSTM1 to enable their 

interaction. This theory would also be in accordance with the observed aggregation of 
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AGR2 (perhaps enclosed in vesicles) in close proximity to the plasma membrane (Fig. 15; 

Fig. 17). The interaction between AGR2 and SQSTM1 has thus far only been identified 

in oesophageal adenocarcinoma (Worfolk et al., 2019), and is likely to be the result of 

perturbed oncogenic signalling. However, further work is required to establish whether 

AGR2 also interacts with SQSTM1 in non-malignant cells. 

It is worthy to note that the AGR2-SQSTM1 interaction, identified by 

immunoprecipitation followed by Western blotting (Fig. 7), could in fact occur 

artefactually during post-lysis oxidation reactions. This notion would potentially explain 

the topological issue regarding the AGR2-SQSTM1 interaction and the limited 

colocalization observed between AGR2 and SQSTM1 in immunofluorescence 

experiments (Fig. 8 and 9). Wofolk et al. (2019) lysed OE19 cells in the presence or 

absence of NEM, an alkylating agent that blocks sulphydryl groups to prevent disulphide 

bond formation. The authors then used immunoprecipitation followed by mass 

spectrometry and SQSTM1 was identified as an AGR2 interacting protein that was 

detected only when cells were lysed in the absence of NEM. It was concluded that the 

AGR2-SQSTM1 association could not be observed in the presence of NEM because this 

strong alkylating agent would disrupt the disulphide bonds in this interaction. However, 

pre-treatment of cells with alkylating agents is an important procedure utilised to reduce 

post-lysis oxidation reactions, bringing the validity of the AGR2-SQSTM1 interaction 

into question. Worfolk et al. (2019) also lysed adenocarcinoma tissue in the presence or 

absence of NEM and used AGR2 immunoprecipitation followed by Western blotting to 

detect MUC-5AC. Importantly, the interaction between AGR2 and the lower molecular 

weight forms of mucin were also only visible in the absence of NEM. The disulphide-

dependent interactions between AGR2 and the mucins MUC1, MUC2 and MUC-5AC to 

enable their correct folding and secretion are well established (Park et al., 2009; Schroeder 

et al., 2012; Norris et al., 2013). Therefore, it would appear that NEM is likely to interfere 

with the ability of AGR2 to form disulphide-dependent interactions with its client 

proteins.  

4.4. How is AGR2 secreted from oesophageal adenocarcinoma cells? 

AGR2 normally resides in the endoplasmic reticulum to perform its protein folding 

functions (Gupta, Dong and Lowe, 2012). However, the secretion of AGR2 into the 

extracellular environment has been reported in various different cancer types, which are 

summarised in Table 1. The present study is believed to be the first to describe the 

secretion of AGR2 from oesophageal adenocarcinoma cells (Fig. 20). Proteins that are 
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secreted into the extracellular environment collectively form an important class of proteins 

referred to as the secretome (Tjalsma et al., 2004). Tumour secretomes often exhibit 

altered compositions compared to the normal tissues from which they were derived and 

they can play a functional role in promoting tumorigenesis (Peinado, Lavotshkin and 

Lyden, 2011; Valerie, Weaver and Werb, 2012). An accumulating body of research 

discussed previously has shed some light on the functions of extracellular AGR2, 

including its implications in the promotion of  metastasis, proliferation, angiogenesis and 

inflammation (Fig. 3). However, the function of extracellular AGR2 in oesophageal 

cancers does not appear to have been previously investigated.  

Because oesophageal adenocarcinoma is a key example of an inflammation driven cancer 

(O’Sullivan et al., 2014), it seems rational to investigate a potential pro-inflammatory role 

for AGR2 in the extracellular environment of this cancer. Intriguingly, the link between 

AGR2 and inflammation has previously been reported in inflammatory bowel disease, in 

which AGR2 secretion upon endoplasmic reticulum stress was reported to mediate pro-

inflammatory responses (Maurel et al., 2019).  To investigate the link between AGR2 and 

inflammation, Maurel et al. exposed peripheral blood mononuclear cells from three 

healthy human volunteers to media conditioned by cells ectopically overexpressing 

AGR2. In the extracellular milieu, AGR2 was found to play a direct role in the 

chemoattraction of monocytes from peripheral blood mononuclear cells. Monocyte 

migration was disrupted by AGR2 blocking antibodies. Therefore, it is plausible that 

AGR2 performs an oncogenic role as a pro-inflammatory chemokine in the tumour 

secretome.  

 

 

Cancer type Cell model Reference 

Breast MCF-7, RAMA 37 and T47D Clarke, Rudland and Barraclough, 

2015; Li et al., 2016 

Prostate PCa, PC3, PC3M-Luc, RWPE-1, HUCECs, 

LuCaP and 22Rv1 

Vitello et al., 2016; Garri et al., 

2018; Jia et al., 2018; Tiemann et 

al., 2019 

Pancreatic SU.86.86 and MPanc-96 Ramachandran et al., 2008 

Colorectal HT29 Tian et al., 2018 

Glioblastoma UA87 and LN18 Hong, Wang and Li, 2013 

Lung 

adenocarcinoma 

H23 Fessart et al., 2016 

Table 1. The secretion of AGR2 reported across different cancers 
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Many secretory proteins utilise the conventional secretory pathway that passes through 

the endoplasmic reticulum and Golgi before reaching the plasma membrane. Proteins 

designated for secretion by this conventional pathway possess a N-terminal signal 

sequence. The signal sequence will usually be cleaved off by an extracellular signal 

peptidase following exocytosis (Jackson and Blobel, 1977). Most signal sequences will 

consist of three distinct domains: a positively charged n-region, a hydrophobic h-region, 

and a polar c-region containing the cleavage site (Choo, Tan and Ranganathan, 2005). 

However, secretory proteins show a high degree of variation in signal sequence 

conservation and length (Hiller et al., 2004). Many secretory proteins exist in human cells 

that do not use the classical endoplasmic reticulum-Golgi pathway, and instead are 

secreted through unconventional secretory pathways (Kim, Gee and Lee, 2018). In human 

cells, unconventional protein secretion includes translocation across the plasma 

membrane via pores (Zacherl et al., 2015); export by ATP-binding cassette (ABC) 

transporters (McGrath and Varshavsky, 1989); secretion of transmembrane proteins that 

omit the Golgi in an otherwise conventional route (Gee et al., 2011); and autophagy-

associated secretion via autophagosomes (Duran et al., 2010).  

Using PrediSi, a predicted signal peptide from Met1-Ala20 was identified in the N-

terminus of AGR2 with 96% confidence, indicating that AGR2 is likely to follow the 

conventional secretory pathway (Fig. 21). This signal sequence may be conserved from 

the Xenopus orthologue of AGR2 known as XAG-2, which is secreted to induce cement 

gland differentiation (Aberger et al., 1998). Furthermore, unconventional protein 

secretion pathways are stimulated in human cells by nutrient starvation and other stressors 

(Cruz-Garcia et al., 2014; Kim, Gee and Lee, 2018). No increased secretion of AGR2 

from OE19 cells was observed during nutrient starvation or H2O2-stressed conditions (Fig. 

20), further supporting the notion that AGR2 is not secreted via unconventional pathways. 

It would also be possible to label AGR2 with Green Fluorescent Protein (GFP) and use 

live cell microscopy to visualise protein progression through the secretory pathway as 

demonstrated previously (Presley et al., 1997). 

Furthermore, it has been demonstrated that AGR2 is O-glycosylated upon secretion in 

human and rat cell lines (Clarke, Rudland and Barraclough, 2015).  Most secreted proteins 

are glycosylated in the Golgi apparatus (Bosques, Raguram and Sasisekharan, 2006). 

Therefore, this is further evidence to indicate that AGR2 passes through the Golgi 

apparatus as part of the conventional secretory pathway. Aberrant glycosylation, in 

particular increased O-glycosylation of proteins, is a hallmark of cancerous cells (Wang 
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et al., 2020). These findings indicate a potential function for O-glycosylation in the 

secretion of AGR2 from cancerous cells. It would be intriguing to mutate this 

glycosylation site (currently undetermined) in AGR2 to investigate the functional 

consequences of glycosylation on AGR2 secretion and the previously reported oncogenic 

activities of extracellular AGR2, such as inflammation, metastasis and angiogenesis (Fig. 

3).  

Another motif associated with the secretion of AGR2 is the endoplasmic reticulum 

retrieval sequence KTEL, which is located at the C-terminus (Fig. 2). The classical 

endoplasmic reticulum retrieval motif is the KDEL, although variants such as the KTEL 

motif are known to similarly retrieve proteins to the endoplasmic reticulum with a reduced 

affinity for the KDEL receptor (Raykhel et al., 2007; Alanen et al., 2011). It is tempting 

to speculate that the non-canonical KTEL motif may lower the affinity of AGR2 to the 

KDEL receptor, enabling the diverse trafficking of this protein when overexpressed in 

cancer. However, HEK-293T cells transfected with AGR2 constructs in which the KTEL 

motif was mutated to either a KDEL or a STOP were shown to secrete similar levels of 

AGR2 to that observed in cells expressing wild-type AGR2 (Fessart et al., 2016). HEK-

293T cells do not express AGR2 endogenously, and thus it would be interesting to 

investigate how mutation of the KTEL to either a KDEL or a STOP may alter the secretion 

of endogenously expressed AGR2 in the OE19 cells. CRISPR screening, in which single 

guide RNAs could target specific amino acids in AGR2, would be useful to outline 

domains involved in the secretion of AGR2 into OE19 culture media. Motifs of particular 

interest in AGR2 secretion include the predicted signal sequence, the KTEL, and the 

dimerization motif at the thioredoxin-like domain (CPHS).   

4.5. Conclusions and future outlooks 

The present work demonstrates that endogenous AGR2 can form disulphide dependent 

complexes in OE19 cells through its single cysteine residue in its thioredoxin-like domain 

(Fig. 5). Because AGR2 lacks dual cysteines with full redox capacity, the mechanism by 

which it mediates disulphide bond formation with SQSTM1 or its mucin clients remains 

unclear. Three possible solutions to this conundrum include: firstly, dimeric AGR2 

provides full redox capacity to permit disulphide bond formation; secondly, additional 

redox enzymes assist AGR2 to perform full redox reactions; or, lastly, the single cysteine 

residue in AGR2 enables the isomerisation (rearrangement) of crucial disulphide bonds in 

its protein clients.  
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AGR2 interacts with the autophagy receptor SQSTM1 (Fig. 7), an interaction which was 

previously shown to be mediated by disulphide bonds (Worfolk et al., 2019). Disulphide 

bond formation is known to be required in SQSTM1 to stimulate pro-survival autophagy 

(Carroll et al., 2018), and thus it is plausible that AGR2 may be involved in the oxidation 

of SQSTM1. Therefore, it was hypothesised that the upregulation of AGR2 and SQSTM1 

across various cancers could be involved in the induction of autophagy to promote cellular 

survival under the high levels of oxidative stress that cancerous cells are exposed to (Fig. 

4). Levels of AGR2 significantly increased in OE19 cells during autophagy stimulation 

induced by H2O2 treatment and nutrient starvation, which further links AGR2 with 

autophagy responses to oxidative stress (Fig. 13; Fig. 14).  

Carroll et al. (2018) reported that mouse embryonic fibroblasts lacking SQSTM1 or 

expressing the C105A,C113A mutant were more susceptible to cell death when exposed 

to oxidative stress than those cells expressing wild type SQSTM1. Treatment with 

chloroquine cancelled out this difference in cell survival between the cells expressing wild 

type SQSTM1 and those lacking SQSTM1 or expressing the C105A,C113A mutant, 

highlighting autophagy as the pro-survival mechanism. It would be interesting to 

investigate whether cells with silenced AGR2 or expressing AGR2 mutants lacking the 

C81 residue would also be more susceptible to oxidative stress, compared to those 

expressing wild-type AGR2. If AGR2 was indeed responsible for the oxidation of 

SQSTM1 required to stimulate pro-survival autophagy, it would be expected that cells 

expressing a C81A mutant of AGR2 would have a higher percentage of cell death during 

oxidative stress to those expressing wild-type AGR2. Indeed, the cells expressing the C81 

mutant of AGR2 would be expected to show a similar percentage of cell death during 

oxidative stress to cells expressing the C105A,C113A mutant of SQSTM1. Furthermore, 

it would be expected that chloroquine would cancel out the difference in cell survival 

between cells expressing the C81 mutant of AGR2 and cells expressing wild-type AGR2 

and SQSTM1, identifying autophagy as the resistance mechanism.  

Chloroquine reduced the viability of OE19 and OE33 cell lines in a dose-dependent 

manner (Fig. 22), encouraging further investigation into the potential therapeutic benefits 

of autophagy inhibition as a monotherapy or in combination strategies for oesophageal 

adenocarcinoma. Chemotherapy and radiation therapy are treatments used for 

oesophageal adenocarcinoma that generate oxidative stress to induce cell death, although 

various mechanisms to ameliorate oxidative stress in cancerous cells can lead to drug 

resistance (Chen et al., 2021). Evidence in the present work suggests there may be a 
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rationale for combining AGR2 inhibitors or chloroquine with chemotherapy or radiation 

therapy to overcome resistance associated with autophagy upregulation to promote 

cellular survival during oxidative stress. 

The interaction between AGR2 and SQSTM1 poses a topological conundrum. As 

expected, a punctate distribution of SQSTM1 marking the autophagosomes was observed 

in OE19 cells by immunofluorescence (Fig. 8). However, the majority of AGR2 localised 

at the endoplasmic reticulum (Fig. 6), which corresponded with previous findings 

(Worfolk et al., 2019). During oxidative stress conditions, AGR2 formed aggregates in 

close proximity to the plasma membrane (Fig. 17). AGR2 aggregates showed no 

colocalization with the autophagosome marker LC3, and thus the aggregation of AGR2 is 

unlikely to be due to its inclusion within autophagosomes (Fig. 19). The presence of 

AGR2 aggregates in close proximity to the plasma membrane may be explained by a 

possible association of AGR2 with mucin granules. It is possible that SQSTM1-mediated 

selective autophagy may be involved in the removal of AGR2-associated mucin granules, 

perhaps bringing AGR2 and SQSTM1 in proximity for their interaction.  

The present work is believed to be the first to report the secretion of AGR2 from 

oesophageal adenocarcinoma cells (Fig. 20). Furthermore, a predicted signal peptide was 

identified in the N-terminus of AGR2 (Fig. 21). It is thus plausible that AGR2 may follow 

the conventional secretory pathway along the endoplasmic reticulum-Golgi-plasma 

membrane route that mucin granules also follow during their processing and secretion 

(Adler, Tuvim and Dickey, 2013). The presence of AGR2 in the extracellular milieu has 

been implicated with numerous oncogenic functions discussed previously, including 

inflammation, angiogenesis, metastasis and proliferation (Fig. 3). Further work is required 

to elucidate the precise mechanisms by which secreted AGR2 may mediate such 

functions, particularly with regard to oesophageal cancers which have been comparatively 

understudied.  

In sum, AGR2 appears to function at the core of a perplexing relationship between mucin 

processing, autophagy, and cancer. Elucidating the mechanisms bridging AGR2 and the 

aforementioned functions may provide a holistic understanding of its oncogenic role and 

create novel therapeutic strategies. 
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