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cytochrome-c and inhibits the Caspases, which inhibits programmed cell death. (B) YM155, 

which is a Survivin inhibitor, was found to escalate apoptosis via the caspase3/7 pathway and 

aiding the free flow release of Caspases and facilitating cell death 94 
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General abstract 

Human body consists of 37.2 trillion cells. Amongst them, the high protein turn over cells such 

as goblet, beta cells etc. do overwork to produce sufficient protein. Such cells are prone to high 

cell stress. Excessive cell stress eventually leads to triggering of cell death. Initiating anti-

apoptotic signaling or triggering cell death depends to a great extent on the nature or source of 

cellular stress and cell type. Interplay between each stress response eventually determines the 

fate of stressed cell. Numerous factors induce cell death by a number of pathways including 

apoptosis, autophagy and necrosis. Not surprisingly, some of the pathways are interrelated to 

each other through a mediator that could articulate the entire mechanism. These stress responses 

are a hallmark of numerous diseases including neurodegenerative diseases, diabetes and cancer. 

Understanding the cross-talk between different intrinsic cell stress responses will help to develop 

new therapeutic targets and hence lead to the development of novel therapeutics. Genetic and 

environmental insults impede the functioning of cells to fold in the ER leading to building up of 

misfolded proteins leading to a condition called as endoplasmic reticular stress (ERS). Excessive 

ERS is a hallmark of several diseases including ulcerative colitis, cancer, diabetes and 

Parkinson’s disease. Accumulating evidence suggests that the goblet cell-derived Mucin 2 

(Muc2) is a major component of the immune system and that perturbations in Muc2 lead to an 

ulcerative colitis-like phenotype. The animal model of Winnie carries a missense mutation in 

Muc2 that lead to Muc2 accumulation in goblet cells. Although, colon pathology in the Winnie 

model has been extensively studied, Winnie goblet cells are characterized by ER stress, 

hyperproliferation and a striking absence of apoptosis leaving a huge question mark. This 

suggests that additional regulatory Muc2-associated mechanisms regulate the cellular stress 

response. On the other hand, sustained ERS is implicated in aggressive metastasis of cancer cells 
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and increased tumor cell proliferation. Cancer cells activate the unfolded protein response 

(UPR), which aids in cellular survival and adaptation to harsh conditions. Inhibition of apoptosis, 

in contrast, is a mechanism adopted by cancer cells with the help of the inhibitor of an apoptosis 

(IAP) class of proteins such as Survivin to evade cell death and gain a proliferative advantage. In 

this present project there was also a scope for future cancer therapeutics where we have 

employed unconjugated bilirubin (UCB). Mildly elevated serum UCB concentrations are 

associated with protection against disease conditions underpinned by cellular and metabolic 

stress.  

My doctoral research thesis consists of six chapters. Chapter 1 is an overall introduction to the 

rational of the research, hypothesis and aims of the research project and a brief outline of ERS 

and cell death. Chapter 2 is a review article that joins various gaps in the literature regarding cell 

stress and summarizes the role of various components of apoptosis and inhibition of apoptosis. 

Chapter 3 details the proteomic approach for Winnie goblet cells to unravel the key players 

involved in evading programmed cell death and aiding in proliferation. The chapter also reveals 

the functional confirmation denoting the proteins involved.  In chapter 4, I have further explored 

the molecular mechanisms correlating ERS and apoptosis which were unanswered in the 3rd 

chapter. The chapter covers the effect of ERS on ERS markers and inhibition of apoptosis 

protein, Survivin; inflammation; cancer cell apoptosis and proliferation. The chapter also deals 

with the converse effect of Survivin inhibition over ERS exhibiting downstream effects like ERS 

markers, inflammation and cell death. I have also elucidated the effects of ERS over cell 

invasion and migration. 

Chapter 5 involves therapeutics where I have incorporated unconjugated bilirubin (UCB) against 

ERS. The chapter covers the effect of UCB over inflammation induced by TUN, cancer cell 



 

 xxv 

apoptosis and proliferation. Finally, chapter 6 is a comprehensive discussion of all the results 

obtained from the research objectives and includes potential directions for future work arising 

from this research project. 

Methods employed in my study: Initially to elucidate the molecular mechanisms underlying 

ulcerative colitis, I have compared the proteomes of purified goblet cells from Winnie and wild 

type mice. Goblet cell proteins were analysed by SDS-PAGE and nano-LCMS. Proteins were 

identified using the search engine MaxQuant, compared for protein abundance and subjected to 

subsequent bio-informatics analysis. All the key proteins were functionally proved by immune 

fluorescence and RT-PCR. We have initially elucidated the lack of apoptosis in Winnie colon 

and also shown the characterization of goblet cells isolated. In Winnie mice, proteins with the 

following functional terms were found to be dysregulated: mitochondrial function, carbon 

metabolism, unfolded protein response, oxidative stress, amino acid metabolism, translation, cell 

structure and protein transport. In addition, multiple mitochondrial proteins with disturbed post-

translational processing were identified. Subsequent gene expression and immunofluorescence 

analysis supported the proteomics results. In order to learn the association between ERS and 

apoptosis, I have initially verified the expression of Survivin (inhibitor of apoptosis) in Winnie (a 

mouse model of chronic ERS) colon tissues by using immunohistochemistry (IHC) and 

immunofluorescence (IF) in comparison with wild type Blk6 mice. Additionally, I isolated the 

goblet cells and determined the expression of Survivin by IF and protein validation. Tunicamycin 

was utilized at a concentration of 10 µg/mL to induce ERS in the LS174T cell line and the gene 

expression of the ERS markers was measured. This was followed by determination of 

inflammatory cytokines. Inhibition of ERS was carried out by 4Phenyl Butyric acid (4PBA) at a 

concentration of 10 mM to assess whether there was a reciprocation effect. The downstream cell 
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death assays including caspase 3/7, Annexin V, and poly (ADP-ribose) polymerase (PARP) 

cleavage were evaluated in the presence of ERS and absence of ERS, which was followed by a 

proliferative assay (EdU click) with and without ERS. Correspondingly, I have inhibited 

Survivin by YM155 at a concentration of 100 nM and observed the succeeding ERS markers and 

inflammatory markers. I also verified the caspase 3/7 assay to screen the intrinsic cell death 

pathway. I evaluated the positive effects of UC against ERS mediated effects like ERS and 

inflammatory markers like GRP78, NLRP3, IL-1b, XBP1, PERK and ATF6. I have also verified 

the effect of UCB against inflammation induced by TUN through bioplex of cytokines including 

IL-8, IL-10, IL-4 and TNFα. Apoptosis which is one of the prime aspects of cancer therapeutics 

was also assessed by assays like Annexin V, PARP and caspase 3. I have also gauged the 

potential anti proliferative effects of UCB. 

Through my results, I have initially enumerated the lack of apoptosis in Winnie colon and also 

shown the characterization of goblet cells isolated. In Winnie mice, proteins with the following 

functional terms were found to be dysregulated: mitochondrial function, carbon metabolism, 

unfolded protein response, oxidative stress, amino acid metabolism, translation, cell structure 

and protein transport. In addition, multiple mitochondrial proteins with disturbed post-

translational processing were identified with subsequent gene expression and IF analysis which 

supported the proteomics results. 

Secondly, I have demonstrated that ERS inhibition not only significantly reduced the UPR genes 

(Grp78, ATF6, PERK, and XBP1) along with Survivin but also downregulated the inflammatory 

markers such as IL8, IL4, and IL6, which suggests a positive correlation between ERS and the 

inhibition of apoptosis. Furthermore, I have provided evidence that ERS inhibition promoted 

apoptosis in LS174T cells and shortened the proliferation rate. Moreover, Survivin inhibition by 
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YM155 led to a comparable effect as that of ERS inhibition, which includes attenuation of ERS 

genes and inflammatory markers as well as the promotion of programmed cell death via the 

caspase 3/7 pathway. To determine the potential therapeutic efficacy of UCB and establishing it 

as an anti ERS and anti-inflammatory agent, I have tested it in an in vitro model of gut 

inflammation.TUN (10 µg/mL) was used to induce endoplasmic reticular stress (ERS) affecting 

N-glycosylation in LS174T cells. Cultured cells were investigated with addition of UCB at doses 

0.1, 1 and 10 µM (resulting in bilirubin:albumin ratios of 0.325–0.003) against ER stress-

mediated effects including inflammation, cell survival (determined by apoptosis) and 

proliferation. Gene expression of ER stress markers (Grp78, Perk, XBP1 and ATF6) were 

evaluated in addition to cytokine concentrations in media after six hours of treatment. We then 

verified the potential role of UCB in executing programmed cell death via PARP, Caspase 3 and 

Annexin V assays and further explored cell proliferation using the Click-iT EdU assay. A dose of 

10 µM UCB most potently reduced TUN-mediated effects on enhanced UPR markers, 

inflammatory cytokines and proliferation; however all the doses (i.e.0.1–10 µM) reduced the 

expression of ER stress and inflammatory markers Grp78, NLRP3, IL1-b, XBP1, PERK and 

ATF6. Furthermore, media concentrations of pro-inflammatory cytokines IL-8, IL-4 and TNFα 

decreased and the anti-inflammatory cytokine IL-10 increased (p<0.05). A dose of 10 µM UCB 

initiated intrinsic apoptosis via caspase 3 and in addition reduced cellular proliferation. 

Collectively, these data indicate that co treatment with UCB resulted in reducing ER stress 

response to TUN in gastrointestinal epithelial cells, reduced the subsequent inflammatory 

response, induced cancer cell death and decreased cellular proliferation. 

In conclusion, I have generated the proteomic profiling of Winnie goblet cells which supports an 

intricate connection between ER stress, proliferation, mitochondrial function and apoptosis as 
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well as other components of cellular metabolism. My study also proposed for the very first time 

the interrelation between ERS and inhibition of apoptosis assigning a molecular and therapeutic 

target for cancer treatment. Finally, our results determine the potential therapeutic efficacy of 

UCB we have tested in an in vitro model of gut inflammation suggesting that mildly elevated 

circulating or enteric UCB might protect against gastrointestinal inflammatory disorders paving 

towards a clinical trial. 
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Endoplasmic reticulum (ER) is the largest organelle in the cell and plays numerous dynamic 

roles including protein synthesis, transport and protein folding. Subsequent to protein synthesis 

and movement into lumen of ER, a protein should be subjected to folding with the aid of 

chaperones and enzymes. Such folded protein may be destined to move into plasma membrane 

etc. (Schwarz et al., 2016). When the ER folding potential reaches threshold, cells undertake a 

condition namely endoplasmic reticular stress (ERS) which is identified by accumulation of 

misfolded proteins in the lumen. In order to vanquish this imbalance, cells resort to a process 

called as unfolded protein response (UPR) to renew the homeostasis (Corazzari et al., 2017). The 

UPR is articulated by three major stress sensors: inositol-requiring enzyme 1α (IRE1α), 

pancreatic endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6). 

Though UPR is activated as an early stress program depending on factors like stimulus like death 

or survival, duration and condition, it is associated with other survival events like apoptosis and 

autophagy (Corazzari et al., 2017, Corazzari et al., 2015, Giglio et al., 2015).  

Under long standing ERS, cellular dysfunction and cell death may occur. UPR accommodates 

molecules like IRE1α which regulate cell fate to a greater extent depending on intensity of ERS. 

IRE1α also aids in micro RNA cleaving leading to Caspase level control for cell death and 

activation of apoptotic signaling kinase-1 (ASK-1) (Sano et al., 2013). ATF6 is another 

transcriptional factor which binds with cAMP and ERS response to activate target genes like heat 

shock proteins and pro-apoptotic genes. Protein kinase RNA-like endoplasmic reticulum kinase 

(PERK) also contributes in ER homeostasis regulating the influx of proteins in ER. If the UPR 

fails to pacify the ERS, then cell death pathways like intrinsic and extrinsic are activated which 

involve players like PERK, IRE-1 triggered activation of necrosis factor receptor associated 
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factor 2 (TRAF-2), ASK-1 and lastly calcium release by Bax and Bcl-2 mediation (Kim et al., 

2006). Ca2+ dynamics seems to play a pivotal role in cell death mechanisms.  

Activation of Caspases plays a vital role in programmed cell death. CD95 or tumor necrosis 

factor related apoptosis receptors stimulation aids in employing FADD and pro caspase 8 

resulting in death inducing signaling complex (DICS) (Fulda et al., 2010b). The sequence of 

mitochondrial mediated caspase activation is evoked by events like cytochrome-c release, 

apoptosis inducible factor (AIF) and second mitochondrial derived activator of caspase (Smac). 

The delivery of cytochrome c into cytosol will end up in caspase 3 triggering.  

 

1.1 Inhibition of apoptosis 

On the other hand, Caspase activation has been strongly controlled by a function namely 

inhibition of apoptosis for cell survival. IAPS are designated with baculovirus IAP repeat (BIR) 

domain (Silke et al., 2013). XIAP is regarded as the most effective inhibitor of Caspases binding 

to Caspase 3 and 7 (Berthelet et al., 2013, Fulda et al., 2010b). Apart from XIAP, Bcl2 class of 

proteins also regulates apoptosis efficiently. Cell death sensitivity is controlled by IAPS via 

pathways like NF-kB, JNK and ubiquitin conferring to events like drug resistance by tumor cells 

(Fulda et al., 2010b). 

 

1.2 ERS in disease 

Conformational or folding diseases have been described as result of negative effects of ERS like 

impaired folding of proteins. A minute malfunction in the ERS response has been greatly linked 

to conformational diseases (Yoshida, 2007). ERS is put into effect upon accumulation of 

amyloid β peptide in Alzheimer’s and it was explained that ERS response was activated in 
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Alzheimer’s patients linking endoplasmic reticulum associated protein degradation (ERAD) to 

the disease. In conditions like diabetes, Wollcott-Rallison syndrome which is a hereditary disease 

was said to have association with Perk mutations. Perk deletions in mice was relatable to 

diabetes onset as Perk absence lead to inability of β- cells to reduce the protein folding. Likewise 

Xbp-1 gene in mice was necessary for normal homeostasis and function and knockout resulted in 

regular pancreatic function thereby showcasing the role of UPR in development and function of 

secretory cells. PERK supports phosphorylation of the eIFα and attenuation of protein synthesis 

from mRNA’s in the cell. PERK signaling in the UPR branch has been greatly linked to cancer 

progression and also with solid tumors (Lin et al., 2008). The relation between PERK and cancer 

cell proliferation was explained in studies where it was elucidated that PERK compromised 

mouse cells showed less tumors and increased apoptosis (Blais et al., 2006). Not only PERK but 

also XBP-1 and GRP78 have been up-regulated in numerous cancers and escalate degradation of 

p53 (Romero-Ramirez et al., 2004, Jamora et al., 1996).   

 

1.3 ERS in vitro and in vivo 

ERS is induced by chemical agents in in vitro chemical agents like tunicamycin, thapsigargin, 

MG132 and Brefedin A. These agents trigger ERS through various mechanisms. Tunicamycin, 

which is one of the most often used agent attenuates UDP-N-acetylglucosamine-dolichol 

phosphate N-acetylglucosamine-1-phosphate transferase (GPT) leading to accumulation of 

misfolded proteins. Thapsigargin is another highly employed agent which reduces the Ca2+ 

ATPase indirectly increasing levels of misfolded proteins. MG132 is a chemical agent which 

specifically blocks ERAD mechanism leading to upsurge of ERS (Oslowski et al., 2011).  
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Animal models for monitoring ERS were successful too. A fusion of XBP-1 and a green 

fluorescent protein aiding in detection during stress with the help of transgenic animals was 

achieved to showcase physiological stress (Iwawaki et al., 2004). Increased Presenilin-1 (PS1) 

expression induced a non specific ERS which was non dependant of Aβ pathology in Tg mutant 

mice and was regarded as a very recent animal model for Alzheimer’s’ disease (Hashimoto et al., 

2018). Murine models of missense mutations were a triumph in recent times with regards to 

ERS. A recent animal model for autosomal dominant tubulointerstitial kidney disease by 

uromodulin mutations was characterized by severe inflammation, fibrosis etc. There was a 

failure of uromodulin excretion from ER which led to ER retention and thereby leading to 

upswing of chaperones like Grp78 (Piret et al., 2017). N-ethyl-N-nitrosourea mutagenesis was 

another method incorporated to induce ERS. Abnormal gait 2 (Aga2) mediated mutagenesis was 

employed in a mouse model of osteogenesis imperfecta for ERS mediated osteoblast apoptosis 

and understanding the pathogenesis of disease (Lisse et al., 2008). This mutagenesis resulted in 

defects in bone and lethality. Winnie a murine model for chronic ERS was employed in our 

study achieved by similar N-ethyl-N-nitrosourea missense mutagenesis which resulted in 

inflamed colon, escalation of inflammatory cytokines like TNF-α, IFN-ϓ and IL-3. The model 

also exhibited ERS in the goblet cells, triggering of UPR and apoptosis. The stand out feature of 

this animal model was its close association with human ulcerative colitis (Heazlewood et al., 

2008b).  

Since there was a rise in ERS in the goblet cells of the colons of Winnie mice, there was a 

necessity to address the proteins associated with this pathogenesis of long standing ERS and 

delay in programmed cell death of the goblet cells. Hence we decided to count on proteomic 

profiling of the colonic goblet cells in comparison with the wild type mice to mark a difference.  
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1.4  Relationship between ERS and apoptosis: Role plays in cancer 

Chronic ERS is considered to be a major reason behind numerous diseases including metabolic 

and neuro-degenerative. Necessitation of proteins like IRE1α with anti apoptotic proteins 

elucidate path for ERS related apoptosis. IRE1α is also shown to bind with Bak and Bax (Tabas 

et al., 2011). In gut, intestinal stem cell expansion is induced by IRE1α pathway facilitating 

cancer progression (Avril et al., 2017). Countless mechanisms are involved in amplification of 

ERS in cancer. Shift from pro-apoptosis to pro-survival depends on environmental and genetic 

factors. In cancer cells, loss of tumor suppressor genes is said to be more likely responsible to 

increase protein synthesis contributing to ERS thereby naturally accompanying to increased 

oncogenes like BRAF, HRAS, c-Myc etc. Though intra-tumoral ERS can eventually kill the 

cancer cells, also make them simultaneously activate anti-apoptotic proteins via IRE1α and 

PERK. Besides, ATF6α dependant p58 also restricts cell death by extinguishing PERK activity 

(Cubillos-ruiz et al., 2017). Alongside limitation of UPR mediated apoptotic output, ERS 

promotes survival. Events like XBP1 splicing take place by hypoxia induction in cancers like 

breast cancer (Chen et al., 2014b, Cubillos-ruiz et al., 2017). ERS and apoptosis linkage was well 

established with studies where simultaneous blockade of BRAF and PERK aided in apoptosis in 

chemoresistant cell lines more than individual blockade (Holderfield et al., 2014). Silencing of 

IAP class Survivin resulted in down regulation of Grp78 which shows that IAP and ERS are 

inter-connected (Wu et al., 2013). Amount of carcinogenesis and survival relies greatly on UPR 

and its interaction with other cellular processes like autophagy, and so induction or inhibition in 

relevant conditions may lead to cell death. 
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1.5 Utilizing Proteomics as an effective tool in identifying novel players in ERS 

Proteomics can be utilized to substantiate the changes in ER and also for comprehensive 

knowledge of molecular pathogenesis of any disease associated with ER. In very recent times, 

proteome approaches for understanding the pancreas proteome in ER dysfunction was performed 

in order to know about ethanol induced molecular changes in pancreatitis (Grey, 2018). In vitro 

proteomic approach in N2a cells was useful in elucidating role of ERS in neurodegenerative 

disorders (Földia et al., 2013). Molecular abnormalities under ERS were also learned in several 

instances like a study on hypertrophic chondrocytes where the chondrocytes didn’t undergo 

apoptosis despite ERS but rather underwent alterations in differentiation (Kudelko et al., 2016b). 

This study was essential in providing insights in protein misfolding associated chondrodysplasias 

pathogenesis. Comparative proteomic studies in animal models like R9C (PLN-R9C), a model 

for cardiomyopathy resulted from Ca2+ impairment displayed key dysfunctions associated with 

Ca2+ homeostasis leading to heart failure. This model was a protein profiling study for ERS 

(Gramolini et al., 2008). Proteomic studies involving expression dynamics for identifying 

changes in protein expression was predominant especially in primary fibroblast cells induced by 

ERS via chemical inducers and exploring significant changes in protein expression (Mintz et al., 

2008). However, there was proteomic studies lacking on isolated colonic goblet cells from ERS 

mouse model of colitis which carried a human colitis characteristics but possessing goblet cells 

failing to undergo programmed cell death. We thus carried a comparative proteomic study 

between Winnie and wild type mice colonic goblet cells denoting the up-regulated and down 

regulated master class of proteins along with validation of key proteins involved.   
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1.6 Therapeutics via ERs inhibition by agents like 4PBA and bilirubin 

Since UPR adjusts the environment of cancer cells and helps in resistance mechanisms against 

cancer therapy, it was well known that the UPR branches IRE1α, ATF6 and PERK are involved 

in tumor progression (Koong et al., 2006). In addition, calreticulin, an ER local chaperone has 

been localized on the surface in cancer cells and has been correlated to cell death prevention and 

a deep association of ERS with tumors (Yadav et al., 2014b). ERS has been opted as an anti 

cancer target due to its association with factors like inflammation, hypoxia and angiogenesis for 

example, HIF1α blockade may aid in treatment in case of hypoxic tumors. ERS in a previous 

study heightened HIF-1 activity to stimulate vascular endothelial growth factor (VEGF) 

expression which supports the above evidence of ERS association with cancer (Pereira et al., 

2014). Since UPR chaperones like Grp78 have been found highly expressed in cancers like 

breast, colon and upper GI cancers like pancreas, ER chaperone attenuation has been implicated 

as a therapeutic approach (Wang et al., 2012b). Other ER harbouring proteins like AFT4 and 

PERK have also been involved in cell proliferation and migration, UPR chaperone inhibition can 

strongly be considered as an approach in ameliorating carcinogenesis (Clarke et al., 2014). Anti-

chaperone agents have been well screened against cancer especially against Grp78 as it was 

known to migrate onto the cell surface of cells and aided in migration (Saito et al., 2009). PERK 

was related to cancer cell survival through amino acid synthesis. GSK2656157 was used as a 

potential PERK inhibitor (Yadav et al., 2014b). Other agents against UPR chaperones like Grp78 

include Versipelostatin, Salicylaldehydes reduce the XBP1 splicing and agents against IRE1α 

include irestatin (Yadav et al., 2014b). 4 phenyl butyric acid (4PBA) employed in our study 

against ERS and ERS mediated effects in LS174T cells with the above documented evidences. 



  Chapter 1 

 9 

4PBA had the potential previously to inhibit the gastric cancer cell growth via cell cycle 

detainment (Li et al., 2012).  

Through my research, I could successfully identify the proteins up regulated and down regulated 

in Winnie compared to the wild type mice (Blk6) which also highlighted the proliferative 

proteins and the key candidates involved in the mitochondrial membrane, oxidative stress, anti-

apoptosis and ERS; established a relation between ERS and cell death in vitro; and discovered 

the therapeutic potential of bilirubin in ameliorating ERS and mediated effects including role of 

bilirubin in attenuating inflammation, escalating apoptosis and decreasing proliferation.  

 



   

 
 

 

 

 

 

 

Chapter 2: Cell stress signaling cascades 

regulating cell fate. 
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2.1 Introduction: 

The cell responds to stress in various ways ranging from activation of pathways that encourage 

survival to programmed cell death that aids in the elimination of damaged cells. The foremost 

action is generally to defend but ultimately the cells trigger death signalling (Fulda et al., 2010a). 

The extent of cell survival is dependent on the cell’s adaptive capability: for example, defensive 

responses such as the unfolded protein response that aids in enhanced chaperone protein activity 

and therefore increases the protein folding capacity of the cell. These responses help to restrain 

stress leading to increased cell survival. When the pro-survival strategies are unsuccessful, then 

the cell death programs are triggered. A number of events take place under cell stress conditions 

amongst which is protein regulation and expression (Kultz, 2005). Escalated stress protein levels 

lead to increased cell stress. At very high levels of stress, proteins including Hsp60, Hsp70 and 

others are known to be expressed.  

 

2.2 Cross talk between immune regulation and cell stress: 

The immune system involves numerous cell types and their protein recognition receptors (PRR). 

Generally, upon recognition of the particular distress from pathogens or other environmental 

factors, distinct cellular signaling is initiated (Muralidharan et al., 2013). Oxidative stress, 

unfolded protein and heat shock responses are some of the cellular stress responses that involve 

key proteins. Unravelling the interrelation between stress proteins and immune signaling would 

lead to a better understanding of the pathogenesis of disease and hence, the design of novel 

therapeutic interventions. Firstly, when a microbe or equivalent threat to a cell identified, the 

specific signaling pathway is initiated by PRR. Secondly, the perturbation in equilibrium pattern 

by environmental conditions like pathogens and neutrophils results in strong release of pro-
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inflammatory agents triggered by reactive oxygen species (ROS) through toll like receptor (TLR) 

activation.  

Amongst PRR, the TLRs are the most well known and have been studied in depth (Kumar et al., 

2011, Kawai et al., 2011). The TLR are mainly of two types, membrane bound and endosomal. 

Along with the TLRs, the cytoplasmic PRRs also have the ability to recognize pathogens and 

activate immune responses. Cytoplasmic TLRs include a wide list including RLRs RIG-1, 

MDA5 and others (Muralidharan et al., 2013).  The stress proteins and PRR signaling molecules 

strive to defend by their interaction. Numerous cytokines are expressed in response to PRR 

signaling pathway activation which in turn plays their part in disposing of pathogens.  

TNFα, IL-6 and IL-1β are some of the pro inflammatory cytokines that are induced by PRR 

activation. In general, cyto-protective responses are said to be initiated in a highly stressed 

environment in a similar manner to the progression of antioxidant mechanisms after increased 

ROS generation. Additionally, there is the heat shock response wherein proteins are rescued 

from denaturation which aids in refolding of denatured proteins in the cells prone to heat and 

hence, interrupting apoptosis. We shall further discuss other cellular stress responses, including 

the unfolded protein response, later in this review.  

 

2.3 Cross talk between apoptosis and cell intrinsic pathways: 

As discussed earlier, the particular defensive strategies and survival responses are exhibited by 

the cell depend upon the mode of stress (Fulda et al., 2010a). If unsuccessful with these 

strategies, the cell triggers pro-apoptotic signaling leading to cell death through apoptosis, 

autophagy, necrosis or other pathways. Cell death takes many shapes and the so called 

programmed cell death plays an important role in aging and disease. Amongst all the outcomes 
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of cell stress, apoptosis is most widely studied and due to its functional relevance. Hallmarks of 

apoptosis include initiation activation of Bcl-2 proteins and caspases, release of cytochrome C 

and ER stress. Caspase-induced apoptosis has been widely noted in several studies (Samali et al., 

1999). Apoptosis in general is caused by severe ER stress. Under mild ER stress, cells may try to 

withstand the insult and adapt. But when stress continues for prolonged periods, apoptosis 

eventually ensues. In cultured cells, unfolded protein response (UPR) sensors act at the interface 

between death and adaptation. Hence, the level of ER stress is the difference between cell death 

and survival (Rasheva et al., 2009). Under mild ER stress conditions, there are low levels of pro-

apoptotic mRNAs and proteins whereas under strong ER stress conditions, pro-apoptotic factors 

build up and activate the apoptotic program.  

Conditions such as ER stress may lead to premature apoptosis (McGuckin et al., 2010). Fas-

mediated pathways are understood to influence premature apoptosis under ER stress conditions 

(Rutkowski et al., 2007). A balance between anti-apoptotic candidates (Bcl-2) and pro-apoptotic 

proteins (Bax, Bak) is essential for normal functioning and when disturbed, the mitochondria 

releases cytochrome-c followed by caspases which ultimately leads to intracellular degradation. 

One of the key pro-apoptotic pathways includes PERK kindling thereby triggering ATF-4 and 

increasing CHOP. CHOP has a direct effect on apoptosis. CHOP elevates Bim levels and 

decreases Bcl2. Bcl2 levels were decreased when there were significant evident levels of 

oxidases and thereby priming Ca2+ induced apoptosis. IRE1 activation has been shown to trigger 

phosphorylation of JNK via TNF receptor-associated factor (TRAF)2 and apoptosis signaling 

kinase 2 (ASK2), leading to increased apoptosis possibly involving direct activation of caspase 

12 by TRAF2.  
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2.4 Components of apoptosis: 

2.4.1 Inhibitors of apoptosis, a glimpse:  

Inhibitors of apoptosis represent negative regulators of caspases and cell death. Elimination of 

damaged and infected cells in a programmed manner is termed apoptosis. It is widely accepted 

that disturbances in apoptotic mechanisms may contribute to diseases such as cancer. Anti-

apoptotic genes such as Bcl2, FOXM1, Survivin, CHCHD2 are responsible for preventing 

programmed cell death. Indeed, there is a strong correlation between Bcl-2 down-regulation and 

CHOP-mediated apoptosis. Such controversies make this topic a crucial mechanism in protecting 

gut homeostasis and preventing diseases such as cancer.  

2.4.2 Survivin: 

Survivin, a member of the inhibitor of apoptosis (IAP) family is a regulator of cell proliferation 

and other physiological functions including cell kinetics (Sarela et al., 2000). Survivin is 

expressed in the embryo and becomes less expressed in later stages. Deletions of the Survivin 

gene in embryonic stages lead to apoptosis. It is involved not only in suppressing apoptosis, 

angiogenesis and stress responses, but also in tissue homeostasis and the cell’s regenerative 

ability. Survivin is highly tissue specific (Jiang et al., 2005, Levkau et al., 2008), and highly 

expressed in the in colorectal cancers and ulcerative colitis, and is therefore seen as a good 

diagnostic marker (Martini et al., 2016).  

Martini and associates (Martini et al., 2016)have reported that Survivin deletion in mice resulted 

in a significant changes in the gut, including gut length, inflammation, erosions in the intestine 

and apoptosis. In the same study, Survivin deletion effected transit amplifying and stem cell 

niche making the tissue prone to reduced proliferation, a reduction in the stem cell producing 

genes, excessive cell death (confirmed by the enhancement of Caspase 3 and 8) and reducing the 
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regenerative ability of the stem cells. One of the notable phenomenon in this study was mitotic 

catastrophy in which the cell is prone to abnormal mitosis and the nucleus is asymmetric and 

very large. There was also a greater increase of DNA damage markers such as p21 and ddit3 

(Martini et al., 2016). 

Clinically, Survivin is expressed in carcinogenic conditions, apart from being expressed in 

embryonic stages (Sarela et al., 2000). Sarela and co-workers traced out Survivin mRNA in the 

majority of the colorectal cancer cases studied, and greater than 30 percent of the gastric 

carcinomas had high Survivin expression. There was association between the Survivin 

expression and stage of the carcinoma. Unlike in other conditions where the loss of Survivin lead 

to disturbances in the gut homeostasis, Survivin protein expression resulted in a reduction in 

apoptosis and a downturn in the survival rate in gastric cancers. This was most likely due to 

decreased apoptosis by Survivin and increased aggressiveness of tumors, assisting the survival of 

cancer cells in the blood stream. In support to this hypothesis, it was reported that patients with 

Survivin negative cancers had more than 90% survival rate (Sarela et al., 2000, Macadam et al., 

2000). 

2.4.3 Bcl-2: 

A member of IAP, the Bcl family is known to act against apoptosis. That Bcl is essential in 

various stages of embryonic development, offering protection from apoptosis, is well 

documented.  Mice deficient in Bcl-x died in early embryonic life as a result of enhanced 

apoptosis of various cells, particularly neuronal (Delbridge et al., 2016). Just as loss of BIM 

leads to increased aggressiveness of cancers, loss of Bax and Bak leads to death of mice in 

embryonic development as Bax and Bak played a major role in preventing mitochondrial 

apoptosis thereby emphasizing the role of these anti-apoptotic genes in Bak-dependant apoptosis.  
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Bcl-2 promotes cell survival by inhibiting enzymes such as caspases. Bcl-2 is an established 

oncogenic agent, escalates the progression of stomach cancers (Adams et al., 1998). Unlike 

Survivin loss, Bcl-2 loss does not alter intestinal morphology. A point to be noted was that all 

though Bcl-2 protects crypt compartments from apoptosis, it is able to promote intestinal tissue 

regeneration which makes its role in the gut somewhat controversial (Heijden et al., 2016). Bcl-2 

promotes tumourigenesis in intestinal stem cells (ISC) and acts as a mediator between ISC and 

NF-kB signaling. In a study conducted by Maartjeet al. (2015), knocking down of APC lead to 

intestinal proliferation and eventually resulting in development of colorectal cancers in APCfl/fl 

mice. When Bcl-2 fl/fl mice were crossed with APCfl/fl mice, the loss of Bcl-2 led to reduced 

adenoma. In a similar experiment, Bcl-2 impairment resulted in delay of intestinal adenoma and 

there were higher numbers of cystic lesions observed in Lgr5. Bcl-2fl/fl. APC fl/fl mice suggesting 

that Bcl-2 plays a major role in ISC tumorigenesis (Adams et al., 1998).  

Further, the mechanism of Bcl-2 inhibition to attenuate adenomas was well described in the same 

study (Adams et al., 1998). When APC deficit organoids were treated with a Bcl-2 inhibitor, 

there was a significant reduction in the viability of the adenoma cells. These findings were 

supported by in vitro studies where ABT-199 was used to act against the adenoma bearing Lgr5-

CreER. Apcfl/fl mice which resulted in cell death showing that APC bearing cells are highly 

dependent on Bcl-2 for their survival.  

2.4.4 FOXM1:  

The fork head box transcription factor family has FOXM1 which is categorized under inhibition 

of apoptosis (IAP). FOXM1 aids in apoptosis evasion in a number of cancer pathways, and is 

expressed in numerous tumors including solid tumors and colon cancers (Myatt et al., 2007) 

where appears to be essential in regulating G1 to S and G2 to M transition (Luo et al., 2016). 
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FOXM1 also was found to enhance chemotherapy resistance in cancers its ability to inhibit 

apoptosis plays a major role in metastasis of malignancies including colorectal, pancreatic, 

ovarian etc. (Kong et al., 2013). FOXM1 promotes cancer cell invasion and metastasis through a 

mechanism referred to as epithelial-to-mesenchymal transition (EMT). ER stress is dysregulated 

in many types of cancer and contributes to cancer cell migration and invasion. FOXM1 

expression is mediated by hypoxia-inducible factor 1α (HIF-1α) in responses to hypoxia (Xia et 

al., 2009).  

 

2.5 XBP1 and apoptosis: apoptosis inducer or protector? 

The X-box-binding protein 1 (XBP1) is one of the most controversial transcription factors (Kaser 

et al., 2008b). The vital functions of XBP1 include ER maintenance and the development of 

secretary cells such asenterocytes and paneth cells. XBP1 oversees all the genes which 

participate in ER homeostasis in almost all the cell types in the body (Reimold et al., 

2001)Though literature has emphasized its importance of XBP1  in the cell and tissue 

homeostasis, its role varies between diseases and tissues. Another interesting aspect of XBP1 is 

its specificity. XBP1 regulated mechanisms like autophagy did contribute to only certain 

diseases with distinct turnout. XBP1 splicing for example which drives the autophagic response 

in the endothelial cells is highly distinct. It is widely accepted that although there is triggering of 

XBP1 splicing in certain cells such as vascular smooth muscle, autophagy does not occur 

(Valenzuela et al., 2012, Hetz et al., 2008, Vidal et al., 2012, Andriana Margariti et al., 2013). 

In gastrointestinal related diseases such as inflammatory bowel disease (IBD), XBP1 deletion 

leads to apoptosis in the intestinal secretory cells including paneth (Kaser et al., 2008b). In a 

study conducted by Kaser et al. (Kaser et al., 2008b), XBP1 deficient mice were screened for 
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significant apoptosis in their gut and there was a marked (90%) reduction in paneth cells 

(XBP1floxneo/floxneo VillinCre-ERT2 mice) apart from detection of minute apoptosis in the crypts. 

Moreover, the same study also reported that XBP1 loss lead to enhanced susceptibility to enteric 

colitis, damage of mucosal defences and enhanced risk of IBD (Kaser et al., 2008b). Conversely, 

XBP1 was also involved in nullifying intestinal tumorigenesis. The mice devoid of XBP1 (XBP1 

-/-(IEC)) developed 10-fold more tumors when compared to XBP1 +/+ (IEC) mice. Alongside this, 

there was a clear trend towards increased ROS levels and also p53 which is a reliable DNA 

damage marker and also a cancer progression marker. Finally, there was clear evidence for the 

involvement of Ire 1 α in the XBP1 deficient mice showcasing that XBP1 deficiency is a pure 

ER stress-related phenomenon.  

It was previously reported that a reduction in IRE1 α mediated apoptotic death played a major 

role in XBP1 deficient mice where they have developed tumor formation in IRE1 α dependant 

activation of ISC (Niederreiter et al., 2013). XBP1 knockout in vivo leads to apoptosis 

showcasing its role in cancer therapeutics (Kaser et al., 2008b). In general, if anti-apoptotic 

molecules reduce apoptosis, there is a concomitant aggressive metastasis leading to 

worsening of the cancers. Uninterrupted activation of XBP1 in endothelial cells also leads to 

apoptosis and eventual arthrosclerosis development which is in contrast to the general anti-

apoptotic function (Andriana Margariti et al., 2013). Another contentious finding was that XBP1 

was directly linked to an anti-apoptotic agent Bcl-1 gene promoter. In the same study of 

Margariti et al. (Andriana Margariti et al., 2013), it was confirmed that XBP1 binds directly to 

the -537 to -755 nt region in the Bcl-1gene promoter which results in an XBP1 mRNA splicing-

triggered autophagic response. However, there is still a need to substantiate the relationship 

between XBP1 and apoptosis.  
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2.6 Apoptosis modulation and therapeutic implications: 

Cell survival requires a reduction in apoptosis which is accomplished by inhibiting the pro-

apoptotic factors. At the same time, defects in apoptotic pathways can aid in cancer cell survival 

and offer resistance to anti-cancer therapies. Some associations in apoptosis are unclear (e.g., 

whether domain proteins like Bim can activate pro-apoptosis or inhibit anti-apoptotic proteins 

like Bcl-2). On the other hand, in numerous cancers, Bcl-2 over expression has been associated 

with chemotherapy resistance and targeting Bcl-2 with either individual compounds or 

combinational therapies has resulted in anti-cancer activity (Kang et al., 2009). Several small 

molecule inhibitors have been shown to attenuate Bcl-XL, Bcl-2 and Mcl-1 expression in-vitro 

including sodium butyrate and depsipeptide, which are histone deacetylase inhibitors. Some 

phyto-compounds including gossypol appear to act against the Bcl family. Additionally, 

gossypol including analogsapogossypol, were developed to target Bcl-2 and Mcl-1 (Jones, 1979, 

MacVicar et al., 2008). Similarly, Abbott laboratories have developed inhibitors targeting Bcl-2, 

including ABT-737 and ABT-263 which selectively sequester BH-3 domains and facilitate Bax 

oligomerization, thereby hastening apoptosis in conditions such a small cell lung cancer (Kang et 

al., 2009).  

FOXM1 is another class of apoptosis inhibiting protein which may be targeted to treat cancer. As 

it up-regulates several anti-apoptotic genes including Survivin, Plk1 and cyclin B, most of which 

are involved in the cell cycle or mitosis. Also, the FOXM1 gene is highly expressed in numerous 

solid tumors and carcinomas. Down regulation or silencing of FOXM1 in prostrate and lung 

cancer resulted in a decrease in malignancy and EMT (Gartel, 2008). A recent study reported 

that FOXM1 knock down by RNAi sensitized human cancer cells of different origin to DNA-

damage-induced apoptosis (Halasi et al., 2012). Siomycin A was shown to be a novel FOXM1 
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trancriptional inhibitor which paved the way for the use of thiozole antibiotics in reducing 

FOXM1 expression and exerting pro-apoptotic activity (Gartel, 2008). 

Intrinsic pathways of cell death have usually been the target for conventional cancer therapies as 

mitochondria mediated cell death is intrinsic. IAP proteins regulate intrinsic pathways and thus it 

was a well established way to develop therapeutic interventions targeting intrinsic apoptosis 

pathways (Mahsa Mobahat et al., 2014). Survivin, an IAP protein has been associated with the 

intrinsic apoptotic pathway. It being the smallest IAP protein with a single BIR domain, Survivin 

has been employed as a biomarker in squamous cell carcinoma, oral carcinogenic lesions and 

numerous pre-cancerous stages (Mahsa Mobahat et al., 2014). Inhibiting Survivin was chosen as 

a therapeutic strategy after several studies revealed its enhanced expression in cancers and 

association with increased invasion and metastasis (Chu et al., 2012). Survivin functions as an 

upstream regulator of mitochondrial related apoptosis and endothelial cells expressing Survivin 

could reduce caspase7 (Blanc-Brude et al., 2003). Considering Survivin’s attributes, it was 

selected as one approach for treating cancer via promoting apoptosis.  

Small molecule inhibitors for proteins such as Survivin were employed using protein-protein 

interaction (PPI) targets. The desired molecule would disrupt the PPI and target areas in peptide 

binding regions such as Ala-Val-Pro-Ile (AVPI) region which has been regarded as hot spot. 

Inhibitors were developed against the Survivin gene promoter at the transcriptional level like 

YM155, a flavopiridol targeting Survivin phosphorylation like Thr (Mahsa Mobahat et al., 2014) 

leading to loss of Survivin expression. The other targeting agents were Grp78 inhibitors 

interrupting the interaction between Survivin and Grp78 (Xiao et al., 2015). Other successful 

inhibitors of Survivin were Terameprocol which inhibited Cdc2 and Survivin, Shepherdin which 

aids in Hsp90-Survivin interaction disruption as it could bind to the N-domain of Hsp90. 
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Shepherdin also destabilized client proteins of Hsp90 including Akt and caused cancer cell 

apoptosis. Shepherdin was a successful anti-Survivin agent as it didn’t affect normal cells while 

aiding in anti-tumor activity (Plescia et al., 2005). A similar agent to Shepherdin is Purvalanol A, 

which attenuates the mitotic phosphorylation of Survivin on Thr34. Other mechanisms of 

Survivin inhibitors include β-catenin/T cell factor mediated transcription inhibition, STAT3 

phosphorylation inhibition, inhibition of ErbB1 and ErbB2 tyrosine kinases which had markedly 

suppressed Survivin expression and induced apoptosis and deactivation of Akt complex as it was 

well proven that Akt phosphorylation was linked to Survivin/XIAP complex. NF-kB interference 

was also linked to Survivin suppression (Xiao et al., 2015). 

Cellular inhibitors of apoptosis (cIAP) class of proteins are another category where they stunt the 

death receptor mediated cell death via caspase 3, 7 and 9. As there are not many studies denoting 

cIAP inhibitors except one performed by Sun et al., where they have discovered a to novel Smac 

mimetics that bind to cIAP-1/2 and XIAP with high affinities and aid in inhibition of cancer cell 

growth and in induction of apoptosis (Haiying Sun et al., 2010). 

 

2.7 Integrated stress response and ERS: 

Integrated stress response (ISR) is induced by numerous stimuli like ERS, oxidative stress and 

nutrient deficit conditions (Quirós et al., 2016). The major component of this stress response is 

Eukaryotic translation initiation factor 2 (eIF2α). In a recent study on vertebrates, it was 

affirmed that four eIF2α were involved in ISR (Taniuchi et al., 2016). Inhibition of protein 

synthesis occurs when there will be phosphorylation of eIF2α. Phosphorylation of eIF2α 

(eIF2α~P) also induces preferential translation of ATF4, a transcription activator of the 

integrated stress response (Teske et al., 2011). Simultaneously, stress response genes are 
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expressed by release of stress proteins like CHOP, GADD34, ATF3 etc. There are different 

mediators of ISR like arsenic mediated mitochondrial stress, general control non-derepressible 2 

kinase (GCN2) mediated stress and antibiotic induced ISR (Norman Moullan et al., 2015).  

Protection of neuronal cells is also offered by ISR. CHOP mediated ISR activated by protein 

accumulation in the mitochondria triggered by the loss of HTRA2 in the brain offered protection 

against cell damage (Moisoi et al., 2009). In certain cells, inhibition of some mitochondrial 

electron transport chain (ETC) subunits activates an ATF4-dependent ISR, promoting cell 

viability and metabolic reprogramming; however, the mitochondrial-dependent activation of the 

ISR is deleterious in other cell types, inhibiting cell proliferation or altering lipid metabolism 

(Silva et al., 2009). 

 

2.8 ERS and oxidative stress: 

Oxidative stress (OS) reflects cellular damage caused by excess (ROS) that overwhelms the 

antioxidant regulations mechanisms in cells. ROS are free radical cellular metabolic by-product, 

such as superoxide anion (O2
-) and hydrogen peroxide (H2O2) (Henriksen et al., 2011). Studies 

show that ROS hold vital role in stimulating various signaling mechanisms and inducing severe 

cellular, protein and DNA damage (Wu et al., 2008). Under normal condition, redox homeostasis 

are tightly regulated by antioxidant mechanism that scavenge ROS and prevent its formation 

(Wu et al., 2008, Henriksen et al., 2011). However, several systemic and cellular disorders can 

enhance ROS production and disrupt redox homeostasis (Anderson et al., 2009, Milhavet et al., 

2002). Numerous diseases are linked to OS, such as cardiovascular disease, cancer, diabetes, and 

neurodegenerative diseases (Henriksen et al., 2011).  



  Chapter 2 

 23 

Indeed many studies have linked OS to ERS (Chong et al., 2017, Alfadda et al., 2012). 

Accumulation of misfolded protein in the ER can cause the aggregation of ROS (Malhotra et al., 

2007, Malhotra et al., 2008). The ER resident enzymes, PDI and ERO1 catalyse the protein 

folding process. After cysteine residues accumulate, oxidation occurs in nascent protein along 

with formation of correct disulphide bonds, PDI acts as a terminal electron recipient from the 

protein folding substrate while ERO1 modulates Flavin Adenine Dinucleotide (FAD) to perform 

redox reactions on PDI and transmit two electrons on oxygen molecule resulting in ROS 

production (Alfadda et al., 2012, Malhotra et al., 2007). Under ERS conditions, abundant 

misfolded protein is aggregate in ER thereby leading to over-production of ROS. There was also 

evidences showcasing the ERO1α knock-out and reduced ROS levels in mice. This study was 

documented as promising and also as an alternative in the prevention of ERS-mediated apoptosis 

(Malhotra et al., 2008). 

Cellular glutathione (GSH) levels were also depleted in the attempt to repair misfolded proteins 

under ERS condition. GSH was used in reducing non-native disulphide bonds in misfolded 

proteins, and converting to glutathione disulphide (GSSG) (Back et al., 2012). With increasing 

misfolded protein, GSH deplete while GSSG accumulate thus leading to OS (Back et al., 2012). 

The protein refolding process is energy consuming and with the aggregation of misfolded protein 

in the ER lumen, ATP depletion is expected. This could trigger the production of more ATP 

leading to further production of by-product ROS, resulting in OS (Back et al., 2012, Stone et al., 

2006). 

Furthermore, OS can lead to severe ERS. The ER is sensitive to the environment of OS and any 

perturbations in ER can affect its stability and impair ER function. Accumulation of ROS can 

alter the ER homeostasis, hence disturb the ER protein folding mechanisms and thereby increase 
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the misfolded protein formation leading to ERS (Alfadda et al., 2012). This could form a vicious 

cycle whereby ERS and oxidative stress amplify each other, forcing cells to undergo apoptosis 

(Alfadda et al., 2012, McGuckin et al., 2010). 

GSH reduces disulphide bonds in misfolded proteins, as well as ROS in the cell. Elevation of 

misfolded proteins can deplete GSH, consequently increasing ROS production and causing 

oxidative stress (Back et al., 2012). During the protein folding process, PDI receives electrons 

from the protein folding substrate, and then undergoes a redox reaction with FAD (Back et al., 

2012). This process leads to production of ROS from oxygen molecules and causes OS. 

Meanwhile, ERS stimulate ERO1 which oxidizes the ER membrane and activates ER calcium 

channels. This allows Ca2+ to flow out of the ER. These ions affect mitochondrial electron 

transport and increase ROD production, again leading to oxidative stress (Back et al., 2012). An 

increase in mitochondrial Ca2+ also activates membrane cardiolipin, and allows cytochrome C 

release into cytoplasm, thus stimulating apoptosis (Back et al., 2012). 

In summary, the accumulation of misfolded proteins lead to ERS (McGuckin et al., 2010). The 

event also increases the disulphide bond formation, leading to ROS over-production and marked 

increase in OS (Alfadda et al., 2012). As a response to ERS, cells boost the protein refolding 

rate, which further increase the disulphide bonding and exacerbate OS and ERS (Alfadda et al., 

2012). This results in a vicious cycle between ERS and OS. As a result of unresolved ERS, cell 

would trigger apoptosis through cytochrome C to eliminate the misfolded proteins and restore 

the ER homeostasis (Back et al., 2012). 
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2.9 ERS and mitophagy: Role plays of Parkin via ATF4 

Imbalances in the Ca2+ homeostasis, redox reactions, protein folding etc. lead to endoplasmic 

reticular stress. Cells initiate counteracting mechanisms to normalize the ER function through 

various cell signaling systems. Some of the prime pathways that take part in such counter acting 

mechanism include UPR (unfolded protein response), ERAD (ER associated degradation), 

mitochondrial biogenesis etc. (Senft et al., 2015). The UPR which is known to restore ER 

homeostasis is regulated by PERK, ATF6 and IRE1. These are in turn activated by transducers 

like ATF4 and sXBP1 that are directly involved in the homeostasis and other cell death 

programs.  

The link between ERS and mitophagy is puzzling. The regulatory components link UPR and 

mitochondrial function. One of such components is ATF4 which could control the expression of 

Parkin. Mitochondrial UPR activation had an influence on Parkin mediated mitophagy. 

Mitophagy is a process of selective engulfment of the mitochondria and is well known to play an 

active role in cell stress. PINK1, which is protects the cells from mitochondrial dysfunction, 

targets the defective mitochondria and aids in engulfment (Jin et al., 2012). Parkin which is 

accommodated in the same pathway as that of PINK1 plays the most important role in 

mitochondrial quality control. During the condition of mitophagy, Parkin gets rid of the 

mitochondria from cells when there is a malfunction in their membrane potential. Not only does 

Parkin help in regulating mitochondrial number, it also helps in binding to the damaged 

mitochondria.  

It was evident that Parkin had a role in mitochondrial dysfunction. Mitophagy activation at the 

same time suggested Parkin’s role in cyto-protection (Calìa et al., 2013). In the study conducted 

by Tito, the importance of Ubl domain and Parkin correlation was highlighted where the 
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escalated levels of mitochondrial Ca2+ elucidated in their study by high expression of Parkin lead 

to cell apoptosis and better homeostasis and such condition didn’t occur in the mutant lacking 

Ubl domain. This clearly shows that Parkin is essential in maintaining mitochondrial integrity 

and Ca2+ transfer. Transcriptional regulation of Parkin was well established. Bouman and his 

associates have affirmed through their study that Parkin played a role in the cross talk between 

ER and mitochondria (Bouman et al., 2011). An ATF-4 binding site and an ATF-4 response 

element were created in their study. The park-luc (luciferase) was tested in comparison with 

ATF-4 RE-luc under extreme ER stress conditions. Moreover, forced expression of ATF4 or 

upstream PERK also activated transcription from park-luc. In line with this observation, 

dominant-negative ATF4DN, which lacks the N-terminal transcriptional activation domain, 

significantly interfered with the ER stress-induced activation of park-luc.  

Parkin also exhibited cyto-protective effect. On this basis of response of Parkin in ER stress, SH-

SY5Y cells were used and treated with wt parkin or mutant parkin and it was observed that cells 

with enhanced expression levels of wt parkin were offered protection from apoptosis. For further 

evidence, the RNAi was employed for Parkin knockdown and was observed that Parkin 

knockdown cells had high apoptosis recorded in comparison with control siRNA transfected 

cells (Bouman et al., 2011). Also, it was proved that patients deficient of Parkin genes exhibited 

high apoptosis of cells and also increased levels of CHOP and other pro apoptotic pathways 

(Bouman et al., 2011).  

Mediators of Parkin was next important aspect and for this initially to screen the parkin mediated 

protective effects of ATF4, ATF4 was silenced in a study and the levels of Parkin was over 

expressed in neural PC12 cells (Sun et al., 2013). The cell survival levels were assessed after 

treatment with1-methyl-4-phenylpyridinium (MPP+), which is a chemical interfering with 



  Chapter 2 

 27 

oxidative phosphorylation in mitochondria. Over expression of Parkin could reverse the effects 

of silencing ATF4. In the next phase, as a converse Parkin was silenced and the ATF4 was over 

expressed but there was no much cell protection observed. On the other hand, ATF4 role in 

maintaining the levels of Parkin was assessed by experimenting with dopaminergic neural toxins. 

When ATF4 was silenced, the levels of Parkin were far reduced in the presence and absence of 

toxins. Also, interestingly the toxin induced elevated levels of Parkin was attenuated when the 

ATF4 was silenced and over expression of ATF4 levels could reduce the declination of Parkin 

after MPP+ treatment making it clear that ATF4 is a standard mediator for Parkin levels in 

disease and healthy conditions (Sun et al., 2013).  

 

2.10 Apoptosis: the end point in cell stress: 

Stress proteins play a major role in immune counter and various defence mechanisms right from 

heat shock protein (Hspa) which is imperative in inflammation and related signalling (Figure 

2.1). In diseases like cancer and Ulcerative colitis, the link between stress and altered immune 

signalling becomes crucial in host defence mechanism. When stress is registered in the organism, 

cytoprotective mechanisms are triggered for the survival (Muralidharan et al., 2013).   
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Figure 2.1. Cell death as the fate for stress 

 

The stress stimuli trigger Grp78, which is the master ERS protein or the heat shock protein. In 

one of the branch, the ERK and JNK induce apoptosis via IRE1. The mammalian mitogen-

activated protein kinases (MAPK’s) activated by dual phosphorylation on Thr and Tyr within the 

motif Thr-Glu-Tyr (ERK), Thr-Pro-Tyr (JNK) or Thr-Gly-Tyr (p38) in subdomain VIII of the 

catalytic domain. This is by different phosphorylation events. CHOP regulates apoptosis via 

ROS generation where it initiates the Calcium signalling where Ca2+ promotes the release of pro-

apoptotic factors from mitochondria and subsequent caspase activation. Pro-apoptotic members 

of the BCL-2 protein family have also been implicated in Ca2+-dependent apoptosis where the 

down regulation of Bcl-2 leads to activation of various caspases and leads to programmed cell 
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death. The final and the most important mediator of CHOP related apoptosis is the Fas activation 

where various caspases like 3, 6 and 7 are activated leading to cytochrome-c release from 

mitochondria to cytoplasm.  

The stress stimulus hinders the folding process leading to accumulation of the unfolded proteins 

in the ER and this would be the time to call for UPR. The UPR is generally flagged by an 

increase in Grp78 which plays a pivotal role in protein folding. Other factors like calcium 

leakage and NF-kB activation are also mediated by ER stress. In cells, UPR is interposed by 

sensors like IRE1α, ATF6 and PERK. After initiation of UPR, Grp78 is segregated by unfolded 

and misfolded proteins releasing these stress sensors. Grp78 also referred as HSPA5 serves as a 

major mediator in cellular processes including protein assembly, directing calcium homeostasis 

and an ER stress sensor.  

GRP78 also termed as master regulator of unfolded protein response as it is an essential ER 

chaperone for normal cellular function. Under a cellular stress condition, GRP78 is released 

(including PERK, IRE1 and ATF6) which ultimately leads to initiation of UPR signalling 

pathways. PERK dimerizes to enhance auto-phosphorylation after getting dissociated from 

GRP78. The PERK thus activates eIF2α which prevents further protein synthesis. After ATF6 

release, GRP78 translocates from ER to Golgi complex to commence the process of cleavage 

(Harding et al., 2000, Lu et al., 2004). ATF6 then migrates into the nucleus where it aids in up-

regulation of proteins that direct ER folding augmentation. IRE1 activation results in XBP1 

splicing and thereby progressing in transient attenuation of ER chaperones occurs including the 

proteins involved in ERAD.  

In the Chop driven cell death, UPR can initiate pro apoptotic signalling which is induced by 

IRE1 and CHOP. CHOP again is strongly induced by PERK activation (Scull et al., 2011). 
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Macrophage apoptosis is enhanced when Bcl-2 macrophage deletion occurs. Bim transcription 

may also induce apoptosis. ER Calcium signalling pathways are also activated via ER calcium 

channel, IP3R1 by CHOP dependant activation of ERO 1α (Li et al., 2009). The cytoplasmic 

calcium in turn primes the calcium-sensing enzyme CaMKII which appears to induce apoptosis 

by numerous mechanisms including Fas mediated apoptosis, JNK activation and others. Over 

expression of CHOP also induces cell death. In the pathway of CHOP induced apoptosis, there is 

Bcl-2 down regulation which shows its direct role in ER mediated cell death (Xu et al., 2005).  

The other arm is IRE1 directed apoptosis which is initiated by ERS where IRE1 is auto-

phosphorylated and triggers XBP1 splicing as a result of nuclease activity (Scull et al., 2011). 

This also results in subsequent translation of mRNA transcript for XBP1. Degradation of 

essential membrane associated mRNA’s may also lead to cell death (Hollien et al., 2006, Hollien 

et al., 2009). There are other downstream effectors of IRE1 pro-apoptotic pathway like c-Jun N-

terminal kinase (JNK). JNK functions as negative regulator of Bcl-2 and activator of Bax and 

Bak (Urano et al., 2000). The interrelation between IRE1-BAX-BAK was suggested to be 

through IRE-1 mediated cytochrome-c release from the mitochondria during ER (Klee et al., 

2009).  

To date, the precise signalling mechanism underlying ERS driven apoptosis is poorly 

understood. A possible up-regulation of a pro-apoptotic signal induces apoptosis for example, 

GADD 34 or GADD 153 (Xu et al., 2005). During ERS, NODD like receptor (NLRP) activation 

also activates cell death through caspase activation. This pathway is non mitochondria dependant 

and is primarily orchestrated by caspase-12. Caspase-12 is ideally interacted with adapter 

proteins and having two catalytic units namely p20 and 10. Activation of caspase -12 has been 

reported in ERS condition where apoptosis was initiated (Xu et al., 2005). In a study, inhibition 
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of caspase 9 or 12 lead to prevention of thapsigargin induced cell death (Rao et al., 2002). ERS 

also escalates OS which is blocked by Bcl-2 over expression. The caspase activation triggers 

inflammasome activation which thereby activates cytokines like TNF-α, IL-8 and TGF-β. This 

activates redox signalling which induces macro molecular damage sensors thus activating cancer 

cell response (CSR signalling) and thereby making apoptosis as fate of cell stress (depicted in 

Figure 2.1). 

 

2.11 Conclusion: 

In summary, cell mechanisms such as ERS are essential for maintaining homeostasis. Much 

progress has been made in understanding the critical players of cellular processes including UPR 

but whether UPR and other cell stress mechanisms are beneficial or detrimental conditions are 

still a matter of ongoing research and discussion. Additionally, one might question whether 

death-survival signals are pre-existing in healthy cells or formed after a death signal. So, does 

cell stress trigger cell death or survival is determined by a numerous factors like stress stimulus 

and environmental factors. Hence new insights into mechanistic approach of stress responses are 

utmost necessary as it may open novel perspectives for molecular targeted therapies.  
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Winnie, a murine model of chronic ER stress 
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3.1 Introduction: 

Ulcerative colitis (UC) is characterized primarily by severe inflammation of the colon and its 

pathophysiology ranges from oedema to ulceration and even haemorrhages (Zhang et al., 2014). 

The molecular pathology of UC includes a depletion of goblet cell, disruption of mucosal glands 

and a distortion of crypts (Heazlewood et al., 2008a). Chronic UC was described as a major risk 

factor for colorectal cancer (CRC) and pathological findings such as high-grade or low grade 

dysplasia were described as risk factors for CRC (Kinugasa et al., 2016). In (UC), cellular stress 

signalling, ER stress and additional processes such as mitochondrial homeostasis have been 

associated with differentiation and maintenance of cell populations in the gut. In addition, UC 

patients show higher levels of ER stress in their colonic epithelium (Heazlewood et al., 2008a). 

Secretory cells, especially goblet cells, create the mucus surfaces in the intestine. The importance 

of mucin and ER stress in ulcerative colitis demonstrated by the observation that increased ER 

stress in goblet cells or mucin deletion can lead to spontaneous colitis (Heazlewood et al., 2008a, 

Eri et al., 2011). Yet it is unclear whether goblet cell ER stress is a consequence of inflammation, 

the absence of mucin or misfolded mucin (Kaser et al., 2010). ER stress is also a primary cause 

of intestinal inflammation in mice (Kaser et al., 2008a), with many inflammatory cytokines such 

as IL-13, TNF and IL-33 identified as important mediators of UC pathogenesis. 

Accumulation of misfolded proteins occurs in the Endoplasmic reticulum (ER) during 

posttranslational modifications and the ER resorts to unfolded protein response (UPR) 

(McGuckin et al., 2010). However, when the UPR is presented with chronic high levels of 

damaged proteins and is unable to cope using its normal mechanisms, the ER adopts a state that 

is described as ER stress. Under ER stress, the chaperone glucose-regulated protein 78 (GRp78) 

dissociates from the ER transmembrane receptors (Wang et al., 2012a, Abdullahi et al., 2017). 
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However, if the adaptive UPR pathway is overcome by chronic or severe ER stress and 

proteostasis cannot be maintained, the predominant outcome is the induction of ER stress-related 

apoptosis.  

Numerous in vitro and in vivo models of ER stress are described that utilize pharmacological 

agents such as tunicamycin and thapsigargin to induce ER stress (Abdullahi et al., 2017). 

However, there was a need of animal model to mimic clinical conditions. Our unique pre-clinical 

Winnie mouse model of spontaneous colitis shows extensive ER stress within the intestinal 

epithelium and elevated levels of TNF-α, IL-1β and IL-13, which demonstrates aberrant 

immunological responses and severe inflammation (Heazlewood et al., 2008a). The Winnie 

model is based on a single Muc2 point mutation and replicates the key pathologies of UC 

patients (Heazlewood et al., 2008a, Rahman et al., 2015). Winnie mice were characterized by 

severe ER stress and hyper-proliferation as shown in the previous studies (Heazlewood et al., 

2008a) and evidenced with mucosal hyperplasia and dysplasia like changes observed in the colon 

of Winnie mice exposed to 3 cycles of 1% dextran sulphate sodium (DSS), which evidently 

shows the proof of chronically inflamed Winnie colon may influence the transition to dysplasia 

(Randall-Demllo et al., 2016). Winnie also displayed evasion of programmed cell death in the 

colonic goblet cells despite of severer ERS (Heazlewood et al., 2008a). We thus wanted to 

investigate the proteins and mechanisms responsible for proliferation and lack of apoptosis under 

severe ER stress via proteome approach. 

Previous proteome studies successfully investigated various pathological states of disease using 

differential quantitative proteomics like the study done by Rodríguez-piñeiro and associates, 

where they investigated the role of the proteins like ATP6AP2 and FAM62B and their co-

localization with Muc2, emphasizing mechanisms including vesicular proton pumps and 
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ATP’ase on cultured LS174T cell lines (Rodríguez-Piñeiro et al., 2012). A similar and recent 

proteomic analysis was performed on mucus derived from ClCA1-/- mice (Erickson et al., 2015) 

and human UC active, UC inactive, nonspecific colitis, and normal colon mucosa (Hsieh et al., 

2006). A proteomic study investigating CLCA1 in knockout mice and its role with goblet cell 

metaplasia through the MAPK pathway was limited to only isolated mucus. Goblet cell 

proliferation and differentiation was studied in mice with Hirschsprung disease [Endothelin 

receptor B (Ednrb) mutant mice] (Thiagarajah et al., 2014). A detailed investigation of colonic 

epithelial cells was reported on human biopsy samples (van der Post et al., 2014) that focused on 

membrane processes such as O-glycosylation along the colon making it a comprehensive 

quantitative dataset of membrane protein abundance. However, no complete proteomic studies 

on goblet cells for a specific phenotype of a colonic disorder have been reported so far, which 

prompted the present study to explore why despite severe ER stress no apoptotic cell death is 

found in the Winnie model of UC (Cheng et al., 2016).  

This is the first proteomic ex-vivo study on isolated colonic goblet cells from mice characterized 

by severe ER stress. We successfully conducted a comparative study on ex-vivo colonic goblet 

cells, identified differentially expressed proteins through a bio-informatics approach, assessed 

the ER stress-regulated proteins in Winnie and wild type and validated the key proteins involved 

in ER stress in the Winnie model.  

 

3.2 Materials and methods: 

3.2.1 Animals 

All animal experiments were approved by the Animal Ethics Committee of the University of 

Tasmania (Ethics approval number: A14095) and conducted in accordance with the Australian 
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Code of Practice for Care and Use of Animals for Scientific Purposes (8th Edition 2013). All the 

animals were bought from Cambridge farm facility (Hobart, Australia). Animal housing was 

under 21°C environment with a 12 hour day/night cycle. All mice had continuous access to 

radiation-sterilised rodent feed (Barastoc Rat and Mouse, Ridley AgProducts, Australia) and 

autoclaved tap water ad libitum. 

3.2.2 Isolation and characterization of goblet cells; tissue processing and immunostaining 

The animals were sacrificed via CO2 asphyxiation in the morning before the abdomen was 

dissected and the colon removed. Colons were then harvested from 16 week, 20 Winnie 

(homozygous Muc2 mutant) and 20 wild type mice (C57BL6/J background) of both sexes , 

sliced lengthwise and washed with ice cold PBS. Colons were stored on ice in DMEM L-

glutamine (Technologies, NSW, Australia Life) and supplemented with 10% fetal bovine serum 

(Gibco, AUS); penicillin (1000 U/mL) and streptomycin (1000 µg/L) (Gibco BRL, AUS) until 

all colons were collected. The colons were washed twice with PBS and placed in pre-digestion 

solution (liberase0.35mL; HBSS). The liberase was prepared by utilizing 5 mg/mL of the 

concentration. 2.3 mL of HBSS needs to be added to prepare the master stock and which later 

needs to be divided into aliquots. In an individual experiment, 168 µL of liberase from the 

aliquot was added into 10 mL of HBSS. Samples were incubated 5 mg/ml liberase in HBSS for 

15min with rocking in a 37°C incubator, 4.5% CO2. Colon crypts were collected by scraping the 

colons (cells off from the basement membrane using pipette tip and forceps).The crypts thus 

isolated were passed through a 100µm cell sieve. The cells were then subjected to a gentle spin 

at 3000xg, 4°C for 5 min. The gradient assay was followed by previous studies on goblet cells 

(Rodríguez-Piñeiro et al., 2012). The goblet cell pellet was re-suspended in freezing medium 

(6:3:1) Medium: FBS: DMEM and was transferred into a cryo-vial and stored for future use. 
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Goblet cells were characterized by immune fluorescence and RT-PCR (Supplementary 

figure1).  

Tissues were first fixed in 10% neutral buffered formalin for 2 hrs, then in 50% ethanol before 

processing on a Leica ASP 200 tissue processor. Paraffin embedded sections of 3 mm were cut 

for staining, separated by at least 50 microns and mounted on slides. After removal of paraffin, 

sections were stained with the respected monoclonal antibody for further staining. After the imm 

unofluorescence procedure which was performed by the standard protocol as directed in the 

manual, the tissues were analysed using Image Pro V5.1 software (Media Cybernetics, USA).  

3.2.3 RNA extraction and cDNA synthesis 

Total RNA was extracted from purified goblet cells with the RNeasy Mini Kit (Qiagen, VIC, 

Australia) following the manufacturer’s protocol including an on-column DNase digestion using 

the RNase-Free DNase set (Qiagen, VIC, Australia) to remove gDNA. RNA quality and quantity 

was assessed using the Experion automated electrophoresis system (Bio-Rad) and RNA samples 

with an RQI > 7.0 were considered suitable for expression analysis. cDNA was prepared from 1µ 

total RNA using iScript cDNA synthesis kit (Bio-Rad, VIC, Australia) following the 

manufacturer’s instructions. 

3.2.4 Quantitative real time polymerase chain reaction (qRT-PCR) 

Quantitative RT-PCR was performed employing predesigned Taqman® probe/primer assays 

(Life Technologies, NSW, Australia) for GAPDH (Mm00123340_s1), Svs2 (Mm00727204_s1), 

Svs1 (Mm00556447_m1), Park7 (Mm00498538_m1), Chchd2 (Mm01621550_s1), Hspa5 

(Mm00517691_m1) and Pitrm1 (Mm01324705_m1). Each qRT-PCR reaction contained 40 ng 

cDNA, TaqMan Fast Advanced Master Mix (Life Technologies), 1 μL of gene specific Taqman 

probe/primer mix in a total volume of 20 μL. Reactions were performed in duplicate on the Step 
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Oneplus RT-PCR system (Life Technologies, NSW, Australia) with thermal cycling conditions 

of 95°C for 20s, 40 cycles of 95°C for 1s and 60°C for 20s. The mean threshold cycle was 

determined for each sample and used for relative expression analysis. 

3.2.5 Peptide sample preparation and analysis by nano-liquid chromatography and LTQ-

Orbitrap t and em mass spectrometry 

 Protein samples were sequentially reduced, alkylated and digested with proteomics-grade 

trypsin (Sigma) using established methods (Wilson et al., 2016). Tryptic peptides equivalent to 

~1 µg of digested proteinwere analysed using an LTQ-Orbitrap interfaced with an Ultimate 3000 

nano RSLC system (Thermo Fisher Scientific, MA, USA). Briefly, peptides were loaded onto a 

20 mm x 75 µm Pep Map 100 trapping column (3 µm C18) at 5 µL/min, using 98% water, 2% 

acetonitrile and 0.05% TFA.  Peptides were separated at 300 nL/min on a 250 mm x 75 µm 

PepMap 100 RSLC column (2 µm C18) held at 40C, using a stepped gradient from 98% mobile 

phase A (0.1% formic acid in water) to 50% mobile phase B (0.08% formic acid in 80% 

acetonitrile and 20% water) comprising 3-10% B over 10 min, 10-40% B over 180 min, 40-50% 

B over 10 min, holding at 95% B for 10 min then re-equilibration in 2% B for 15 min. The LTQ-

Orbitrap was controlled using X calibur 2.1 software in data-dependent mode and MS/MS 

spectra were acquired using a Top8 method and 30-second dynamic exclusion of fragmented 

peptides, as previously described (Wilson et al., 2016).  

3.2.6 Database searching and criteria for protein identification 

Data files were imported into MaxQuant version 1.5.1.2 (http://maxquant.org/) and MS/MS 

spectra were searched using the Andromeda search engine against the complete Mus musculus 

reference proteome (ID 000000589; updated on 02/10/2014) comprising 44,455 protein entries.  

Default settings for protein identification by LTQ-Orbitrap MS/MS and label-free quantitation 

(LFQ) included a maximum of two missed cleavages, mass error tolerances of 20 ppm then 4.5 
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ppm for initial and main peptide searches, respectively, 0.5 Da tolerance for fragment ions, 

variable methionine oxidation and fixed carbamidomethylation. A false discovery rate (FDR) of 

0.01 was used for peptide-spectrum matches and protein identification.   

3.2.7 Determination of relative protein abundance and statistical analysis 

 We utilized MaxLFQ, the MaxQuant algorithm for peptide intensity determination and 

normalization (Cox et al., 2014), using pair-wise comparison of unique and razor peptide 

intensities and a minimum ratio count of 2. The Max Quant protein Groups output file was 

processed as follows: The normalized label-free quantification (LFQ) intensity values, MS/MS 

counts and the numbers of razor and unique peptides for each of the identified proteins were 

imported into Perseus software version 1.5.031 (http://perseus-framework.org/). Protein groups 

identified as potential contaminants (prefixed with CON) and proteins only identified by site or 

by reverse database matching were removed and LFQ intensity values were log2 transformed.  

The proteins were filtered to include only those detected in all three replicates of at least one 

genotype. Missing values were replaced with random intensity values for low-abundance 

proteins based on a normal distribution of protein abundances using default MaxQuant 

parameters. To determine proteins that were significantly altered in abundance between 

genotypes, we applied a two-sided t-test using the Benjamini-Hochberg correction for multiple 

hypothesis testing with a FDR set to 0.01. 

3.2.8 Bioinformatics analysis 

To extract functional information from the proteomics data, the groups of proteins that were 

significantly up- or down-regulated in Winnie goblet cells relative to wild-type goblet cells were 

imported into the on-line bioinformatics resource DAVID (version 6.8) using the mouse genome 

as background (Huang da et al., 2009).  Annotation clusters were ranked using the Functional 

http://perseus-framework.org/
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Annotation Clustering tool based on default parameters, and p values < 0.05 after adjustment 

using the Benjamini-Hochberg correction for multiple testing were considered significant. To 

identify significantly regulated pathways, proteins that were either up- or down-regulated in 

Winnie goblet cells were converted from UniProt ID’s into KEGG gene names then mapped to 

KEGG pathways using the ‘search pathway’ function.  

 

3.3 Results 

3.3.1 Proteomic analysis of differentially expressed protein exclusively from goblet cells 

isolated from Winnie and wild type colons 

Goblet cell lysates were prepared by sonication and protein extracts were cleaned up by ethanol 

precipitation. Proteins were digested and the resulting tryptic peptides separated by nano HPLC 

and analysed using an LTQ-Orbitrap high resolution tandem mass spectrometer. The MS/MS 

data were processed as described in Experimental Procedures. At a 1% False Discovery Rate, 

MS/MS spectra matched to 10,217 unique peptide sequences which were assigned to a total of 

1,470 protein groups. After exclusion of proteins identified on the basis of single matching 

peptides, a filtered list of 956 proteins that included only proteins detected in all three replicates 

of at least one genotype was used to identify proteins that were significantly modulated between 

wild-type and Winnie goblet cells. At-test analysis of the LFQ expression values, identified 426 

proteins as differentially abundant between Winnie and wt goblet cells. Given the relatively large 

proportion of significant proteins (~45% of the filtered list), we considered a 1% FDR using the 

Benjamini-Hochberg correction for multiple hypothesis testing suitable. The 1% FDR value used 

corresponded to a p-value truncation of 0.0044. Of the significant proteins, 251 were up-

regulated and 175 were down-regulated in Winnie goblet cells relative to wild-type goblet cells. 

  



  Chapter 3 

 41 

3.3.2 Differentially modulated proteins in Winnie revealed by bioinformatics approach 

 

Figure 3.1. Venn diagrams summarizing the major groupings of significant GO terms affected in the goblet cells 

of Winnie mice, where the values indicated correspond to the number of (a) upregulated and (b) downregulated 

proteins 

 

The functional categories shown correspond to the grouped functional terms highlighted in 

Tables 3.1 and 3.2. 

The web-based integrated functional annotation software DAVID (Huang da et al., 2009)was 

used to identify GO terms, protein families and biological pathways that were significantly 

enriched among the differentially-abundant proteins in Winnie colons. DAVID output files for 

the subsets of significantly up- and down-regulated proteins showing the Functional Annotation 

Clusters (FACs) of ontological terms. In total, 39 and 20 FACs comprising 198 and 104 

significant functional terms (Benjamini-Hochberg adjusted p-values <0.05), were associated with 

the up- and down-regulated proteins, respectively.  Tables1 and 2 summarize this information, in 

which the FACs are represented by those ontological terms/pathways with the highest protein 

counts. These terms were further grouped according to related functional categories that are 

highlighted on the tables in different shading colours. The up-regulated proteins (Table 3.1) are 
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broadly related to mitochondrial function (grey shading; n = 201 proteins), carbon metabolism 

(tan shading; n = 43 proteins), unfolded protein binding (blue shading; n = 21 proteins), annexins 

(red shading; n = 8), amino acid metabolism (green shading; n = 19) and proteins related to 

oxidative stress (lilac shading; n = 16 proteins). In total, 219 of the 251 up-regulated proteins 

(87%) were captured within this small number of functional categories. The down-regulated 

proteins (Table 2) were classified into groups related to transcription/translation (grey shading; n 

= 118 proteins), cell structure (tan shading; n = 33 proteins) and protein trafficking (red shading; 

n = 16 proteins). Again, a high proportion of the 175 down-regulated proteins (78%) were 

captured by these three functional categories. Venn diagrams were then used to illustrate the 

degree of overlap between these groups of functionally-related ontological terms (Figure 3.1). 

As 201 of the 251 up-regulated proteins were related to mitochondrial function, it was not 

surprising that few proteins were related specifically to the other functional categories, with the 

exception of the annexins (which were omitted from the Venn diagram due to the limit of 

displaying five subsets). Similarly, of the 175 down-regulated proteins, within the major group of 

118 proteins related to transcription and translation, 17 of those proteins also related to cell 

structure and 5 proteins related to protein transport. Overall, this illustrates that a high proportion 

of the proteins modulated in Winnie cells (84% of the 426 significant proteins) could be 

described by a relatively small number of global cellular functions, which are discussed in 

further detail below. 
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3.3.3 Major up-regulated metabolic pathways and cellular processes altered as a consequence 

of ER stress in Winnie goblet cells.  

 

Figure 3.2. Heat maps illustrating the differentially-expressed proteins that were up-regulated in the goblet cell 

extracts of Winnie mice based on z-scored protein LFQ expression values. a) Proteins related to protein 

folding/stabilization; b) proteins within the KEGG pathway Oxidative Phosphorylation; c) proteins mapped to 

the KEGG pathway Fatty Acid Degradation; d) proteins mapped to the KEGG pathway ‘TCA cycle’; e) proteins 

included in the KEGG pathways glycolysis and pyruvate metabolism; f) proteins related to oxidative stress; and 

g) proteins mapped to the KEGG pathway Valine, Leucine and Isoleucine degradation 

 

The misfolding and accumulation of mucin-2 in goblet cells of Winnie mice affected 21 proteins 

associated directly with unfolded protein binding and stabilization, a central role of the unfolded 

protein response (UPR). These proteins are listed alongside a heat map of their respective LFQ 

expression data in Figure 3.2a, and include chaperones involved in protein biosynthesis and 
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quality control in numerous cellular compartments. Among them were ER chaperones with well-

known roles in the UPR such as BiP (Grp78/Hspa5), it’s binding partner, hypoxia-upregulated 

protein-1 (Hyou1/Grp170), calreticulin (Calr), the collagen-specific chaperone Hsp47 

(Serpinh1)and two protein disulphide isomerases (P4hb/Pdia1 and Erp72/Pdia4).This subgroup 

also included the mitochondrial chaperones Hsp75 (Trap1), stress-70protein (Hspa9/Grp75), 

Tid1 (Dnaja3) and the Hsp60/Hsp10 (Hspd1/Hspe1) chaperonin complex, as well as two 

chaperone-like proteins that stabilize nascent polypeptides during translocation into the 

mitochondrial inner membrane (Timm10 and Timm13). Finally, the cytosolic Hsp90 chaperone 

complex (Hsp90aa1 and Hsp90ab1) was also up-regulated as part of the overall cellular 

mechanism for handling nascent polypeptides and/or misfolded proteins in multiple cellular 

compartments. 

Based on evidence from previous studies, in particular proteome- and genome-wide investigation 

of the effects of protein misfolding on cellular function, there is a strong connection between ER 

stress and perturbation of energy-related metabolic pathways (Kudelko et al., 2016a, Földi et al., 

2013, Siu et al., 2008, Kemter et al., 2017).  Of the 251 up-regulated proteins, a remarkable 80% 

were related to mitochondrial protein activity and in particular ATP generation.  The34proteins 

that mapped to the KEGG pathway mmu00190 (Oxidative phosphorylation) included 

components of all five transmembrane complexes belonging to the electron transport chain and 

ATP synthase proton pump.  These proteins are shown schematically in Supplemental figure 1 

and their corresponding LFQ expression data is displayed in Figure 3.2b. They 

comprised21complex I (NADH dehydrogenase) subunits, two complex II (succinate 

dehydrogenase) subunits, three complex III (cytochrome bc1 complex) subunits, three complex 

IV(cytochrome c oxidase) subunits and four complex V (ATP synthase) subunits. In addition, the 
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increase in mitochondrial respiratory enzymes was accompanied by increased levels of proteins 

required for generating co-factors essential for oxidative phosphorylation.  This included the 

ubiquinone biosynthesis proteins (Coq3, Coq5, Coq6, Coq7 and Adck3/Coq8a) and enzymes 

involved in NADH production via fatty acid beta-oxidation. Accordingly, 13 proteins that 

mapped to the KEGG pathway mmu00190 (Fatty acid degradation) were detected at increased 

levels in Winnie samples (Supplemental figure 2).These proteins, shown in Figure 2c, included 

both alpha and beta subunits of the mitochondrial tri-functional enzyme complex (Hadha and 

Hadhb) and acetyl coenzyme A dehydrogenases (ACADs) that act on short/branched, long and 

very long chain fatty acids (Acadsb, Acadl and Acadvl). The electron transport flavoprotein 

alpha and beta subunits (Etfa and Etfb), which maintain ACAD activity by acting as electron 

acceptors, were also up-regulated. 

In addition to NADH, another important product of fatty acid beta-oxidation is acetyl-CoA, 

which enters the citric acid (TCA) cycle, a further key mechanism for energy production within 

the mitochondrial matrix. The 38 proteins increased in Winnie cell extracts related to carbon 

metabolism included 19 proteins that provided near-complete coverage of the TCA pathway 

(Supplemental figure 3 and Figure 3.2d). Demand for acetyl-CoA was also evident from raised 

levels of three acetyl co-A synthetases (Acsf2, Acfm3 and Acss1), included within the 

significant GO term ‘Lipid metabolic processes. Further modulation of bioenergetic pathways in 

Winnie goblet cells was evident from the 20 up-regulated components of the KEGG pathways 

mmu00010 (Glycolysis/gluconeogenesis) and mmu00620 (Pyruvate metabolism), demonstrating 

increased utilization of this strategy for rapid ATP generation (Figure 3.2e). Glycolysis-related 

proteins elevated in Winnie cell extracts included one of the key regulatory enzymes, pyruvate 

kinase (Pkm), which catalyses the irreversible conversion of phosphoenol pyruvate to pyruvate 
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(Supplemental figure4 and 5). While one fate of pyruvate is conversion to lactate, we found no 

evidence for altered lactate dehydrogenase levels.  Rather, increased abundance of mitochondrial 

pyruvate dehydrogenase complex subunits (Pdha1, Pdhb, Pdhx and Dlat) and the acetyl co-A 

synthetase, Acss1, indicated utilization of the pyruvate decarboxylation pathway, which both 

regenerates NADH and increases flux of the anapleurotic intermediate acetyl co-A into the TCA 

cycle. Together, these results demonstrate the extent of metabolic reprogramming required to 

meet the energy demands of goblet cells affected by ER stress. However, the increase proteins 

involved in butanoate (butyrate) metabolism provides evidence for another, more cell-specific 

pro-survival adaptation of energy homeostasis. These eight proteins are depicted in Supplemental 

figure6 showing the KEGG pathway mmu00650 (Butanoate metabolism). Butyrate is a 

fermentation product of dietary fibre that is not only an important energy source in colonocytes, 

but exhibits strong anti-inflammatory effects, and is essential for colonocyte survival (Zeng et 

al., 2014). 

The consequence increased levels of oxidative phosphorylation is the generation of reactive 

oxygen species (ROS), and up-regulation of cellular antioxidant systems is a prominent feature 

of ER stress (Chong et al., 2017).  Redox homeostasis is maintained by a system that includes 

multiple antioxidant enzymes within the mitochondrial matrix. Accordingly, a subset of nine 

proteins associated with oxidative stress was amongst the cohort of mitochondrial proteins up-

regulated in the goblet cells of Winnie mice (Figure 3.2). The significant functional terms 

‘Redox-active centre’ and ‘Peroxisome’ (Figure 3.2f) included the mitochondrial superoxide 

dismutase, Sod2, that destroys free radicals, catalase (Cat) and the peroxiredoxins, Prdx1, Prdx3 

and Prdx5,which remove the hydrogen peroxide generated by this reaction. Of these antioxidant 

enzymes, Prdx3 has been shown to scavenge 90% of peroxides in the mitochondrial matrix (Cox 
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et al., 2009). Several additional mitochondrial proteins involved in ROS detoxification were also 

increased, including glutathione reductase (Gsr), which is important for glutathione homeostasis 

and glutaredoxin-5 (Glrx5), which has been shown to be protective against ROS-mediated 

apoptosis (Linares et al., 2009). Lastly, three proteins belonging to the coiled-coil-helix-coiled-

coil-helix domain (CHCHD) family, reviewed in (Zhou et al., 2016b),were up-regulated in the 

goblet cells of Winnie mice (Chchd2, Chchd3 and Chchd6).  Although the involvement of 

CHCHD proteins in oxidative stress is only beginning to emerge, their twin CX3C or CX9C 

motifs have been proposed to facilitate ROS scavenging (Liu et al., 2015b). Chchd3 and Chchd6 

are components of the inner membrane whileChchd2 localizes to the mitochondrial inter 

membrane space (Zhou et al., 2016b). One of the more highly up-regulated proteins in our study, 

Chchd2, is of particular interest for its role in regulating the mitochondrial accumulation and 

oligomerization of Bax and inhibiting the intrinsic apoptosis pathway (Liu et al., 2015b).   

The final catabolic pathway identified as significantly altered in Winnie cells involves the 

breakdown of branched chain amino acids (BCAAs), as indicated on the KEGG pathway 

mmu00280 (Valine, leucine and isoleucine degradation), which included 25 significantly up-

regulated proteins (Supplemental figure 7 and heat map in Figure 3.2g).  BCAA catabolism is a 

major pathway utilized by adipocytes, where BCAA uptake and metabolism within the 

mitochondria to form acetyl- and succinyl- CoA provides the substrates for lipogenesis 

(Newgard, 2012). While little is known about the role of BCAA catabolism in the context of ER 

stress, suppression of BCAA catabolic enzymes has recently been associated with impaired heart 

function in both humans and rodents, where accumulation of BCAA catabolic intermediates 

affects cardiac mitochondrial activity and redox homeostasis (Sun et al., 2016). Recently, high 

concentrations of BCAAs have been shown to cause oxidative stress via the mTOR pathway 
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(Zhenyukh et al., 2017, Jewell et al., 2015), suggesting that BCAA breakdown may also be part 

of the cellular defence against oxidative stress.   

3.3.4 Major down-regulated metabolic pathways and cellular processes altered as a 

consequence of ER stress in Winnie goblet cells   
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Figure 3.3. Heat maps illustrating the differentially expressed proteins associated with the 

functional terms. a) Intracellular ribonucleoprotein complex; and b) cell-cell adherans 

junction/actin-binding that were down regulated in the goblet cell extracts of Winnie mice based 

on z-score protein LFQ expression values 
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A hallmark of the ER stress response is attenuation of nascent protein bio synthesis to reduce the 

load on ER quality control machinery and restore proteostasis. As a clear indication of 

translational repression in the goblet cells from Winnie mice, 26 of the 45 proteins associated 

with the functional term ‘Ribonucleoprotein’ (Figure 3.3a) were ribosomal subunits 

(Supplemental figure 8). Indeed, previous analysis of Winnie goblet cell ultra structure revealed 

a paucity of ribosomal structures at the surface of a highly vacuolized rough ER (Heazlewood et 

al., 2008a). Proteins involved in translation and transcription regulation also belonged to this 

sub-group, including RNA helicases (Ddx1, Ddx5and Dhx9) and heterogeneous nuclear ribo-

nucleoproteins, a multifunctional family of proteins involved in mRNA packing and stability, 

pre-mRNA processing, mRNA export from the nucleus and translation initiation(recently 

reviewed by Geuens and associates) (Geuens et al., 2016). Significant down-regulation of these 

proteins, in some cases by more than four-fold (Hnrnpa0, Hnrnpl and Hnrnpu), is consistent with 

the reduced demand for mRNA processing during ER stress. Indeed, 22 proteins associated with 

the intron-processing spliceosome machinery captured by the KEGG pathway mmu03040 

(Supplemental figure 9) and GO_CC term spliceosome complex were significantly down-

regulated. These included common components of the small nuclear ribonucleoproteins 

(snRNPs) such as Snrpd2 and Snrpd3, and particle-specific components, such as the U2 snRNP 

splicing factors Sf3b2 and Sf3b3. Collectively, these groups of 118 proteins represent multiple 

steps of the transcriptional and translational pathways, demonstrating concurrent repression of 

these processes in the goblet cells of Winnie mice. 

The second major group of down-regulated proteins was related to cell structure and intercellular 

interactions (summarised in Figure 3.3b).While cytoskeletal remodelling is a very plausible 

consequence of ER stress, for example to enhance ER- plasma membrane (PM) communication 
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and restore Ca2+ homeostasis (Deniaud et al., 2008), very little is known about the effects of ER 

stress on specific cytoskeletal proteins. Among the sub-group of 14 proteins classified as actin-

binding were proteins involved in actin organization at cell-cell and cell-matrix junctions, such 

as actinin-1 (Actn1), cingulin (Cgn), LIM domain and actin-binding protein 1 (Lima) and the 

non-erythrocytes pectrin beta chain (Sptbn1), data that support previously observed loss of tight 

junction integrity in Winnie cells in vivo (Heazlewood et al., 2008a). Furthermore, our results 

provided evidence for altered cadherin-catenin adhesion complex signalling as a further outcome 

of ER stress in Winnie goblet cells, with down-regulation of epithelial cadherin (E-cad/Cdh1), 

together with α-catenin, β-catenin and ϓ-catenin/junction plakoglobin (Ctnna1, Ctnnb1 and Jup) 

that couple E-cadherin to the actin cytoskeleton. Finally, this protein group included actin-

binding proteins with intracellular functions such as the trafficking of organelles along actin 

filaments (Myo1a, Myo1c and Myo1d) and vesicular transport (Clint1 and Golga2), consistent 

with the observed reduction in coatomer subunits (Copa, Copb1, Cope, Copg1 and Copz1) 

required for protein trafficking through the secretory pathway. 

3.3.5 Identification and validation of key protein candidates in Winnie goblet cells  

Further analysis of differentially expressed proteins was undertaken to validate our proteomics 

data and investigate potential roles for novel proteins identified in the context of ER stress in 

goblet cells. 
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Figure 3.4. Key regulated genes in Winnie and wild type. mRNA expression of genes in Winnie and 

wild type goblet cells measured by qRT-PCR and relative expression levels are vs. control and 

normalized GAPDH (n=3). Data are shown as mean fold change ±SEM (p<0.0001 respectively) 

 

From the detailed proteomic data, we proceeded to screen the gene expression of some of the 

differentially expressed genes in the goblet cells of Winnie and wild type by qPCR (Figure 3.4). 

There was a significant difference observed in Winnie and wild type. CHCHD2 which was a 

mitochondrial related gene was massively up-regulated in Winnie when compared to the wild 

type with a 28-fold difference. The CHCHD2 expression was also assessed through immune 

fluorescence where there was a massive increase in the mitochondria verified by a co-

localization expression by mito-tracker protein (MT01) staining and also nucleus verified by 

DAPI. Surprisingly, the expression of CHCHD2 in Winnie was highly significant in comparison 

to the wild type with regards to the immune fluorescence as well (Figure 3.5). There was a 

nuclear localization of CHCHD2 observed in Winnie. There was less expression of CHCHD2 

noticed in the wild type colon. The mRNA levels of Pitrm1, Park7 and Hspa5 in wild type were 

8±2, 6±1 and 10.5±1.5 fold (<0.0001), where as the Winnie had an expression pattern: 15±2, 
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19±1 and 27±1 fold (<0.0001). Svs1 and Svs2 which were seminal vesicle proteins were 

increased in wild type (17-fold and 20-fold) when compared to Winnie.  

 

 

Figure 3.5. Immuno fluorescence of CHCHD2 in Winnie and wild type colon tissues. CHCHD2 

staining in the Winnie colon tissue (CHCHD2 stained with red, mito-tracker (MT01) stained with 

green, counter staining by DAPI (nucleus with blue). The CHCHD2 was co-localized with the mito-

tracker (mitochondrial organelle staining). The magnification was 60X. Scale bar represents 100 

µm 

 

3.4 Discussion 

Our study investigated the major reason behind increased proliferation and lack of apoptosis in 

Winnie mice colonic goblet cells despite undergoing severe ER stress, by utilising the 

proteomics approach. 

Strengths, novelty and limitations of the study were isolation of specific cell populations, rather 

than taking an average response across multiple cell types within the colon tissue. In diseases 

such as colon cancer, it was speculated that failure of apoptosis might be an essential component 
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in tumour expansion and chemotherapy resistance (Krajewska et al., 1996). Krajewska et al. 

(Krajewska et al., 1996) observed an increased expression of Bcl-X and decreased Baxin colon 

adeno carcinomas. Hence, therapeutic strategies targeting stimulation of cell death pathways of 

pro-apoptotic receptors, Bcl-2 activation of caspases and IAP dysregulation were investigated 

(Abraha et al., 2016).  

In Winnie, the goblet cells escaped the programmed cell death which may involve anti-apoptotic 

proteins. Recently reviewed literature suggested that the shedding cells located at the surface of 

the epithelium undergo apoptosis, whereas epithelial cells located within the crypts demonstrate 

necrotic features, although there is still no substantial evidence to support this premise (Günther 

et al., 2013). We thus relied on the proteome data to understand the role of proteins in ulcerative 

colitis through our Winnie phenotype. 

Muc2 is one of the major macromolecular components of the mucus. Major processes like 

dimerization and folding of MUC2 take place in the endoplasmic reticulum (ER), which is the 

initial site for synthesis and posttranslational modification of secreted and transmembrane 

proteins. Increased accumulation of MUC2 precursor in the ER of goblet cells, reduced mucin 

secretion, and impaired mucus layers were observed in mice expressing a mutant Muc2 gene 

(Heazlewood et al., 2008a, Eri et al., 2011). During impaired function of the ER, unfolded or 

misfolded proteins accumulate in the ER (Das et al., 2013). In our results of initial 

characterization of the goblet cells, there was evidence of decrease Muc2 expression in Winnie 

due to result of misfolding and trapping of the Muc2 which looks inconsistent with the 

proteomics results where the Muc2 protein level was increased in Winnie was increased by 2 

fold. The reasons for this observation is that the specific protein regions in MUC2 picked up by 

our proteomics approach was specifically from the concentrated goblet cells packed with MUC2 
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precursor fragments. A similar event was observed in in vitro where LS174T cells when 

incubated with Tunicamycin lead to Muc2 misfolding and IL-10 reversed this adverse event and 

aided in suppressing misfolding (Hasnain et al., 2013).  

The bioinformatics approach was designed to distil the most biologically relevant information 

from a relatively high number of differentially expressed proteins, with data mining based 

primarily on functionally-related protein groups, rather than individual proteins. While all 

proteins with FDR-adjusted p-values <0.05 were considered significant without additional 

filtering based on fold-change, nb>90% of the 674 significant proteins were altered by >30%.  

The validity of our results was supported by the generally high coverage (up to 62%) of 

identified significant cellular pathways, including the up-regulated pathways oxidative 

phosphorylation (43/134), fatty acid degradation (18/49), valine leucine and isoleucine 

degradation (32/56) TCA cycle (20/32) and the down-regulated pathways such as ribosome 

(42/177) and spliceosome (37/133).  

While the significant GO terms identified captured ~80% of the total number of altered proteins, 

several of the most highly differentially abundant were not included. Among the most highly 

increased proteins are the basement membrane proteins nidogen and laminin (Nid1 and Lamc1), 

most likely to be co-retained with Muc2 (also 2-fold more abundant) in the ER as a result of 

blocked ER-Golgi protein trafficking in Winnie goblet cells.  Basement membranes in general 

are associated with survival, proliferation and migration of cells. Nid-1 has been shown to bind 

to basement membrane-associated proteins including collagen-IV and laminin and its role in 

myogenic differentiation is also well established (Neu et al., 2006). Nid-1 levels correlated with 

enhanced lung metastasis and it’s over expression resulted in carcinogenesis promotion in vivo 

(Alečković et al., 2017). In Winnie, there was an increased expression of Nid-1 (Figure 3.6). 



  Chapter 3 

 56 

Basement membrane proteins have been strongly implicated in a number of cancers. For 

example, there is an increase in basement membrane protein expression associated with the 

development of the oral cancer epithelial mesenchymal environment (Kulasekara et al., 2009). 

Proteins such as collagen IV and fibronectin are increased in human liver fibrosis(Hahn et al., 

1980).  

 

 

Figure 3.6. Expression of Nidogen-1 in Winnie and wildtype mice colon tissue. The Winnie colon 

on the top left depicts the immune-fluorescence expression of Nidogen-1 far greater than the wild 

type (bottom left). The Nidogen-1 expression is represented by red colour and the nucleus is 

represented by blue (DAPI). The expression was quantified by Image J ® and was checked for any 

background. The quantification result was displayed in the right section of the image and found 

statistically significant. The magnification was 60X. Scale bar represents 100 µm 

 

 

Three histone proteins, Hist1h1b, Hist1h1d and Hist1h1e, were found in the top15 most highly 

differentially abundant proteins, while five members of the seminal vesicle secretary protein 

family (Svs2, Svs5, Svs4, Svs1 and Svs3a) were all >5-fold more abundant in wild-type goblet 

cells compared to those from Winnie mice. Interestingly, previous studies have established that 

excessive ER stress is associated with a reduction in fertility by affecting seminal fluid proteins 

and defined the relation between ER stress and sterility by inducing ER stress in Drosophilia for 

studying the sperm functions (Chow et al., 2015). Cardinal markers of ER stress, namely,Grp78, 
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was upregulated 1.4-fold, consistent with previous findings where its anti-apoptotic properties 

are well described and activation of sensors including IRE1, PERK and ATF6 (Lee, 2005). The 

roles of Park7 such as nuclear translocation and stabilization of NRF2 are at the nexus of 

inflammation and redox homeostasis (Clements et al., 2008), and upregulation of BiP might 

potentially alleviate ER stress (Inberg et al., 2010). Park7 has a direct relation with KLF17 in 

accelerating cell invasion and promoting epithelial mesenchymal transition (EMT) in breast 

cancer cells (Ismail et al., 2014). Chchd2 and Chchd3 are multifunctional proteins 

(mitochondrial and nuclear): in the absence of Chchd2, the ability of Bcl-xLto inhibit Bax 

activation and to prevent apoptosis is attenuated, which results in increased Baxoligomerization, 

MOMP, and apoptotic cell death (Liu et al., 2015b). Chchd2 is found to interact with COX 

directly to modulate COX activity, which influences mitochondrial membrane potential, ROS 

generation, and cellular redox state. Also, COX or CHCHD2 translocates to the nucleus under 

stress, and acts as a transcriptional factor to modulate the transcription of COX4I2 gene. 

CHCHD2 can function as a transcription factor in the nucleus and directly binds the BAG-1 

promoter to suppress BAG-1 expression (Liu et al., 2015b).   

These results were in congruence with the gene expression data where it was noted that 

CHCHD2 is associated with mitochondrial structure and cytochrome-c similar to other apoptosis 

inhibitors (Meng et al., 2017). There is strong evidence that links CHCHD2 mitochondrial 

metabolism to programmed cell death (Liu et al., 2015b). CHCHD2 is believed to inhibit 

apoptosis by interacting with Bcl-xL and thereby regulating Bax activation. Baxoligomerization, 

accumulation and its interaction with CHCHD2 was shown in a study where CHCHD2 absence 

had led to attenuation of Bcl-xL thereby preventing apoptosis. Bcl-2 was also well related to 

inhibiting apoptosis alone and its inhibition by ABT-737, a BCL-2 antagonist in return leads to 
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development of anti-cancer effect (Chipuk et al., 2008). In Winnie colon, we have observed a 25-

fold increase in gene expression levels of CHCHD2 relative to wild type. Since it was the most 

abundant protein in Winnie, we investigated the expression of protein by immune fluorescence 

and found CHCHD2 localized in the mitochondria and nucleus (Figure 3.6). We aspire to 

silence CHCHD2 in Winnie in the future to see whether absence of this gene has downstream 

effects of in Winnie.  

There was a 7-fold difference in gene expression of pitrilys in metallopeptidase 1 (PITRM1) 

between Winnie and wild type mice colon. PITRM1 is a resident protein of the inner membrane 

of mitochondria dealing with oligopeptides. Its impairment in animal models results in amyloid-

beta protein accumulation, thereby providing the mechanistic proof of mitochondrial 

involvement in amyloidotic neuro-degeneration (Brunetti et al., 2016).  

Sustaining intestinal barrier integrity is one of the prime functions of proteins like PARK7 which 

is also an activator of hypoxia inducible factor (HIF)-1α. We observed a significant increase in 

the gene expression of PARK7 in Winnie colon compared to the wild type mice. A study of 

coeliac disease in children found increased levels of PARK7 in mucosal linings (Vörös et al., 

2013). Through an in silico analysis, PARK7 was identified as a mediator of apoptosis in 

multiple sclerosis (Vavougios et al., 2013). Hspa5 gene expression was also markedly increased 

in the Winnie colon compared to the wild type mice, whileSvs2 and Svs1 (seminal vesicle 

secretory proteins) were elevated in wild type.  

An unanticipated consequence of the Winnie ER stress model was the increased levels of eight 

members of the annexin family, with fold-increases in Winnie goblet cells ranging from ~1.5-

fold (Anxa3, Anxa7 and Anxa11) to ~2.5-fold (Anxa5 and Anxa6).  Under in vitro conditions, 

ANXA1 promotes the proliferation of Eca109 cells, and increases the expression of Snail, 
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whereas it inhibits that of E-cadherin, thus enhancing the migration and invasion of ESCC cells 

(Han et al., 2017). ANXA 1 also orchestrated the fate of immunogenicity of cancer cells in 

PERK-dependent manner (Yang et al., 2012). Similarly, ANXA11 was involved in various 

cancers including ovarian, breast, lover and also colorectal. ANXA11 over expression resulted in 

migration, proliferation and invasion via AKT/GSK-3β pathway and it’s down regulation aided 

in suppression of invasion and migration. ANXA6 has been implicated in cell signalling through 

plasma membrane organization. ANXA6 deficient mice lacked CD4 T-dependent proliferation 

and also IL-2 showing its role in metastasis (Cornely et al., 2016). By this, there is huge evidence 

that there is presence of proliferative proteins in Winnie. 

Given the increased demand for mitochondrial energy biogenesis in Winnie goblet cells, it was 

not surprising that a large number of mitochondrial ribosomal proteins (38 in total) were 

increased to meet the need for mitochondrial protein synthesis.  Recent studies revealed a novel 

role for PERK in formation of ER-PM contact sites and Ca2+ replenishment (van Vliet et al., 

2017). Interestingly, the key PERK interacting protein (filamin A), is shown to be 2.1-fold down-

regulated in the present study while another PERK interacting protein (cofilin-1) is 2.4-fold up-

regulated. Actin re-organization via Calcium and Rho/Rho kinase signalling (Ma et al., 2016). 
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Table 3.1: Enriched ontological terms for proteins significantly increased in goblet cells of Winnie 
mice relative to wild-type mice identified using DAVID 

# Category Term Count Fold Benjamini 

1 UP_KEYWORDS Mitochondrion 179 15.5 8.02E-181 

2 GO_BP:0055114 Oxidation-reduction process 77 8.9 4.95E-48 

3 GO_CC:0005743 Mitochondrial inner membrane 79 16.4 2.85E-71 

5 KEGG_PATHWAY mmu:00190:Oxidative phosphorylation 34 11.4 1.18E-24 

6 UP_KEYWORDS NAD 25 12.5 7.73E-18 

7 UP_KEYWORDS Lipid metabolic process 20 3.4 4.33E-04 

9 UP_KEYWORDS Ribosomal protein 21 9.5 1.80E-12 

11 GO_MF:0009055 Electron carrier activity 14 19.9 1.33E-11 

12 GO_MF:0008137 NADH dehydrogenase (ubiquinone) activity 14 30.1 5.13E-14 

14 GO_BP:0006105 Succinate metabolic process 6 46.8 8.62E-06 

15 UP_KEYWORDS Nucleotide-binding 42 2.2 2.22E-05 

17 UP_KEYWORDS Ubiquinone biosynthesis 5 41.6 3.38E-05 

18 INTERPRO IPR000089:Biotin/lipoyl attachment 6 50.8 1.08E-05 

19 UP_KEYWORDS Thiamine pyrophosphate 5 41.6 3.38E-05 

20 GO_MF:0034604 Pyruvate dehydrogenase (NAD+) activity 5 62.7 1.85E-05 

22 GO_BP:0006103 2-oxoglutarate metabolic process 7 30.3 8.27E-06 

25 GO_MF:0003857 3-hydroxyacyl-CoA dehydrogenase activity 5 47.0 6.19E-05 

28 INTERPRO IPR001753:Crotonase superfamily 4 26.1 1.64E-02 

29 INTERPRO IPR011765:Peptidase M16, N-terminal 5 60.5 7.95E-05 

30 INTERPRO IPR016039:Thiolase-like 4 26.1 1.64E-02 

32 INTERPRO IPR020568:Ribosomal protein S5 domain 2-type fold 6 12.7 4.87E-03 

33 GO_BP:0046034 ATP metabolic process 7 13.6 5.41E-04 

4 KEGG_PATHWAY mmu01200:Carbon metabolism 38 15.2 7.80E-33 

31 GO_BP:0006006 Glucose metabolic process 6 6.9 4.41E-02 

24 KEGG_PATHWAY mmu00650:Butanoate metabolism 8 13.8 9.01E-06 

8 UP_KEYWORDS Chaperone 18 8.6 4.76E-10 

38 UP_SEQ_FEATURE Short sequence motif:Prevents secretion from ER 7 8.5 8.34E-03 

10 UP_KEYWORDS Annexin 8 61.0 2.00E-10 

13 GO_BP:0009083 Branched-chain amino acid catabolic process 5 43.3 2.21E-04 

16 KEGG_PATHWAY mmu00330:Arginine and proline metabolism 9 8.5 6.04E-05 

26 KEGG_PATHWAY mmu00380:Tryptophan metabolism 7 6.9 3.14E-03 

27 UP_KEYWORDS Redox-active center 9 17.5 3.78E-07 

34 KEGG_PATHWAY mmu04146:Peroxisome 8 4.5 1.15E-02 

 
Note: Terms are representative of Functional Annotation Clusters with enrichment scores >1.9.   
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Table 3.2: Enriched ontological terms for proteins significantly decreased in goblet cells of Winnie 
mice relative to wild-type mice identified using DAVID 

# Category Term Count Fold Benjamini 

1 UP_KEYWORDS Mitochondrion 179 15.5 8.02E-181 

2 GO_BP:0055114 Oxidation-reduction process 77 8.9 4.95E-48 

3 GO_CC:0005743 Mitochondrial inner membrane 79 16.4 2.85E-71 

5 KEGG_PATHWAY mmu:00190:Oxidative phosphorylation 34 11.4 1.18E-24 

6 UP_KEYWORDS NAD 25 12.5 7.73E-18 

7 UP_KEYWORDS Lipid metabolic process 20 3.4 4.33E-04 

9 UP_KEYWORDS Ribosomal protein 21 9.5 1.80E-12 

11 GO_MF:0009055 Electron carrier activity 14 19.9 1.33E-11 

12 GO_MF:0008137 NADH dehydrogenase (ubiquinone) activity 14 30.1 5.13E-14 

14 GO_BP:0006105 Succinate metabolic process 6 46.8 8.62E-06 

15 UP_KEYWORDS Nucleotide-binding 42 2.2 2.22E-05 

17 UP_KEYWORDS Ubiquinone biosynthesis 5 41.6 3.38E-05 

18 INTERPRO IPR000089:Biotin/lipoyl attachment 6 50.8 1.08E-05 

19 UP_KEYWORDS Thiamine pyrophosphate 5 41.6 3.38E-05 

20 GO_MF:0034604 Pyruvate dehydrogenase (NAD+) activity 5 62.7 1.85E-05 

22 GO_BP:0006103 2-oxoglutarate metabolic process 7 30.3 8.27E-06 

25 GO_MF:0003857 3-hydroxyacyl-CoA dehydrogenase activity 5 47.0 6.19E-05 

28 INTERPRO IPR001753:Crotonase superfamily 4 26.1 1.64E-02 

29 INTERPRO IPR011765:Peptidase M16, N-terminal 5 60.5 7.95E-05 

30 INTERPRO IPR016039:Thiolase-like 4 26.1 1.64E-02 

32 INTERPRO IPR020568:Ribosomal protein S5 domain 2-type fold 6 12.7 4.87E-03 

33 GO_BP:0046034 ATP metabolic process 7 13.6 5.41E-04 

4 KEGG_PATHWAY mmu01200:Carbon metabolism 38 15.2 7.80E-33 

31 GO_BP:0006006 Glucose metabolic process 6 6.9 4.41E-02 

24 KEGG_PATHWAY mmu00650:Butanoate metabolism 8 13.8 9.01E-06 

8 UP_KEYWORDS Chaperone 18 8.6 4.76E-10 

38 UP_SEQ_FEATURE Short sequence motif:Prevents secretion from ER 7 8.5 8.34E-03 

10 UP_KEYWORDS Annexin 8 61.0 2.00E-10 

13 GO_BP:0009083 Branched-chain amino acid catabolic process 5 43.3 2.21E-04 

16 KEGG_PATHWAY mmu00330:Arginine and proline metabolism 9 8.5 6.04E-05 

26 KEGG_PATHWAY mmu00380:Tryptophan metabolism 7 6.9 3.14E-03 

27 UP_KEYWORDS Redox-active center 9 17.5 3.78E-07 

34 KEGG_PATHWAY mmu04146:Peroxisome 8 4.5 1.15E-02 

 
Note: Terms are representative of Functional Annotation Clusters with enrichment scores >1.9.   
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3.5 Conclusion 

In conclusion, the differential proteomic expression identified in this study reflect the molecular 

and pathophysiological changes in the Winnie model of ulcerative colitis which can be correlated 

to human UC and carcinogenic conditions. This proteomic study not only aided in identifying the 

novel proteins under chronic ER stress but also would help in designing novel therapeutic targets 

for chronic diseases. 
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4.1 Introduction 

The disruption of endoplasmic reticular homeostasis by various physiological stimuli leads to the 

accumulation of misfolded proteins. This phenomenon is called endoplasmic reticular stress 

(ERS), which, in turn, induces a coordinated program called an unfolded protein response (Xu et 

al., 2005). The unfolded protein response (UPR) triggered by ERS serves as an adaptive 

mechanism to protect the cell from stress and restore endoplasmic reticulum (ER) homeostasis. 

An increase in ERS initiates the UPR, which results in programmed cell death or apoptosis. In 

conditions such as cancer, ERS initiates an unfavorable micro-environment that may include low 

pH and hypoxia, which leads to the accumulation of misfolded proteins. Under normal cellular 

conditions, the above factors collectively lead to apoptosis to ameliorate ER stress and reinstate 

homeostasis. In cancer, numerous mechanisms have evolved to circumvent environmental stress 

and evade cell death (McGuckin et al., 2010, Wang et al., 2014). 

ER chaperones are the group of proteins typically involved in shuttling proteins into ER and 

modifying with N-linked glycans, which was folded into the appropriate secondary and tertiary 

structures. These are stabilized by disulfide bonds and, in many cases, are assembled into 

multimeric complexes (Ma et al., 2004). Inhibition of ER chaperone proteins that aid in correct 

protein folding has been suggested as a therapeutic approach in cancer treatment, which targets 

pro-survival pathway inhibition and subsequent initiation of cancer cell death (Giampietri et al., 

2015). Apoptosis is dependent on the triggering of caspases and a special class of proteins known 

as an inhibitor of apoptosis proteins (IAPs), which negatively regulates caspases and apoptosis 

(Silke et al., 2013). Numerous cellular processes are controlled by IAPs. In cancers, IAPs either 

directly or indirectly contribute to tumorigenesis through disease initiation, progression, cellular 
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proliferation, and tumor preservation. Thus, IAPs are gaining clinical interest for their role in 

therapeutics as tumor markers. 

Survivin is one of the IAP that protects cells from apoptosis. Survivin was reported to act as a 

‘gatekeeper’ at the G2-M boundary of the cell cycle and resides between the nucleus and 

cytoplasm, which binds to caspase activation involved in apoptosis (Altznauer et al., 2004). 

Survivin is highly organ-specific and tissue-specific and is linked to several processes such as 

angiogenesis. The stress response and p53 linkage as Survivin was said to regulate p53 (Martini 

et al., 2016). Survivin is responsible for aggressiveness cellular proliferation in colorectal 

cancers (CRC) and its inhibition via PARP6 resulted in the reduction of tumors (Qi et al., 2016). 

This highlights an essential role for survivin as a critical regulator of tumorigenesis and is, 

therefore, amendable to therapeutic intervention in the treatment of cancer progression. 

ER stress insitu often correlates with advanced-stage disease and chemoresistance. The ability to 

tolerate persistent ER stress enhances cancer cell survival, angiogenesis, metastatic capacity, 

drug resistance, and immune-suppression (Cubillos-ruiz et al., 2017). ERS inhibition has gained 

attention in establishing a therapeutic approach to treat various disease states. ERS inhibitors 

including benzodiazepines, baicalein, 1-deoxymannojirimycin hydrochloride, and others 

targeting ERS genes such as CHOP and ER alpha-mannosidase were employed in various cell 

lines including stem cells and progenitor cells to bring down the levels of reactive oxygen 

species (ROS) and chaperones in order to establish a therapeutic role (Farooqi et al., 2015). ER 

misfolding defects are associated with aggressive tumor growth and, therefore, it is critical to 

understand the molecular mechanisms and regulation of the UPR. Cancer survival in one way 

depends on the UPR signalling pathways that orchestrate cellular processes such as apoptosis 

and autophagy. Pharmacological induction of ERS leads to escalation of UPR markers and pro-
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inflammatory cytokines (Mahadevan et al., 2011). In addition, ERS inducers such as thapsigargin 

in tumor mice aggravated the tumors, which form a link between ERS and cancer progression. 

However, there was no clear link between ERS and IAP proteins such as Survivin and, hence, we 

decided to investigate the relationship between these two mechanisms and subsequent 

downstream effects like inflammation, apoptosis, and proliferation. 

In the present study, we determined the expression of Survivin in Winnie, which is a chronic 

ERS mouse model displaying severe colitis due to missense Muc2 mutations (Heazlewood et al., 

2008b). We have also correlated Muc2 expression with proliferation in LS174T cells since 

theMuc2 role was perplexing in the gut due to a number of studies correlating Muc2 expression 

with severe ERS (Tawiah et al., 2018) and Muc2 positive expression, which was relatable with 

increased proliferation (Jang et al., 2005). 

Importantly, Survivin expression is a well-established event in the development of colonic 

adenocarcinoma (Hernandez et al., 2011). Studies have documented Survivin translocation 

between the nucleus and cytoplasm. Its potential role as an inhibitor of apoptosis is conducted by 

binding to the mitochondrial activator of caspase and portraying it as a bridge between apoptosis 

and mitosis (Mita et al., 2008). Apoptosis and ERS, in contrast, are responsible for the 

development of various diseases. The molecular link between ERS and apoptosis has not yet 

been established based on a plethora of complex events including the accumulation of folded 

proteins and hypoxia as part of the pro-survival mechanism (Sano et al., 2013). Hence, it was 

vital to understand the link between the inhibition of apoptosis, ERS, pro-survival, proliferation, 

and cancer. 

We have shown for the first time a reciprocal relationship between ERS and Survivin through 

chemical inducers and inhibitors of ERS and Survivin activity. This relationship was also 
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concomitant with cell death and the rate of cellular proliferation in the human colon cancer cell 

line LS174T. 

 

4.2 Materials and Methods 

4.2.1 Cell Culture 

The human colon cancer cell line (LS174T-ATCC® CL-188™) was cultured in Roswell Park 

Memorial Institute medium (RPMI media) with added L-glutamine (Life Technologies, Victoria, 

Australia) supplemented with 10% fetal bovine serum, penicillin (1000 UG/mL), and 

streptomycin (1000 U/mL) (Gibco BRL, Victoria, Australia). Cells were incubated under 37°C 

and 5% CO2. After reaching confluency, the cells were harvested using 0.25% TrypLe express 

(Life Technologies, AUS). The detached cells were determined for the cell number and viability 

after washing by using the Countess® cell counter (Life Technologies, AUS) as per the 

instructions. 

4.2.2 Animals 

All animal experiments were approved by the Animal Ethics Committee of the University of 

Tasmania (Ethics approval number: A14095, 2017) and conducted in accordance with the 

Australian Code of Practice for Care and Use of Animals for Scientific Purposes (8th Edition 

2013). All the animals were bought from the Cambridge farm facility (Hobart, Australia). 

Animal housing was under a 21°C environment with a 12-hour day/night cycle. All mice had 

continuous access to radiation-sterilized rodent feed (Barastoc Rat and Mouse, Ridley Ag 

Products, Hobart, Australia) and autoclaved tap water ad libitum. 

4.2.3 Isolation of Goblet Cells 
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The animals were sacrificed via CO2 asphyxiation in the morning before the abdomen was 

dissected and the colon removed. Colons were then harvested from 16 weeks, 10 Winnie 

(homozygous Muc2 mutant), and 10 wild type mice (C57BL6/J background) of both sexes, 

sliced lengthwise, and washed with ice cold phosphate buffer saline (PBS). The colons were 

stored on ice in Dulbeccos’ Modified Eagle Medium (DMEM) L-glutamine (Life Technologies) 

and supplemented with 10% fetal bovine serum (Gibco, VIC, AUS), penicillin (1000 U/mL), and 

streptomycin (1000 µg/L) (Gibco BRL, AUS) until all colons were collected. The colons were 

washed twice with PBS and placed in pre-digestion solution (liberase 0.35 mL; Hanks’ balanced 

salt solution HBSS). The liberase was prepared by utilizing 5 mg/mL of the concentration. A 

total of 2.3 mL of HBSS needs to be added to prepare the master stock and later needs to be 

divided into aliquots. In an individual experiment, 168 μL of liberase from the aliquot was added 

into 10 mL of HBSS. The samples were incubated using 5 mg/ml liberase in HBSS for 15 min 

with rocking in a 37°C incubator, 4.5% CO2. The colon crypts were collected by scraping the 

colons (cells off from the basement membrane by using a pipette tip and forceps).The crypts 

isolated were passed through a 100 µm cell sieve. The cells were then subjected to a gentle spin 

at 3000xg, 4°C for 5 min. The gradient assay was employed. The goblet cell pellet was re-

suspended in freezing medium (6:3:1) Medium: Fetal bovine serum (FBS): DMEM and was 

transferred into a cryo-vial and stored for future use. 

4.2.4 RNA Extraction and cDNA Conversion 

The RNeasy Mini kit was employed (Qiagen, VIC, AUS) with RNase-Free DNase set (Qiagen, 

AUS) to extract RNA from LS174T cells (3×105 cell population). The RNA quantitative and 

qualitative analysis was performed by using an Experion automated electrophoresis system (Bio-

Rad Laboratories, VIC, AUS) and RNA samples with an RNA quality index (RQI) >7.0 were 
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considered suitable for expression analysis. The iScript cDNA synthesis kit (Bio-Rad 

Laboratories, AUS) was used to transcribe one microgram of total RNA to cDNA as per the 

manufacturing protocol. 

4.2.5 qRTPCR 

The RT-PCR was performed by using Taqman ® probes (Life Technologies, AUS) for GAPDH 

(Hs03929097_gl), ATF6 (Hs00232586_m1), XBP1 (Hs00231936_m1), GRP78(Hs0060719_gH), 

CHOP (Hs00358796_g1), and PERK (Hs00984006_m1). The RT-reaction mixture consisted of 

40 ng of cDNA,Taqman Fast Advanced Master mix (Life Technologies, AUS), and 1 µL of 

gene-specific probe/total volume of 20 µL. The reactions were run in duplicates on the qRT-PCR 

machine (StepOne Plus-Life Technologies, VIC, AUS).Thermo cycling conditions included 

90°C for 20s, 40 cycles at 95°C for 1s, and 60°C for 20s. Gene expression was quantified by 

using the comparative (ΔΔCT) method where the threshold cycle (CT) for each gene was 

normalized to reference gene GAPDH. 

4.2.6 The Assessment of Cytokines by Bioplex 

Ls174T cells were utilized for measurements of IL-8, IL-4, IL-6, and IL-10 cytokine levels. The 

cells were subjected to the corresponding treatments of tunicamycin, 4-phenylbutyric acid 

(4PBA) and YM155. The cells were cultured in 12-well cell culture plates (Greiner, VIC, AUS) 

and were seeded at a density of 3.0×105 cells for every well in 2.0 mL of medium and incubated 

overnight at 37°C/5% CO2 to enable the cells to adhere. Medium was replaced the following day 

comprising of the treatments: Tunicamycin (10 µg/mL in DMSO) and 4PBA (40 µg/mL) 

incubated for 6 hours at 37°C/5% CO2. After 6 h of treatment, the media from each well was 

collected and utilized for measuring cytokines by utilizing the Bio-Plex® Pro human cytokine 

assay kit (Bio-Rad®), which is indicated by the manufacturer protocol. Additionally, 50 µL of 
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cytokine beads were added to the 96-well plate and incubated for 30 min before washing twice 

with wash buffer. At that point, 50 µL of every standard including blank tests were added to the 

individual wells and incubated at room temperature on a shaker at 850 rpm for 30 min. Post 

incubation, the wells were washed thrice and 25 µL of detection antibody was added to each well 

and incubated at room temperature on a shaker at 850 rpm for 30 min. Subsequently, 50 µL of 

streptavidin-PE was added to each well and incubated at room temperature in a shaker at 850 

rpm for 10 min. After three washes, 125 μL assay buffer was added to each well and incubated at 

room temperature for 30 seconds. After incubating, the plates were read on the Bio-Plex® 200 

system and analyzed by using in Bio-Plex Data ProTM Software (Gladesville, NSW, AUS). All 

the tests were performed in triplicate. 

4.2.7 Toxicity Assay Lactate Dehydrogenase(LDH) 

After incubation with the respective treatments, the supernatants were collected for the 

determination of cytotoxicity by using the lactate dehydrogenase (LDH) assay. The cellular 

cytotoxicity was assessed by the LDH in-vitro cytotoxicity assay (TOX7, Sigma-Aldrich, St. 

Louis, MO, USA). The culture supernatants were centrifuged at 250xg for 4 min. An aliquot 

containing 50 µL of either blank (complete medium) or control (cells only) and cells treated with 

tunicamycin (TUN) supernatants obtained after the respective time point incubations was mixed 

with 100 µL of a solution containing the LDH assay mixture (LDH substrate, LDH dye, and 

LDH cofactor). The mixture was then incubated at room temperature for 20 to 30 min and the 

reaction was quenched by the addition of 1N hydrochloric acid (15 μL). The absorbance was 

measured spectro-photo-metrically by using a plate reader (Spectra Max M2 microplate reader, 

Sunnyvale, CA, USA) at a wavelength of 490 nm. The cellular viability was examined by a 
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Trypan Blue exclusion staining assay using a Countess Automated Cell Counter (Thermo-Fisher, 

Waltham, MA, USA). 

4.2.8 Western Blot 

The cells (1×106 treated for 6 h) post treatments were washed with HBSS followed by 

homogenization in 2 mL of RIPA buffer/10% of Protease Inhibitor (Sigma-Aldrich, AUS). After 

subjecting to centrifugation at 12000 rpm for 20 min at 4°C, the supernatant was collected. 

Thirty micrograms of protein from each sample was denatured in Laemmli loading buffer (Bio-

Rad Laboratories, AUS) and separated on precast 12% SDS-PAGE gels (Bio-Rad Laboratories, 

AUS), which was followed by overnight transfer onto Polyvinylidene difluoride (PVDF) 

membranes (Millipore, NSW, AUS) at 30 mV at 4°C. By using 5% non-fat milk, the blot was 

blocked before incubating with respective antibodies: anti-β-Actin, Survivin, Grp78 (#14C10, 

1:3000, Novus Biologicals, AUS), poly(ADP-ribose)polymerase (PARP), and cleaved PARP 

(SIGMA, VIC, Aus) overnight at 4°C in blocking buffer. The blot was washed in PBST and 

incubated with appropriate species monoclonal horseradish peroxidase-conjugated anti-IgG 

secondary antibodies (1:5000) for 1h at 20°C. The bands were visualized by using the 

Supersignal West Pico chemi-luminescent kit (Thermo Scientific, VIC, AUS). It wasdigitized 

and the band intensities were determined by using a Fuji LAS-3000 Imager (Fuji Life Sciences, 

JPN). The samples from all groups were included in each individual blot to ensure accurate 

quantification across multiple blots. 

4.2.9 Apoptosis Assays 

4.2.9.1 Caspase-3 Assay 

The Caspase-3 fluorimetric test was performed on the cell lysates, which were collected after the 

6-hour treatment as indicated by the guidelines, which gave the test unit and past reference. This 

compound test depended on the hydrolysis of the caspase-3 peptide substrate (acetyl-Asp-Glu-
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Val-Asp or AC-DEVD) conjugated to a fluorochrome at the C-terminal Asp, which brings the 

arrival of the fluorescent moiety. After the fluorimetric treatment, the fluorescence (absolute 

units) was estimated by utilizing the CytoFluor Multi-Well Plate Reader Series 4000 spectro-

fluorometer from PerSeptive Biosystems (Framingham, MA, USA) as per the manufacturer’s 

protocol. 

4.2.9.2 Annexin V Assay 

The Annexin-V-Fluos assay (cat. no. 11828681001, Roche Diagnostics, Zug Switzerland) was 

utilized to measure apoptotic (annexin V) cell populations. The cells after the 6 hour treatments 

were incubated in incubation buffer (10 mM HEPES at pH 7.4, 140 mM NaCL, 2.5 mM CaCl2) 

and supplemented with annexin V–PI mix for 15min at room temperature (RT) and the cells 

were analysed by flow cytometry and confocal microscopy with 4′,6-diamidino-2-phenylindole 

(DAPI) as nuclear staining and the Fluorescein isothiocyanate (FITC) channel (fluorescein) for 

visualizing apoptosis cells (Nikon AR1MP) per the manufacturers’ protocol. 

4.2.10 ProliferationAssay 

The proliferation test 5-ethynyl-2′-deoxyuridine (EdU) (Invitrogen, VIC, Aus) was executed 

according to the guidelines included by the producer, which means the upgraded convention. The 

Click-iT™ EdUIF Assay Kit, Invitrogen™ was included at a 50 μM final concentration. After 

the respective treatments, the cells were subjected to 3×5 min PBS washes. A cell volume of 20-

30 μL was directly incubated at room temperature (RT) in the EdU detection cocktail 

(Invitrogen, Click-iTEdU Alexa Fluor 488 HCS assay, cat no: A10027) for 30 minutes. For a one 

sample reaction, the following amounts of the kit components are mixed in 144 μL distilled 

water: 1.6 μL buffer additive (component F, kept frozen in small aliquots), 14 μL reaction buffer 

(Component D), 6.7 μL Copper (II) sulfate solution (Component E, 100 mM CuSO4), and 0.07 

μL Alexa Fluor 488 azide (Component B, in 70 μL DMSO). Confocal laser scanning microscopy 
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was performed by using the Olympus Fluoview FV1000 confocal laser scanning microscope 

(Olympus Life Science Europa GmbH, Hamburg, Germany). Alexa Fluor 488 images were 

captured under excitation: 460-490 nm, dichroic beam splitter 505 nm, and emission of 510-550 

nm. The images were analysed by using ImageJ software (Wisconsin, USA). 

4.2.11 Statistical Analysis 

Statistical significance of the differences between groups among repeated experiments was 

calculated by one-way and two-way ANOVA and the Fisher's LSD-test using GraphPad Prism 7 

software (GraphPad Software Ltd, La Jolla, CA, USA). The results are expressed as the mean 

values ± standard deviation. In all statistical tests, a p-value <0.05 was considered statistically 

significant. 

 

4.3 Results 

4.3.1 Increased Survivin Expression in the Colon of Winnie 

We utilized the Winnie mouse model (Heazlewood et al., 2008b) of chronic ERS and control 

black 6 (Blk6) mice to assess the expression of Survivin in the colon since there was an 

increased ERS documented in the Winnie goblet cells. We have first checked the expression of 

Survivin in the colon tissue by immunohistochemistry (IHC) and immunofluorescence (IF). IHC 

revealed an increase in the expression of Survivin in the colonic epithelial cells, which is shown 

in Figure 4.1A and 4.1B. Similar to that of the IF where there was a striking elevated expression 

observed in Winnie compared to that of wild type mice where there was hardly any expression of 

Survivin (Figure 4.1C and4.1D). We further isolated the goblet cells from the colons of both 

Winnie and Blk6 mice and performed IF analysis to precisely define the Survivin expression in 

the cells. There was a significant increase in the expression of Survivin in Winnie goblet cells 
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compared to the wild type Blk6 (Figure 4.1E and4.1F). We have also evaluated the Survivin 

protein expression of the goblet cells by using a Western blot where the Survivin protein 

expression of the goblet cells was found to increase in Winnie compared to the wild type mice 

(Figure 4.1H). 

To further assess the functional relationship between Survivin and ERS, we employed an in vitro 

evaluation on a similar goblet cell like mucous secretory epithelial cell line (LS174T) to 

determine the functional and downstream effects of ERS induction and inhibition in the context 

of cancer and its emerging effects. 

4.3.2 Dynamics of Survivin in Line with Endoplasmic Reticular Stress (ERS) 

Having determined the expression of Survivin in Winnie goblet cells, we then investigated the 

dynamics in LS174T cells. First, to study the molecular dynamics of Survivin in parallel with 

ERS, we treated LS174T cells with TUN over a period of seven days and collected RNA at 

various time points (0 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, 48 h, 72 h, and 7th 

day) to determine mRNA expression. Grp78 was used as a standard marker of ERS. The lactate 

dehydrogenase assay (LDH) was also performed at various time points to monitor the extent of 

cell death. It was evident from quantitative real-time PCR that the expression of Survivin was 

greatest (2.5-fold increase vs control) at 6 h (360 minutes) of TUN treatment and this increase in 

Survivin expression was concomitant with a similar increase in the ERS maker Grp78 (Figure 

4.2A and 4.2B). The expression pattern of surviving showed a steady increase and reached the 

highest level by the sixth hour post TUN treatment. After the sixth hour time point, there was a 

steady drop in Survivin expression resulting in no expression by the 900th minute (Figure 4.2A). 

Similar to Survivin expression, ERS induction by TUN showed an expected pattern of Grp78. 



  Chapter 4 

 75 

ERS-mediated cell death was shown through the LDH assay. There was no cell death recorded in 

the LDH assay during the sixth hour time point, which also proves that there was no death 

occurring during high ERS under TUN treatment. 

 

 

 

Figure 4.1. Expression of Survivin in Winnie. A) Expression of Survivin in Winnie colon tissue 

(scale bar representing 200µm).B) Expression of Winnie in control black 6 (Blk6) colon tissues 

(scale bar representing 200µm). C) Double staining of Survivin in Winnie colon (Red-Survivin, 

Blue-4′,6-diamidino-2-phenylindole(DAPI))(60X magnification).D) Double staining of Survivin in 

Blk6 colon (Red-Survivin, Blue-DAPI) (60X magnification).E) Representation of double staining of 

Survivin on colonic goblet cells of Winnie (violet- Survivin, blue-DAPI).F) Representation of double 

staining of Survivin on colonic goblet cells of Blk6 (violet- Survivin, blue-DAPI)(Figures E and F 

were magnified in 10X).G)Immunofluorescence(IF) quantification of Survivin expression in goblet 
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cells.H) Protein expression by Western blot for Survivin in the Winnie and Blk6 colonic goblet 

cells standardized by β-Actin 

 

Figure 4.2. Molecular dynamics of Survivin with respect to Endoplasmic Reticular Stress(ERS).A) 

Molecular dynamics of Survivin in the LS174T cell line with ERS treatment by TUN 10 

µg/mL.B)mRNA dynamics release of Grp78 in the LS174T cell line with ERS treatment by TUN 10 

µg/mL.C) LDH assay of the LS174T cells with ERS treatment by TUN 10 µg/mL 
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4.3.3 Inhibition of Endoplasmic Reticular(ER) Stress Is Correlated to Survivin Expression in 

the LS174T Cell Line 

Having established the dynamics of Survivin expression under ERS conditioning, we further 

aimed to establish the relationship between Survivin, ERS, and the inhibition of apoptosis. 

Accordingly, the LS174T cells were incubated with an ERS inducer TUN (10 µg/mL) for 6 

hours since it was the time point in the previous assay with the highest ERS and the UPR genes 

(Grp78, XBP1, PERK, and ATF6) were assessed. We observed an increase expression of UPR 

genes concomitant with an increase in Survivin expression. Upon treating with TUN, the 

expression of GRP78 rose to 35-fold, which was diminished under ERS inhibition by 4PBA 

(Figure 4.3A). The expression of PERK was dropped to two-fold in a 4PBA treated group 

compared to the TUN group, which was 25-fold increased (Figure 4.3C). A similar significant 

drop of UPR genes was observed in ATF6 where the expression was declined to two-fold in the 

4PBA group in comparison to the TUN treated group, which was 6-fold (Figure 4.3E). A 

significant expression of Survivin was reduced under ERS inhibition where the relative 

expression reduced to 1.25-fold from 0.31 (Figure 4.3B). There was no significant expression of 

XBP1 recorded in our study upon ERS induction by TUN. This was similar to the expression of 

IRE1 (Supplemental figure 10) which could be because of the regulation of XBP1 by IRE1 

(Supplemental figure 11). We have then performed the Western blot analysis of the protein 

extract from the LS174T cells treated with TUN and 4PBA. There was a noticeable significant 

increase in protein expressions of both Survivin and Grp78 in the groups induced with ERS and 

a significant reduction in expressions of Grp78 and Survivin observed in groups under reduced 
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ERS by 4PBA (Figures 4.3F, G and H). These results depict the relationship of ERS and the 

inhibition of apoptosis. 

 

Figure 4.3. Expression of UPR genes and Survivin modulated by ERS induction and inhibition. 

mRNA expression of UPR genes: A) Grp78, B) Survivin, C) PERK, D) XBP1, and E) ATF6 in LS174T 

cells treated with TUN 10 µg/mL and 10 mM of 4PBA for 6hours normalized to GAPDH (n = 3). Data 

are shown as the mean fold change ± SEM (significance testing vs TUN: *, **, ***; p<0.05, p<0.01 

and p<0.001 respectively).F) Representative Western blot for Survivin and Grp78. G) Western blot 

quantification of Survivin. The bands were normalized with β-Actin and quantified. H) 

Quantification of Western blot of Grp78 

 

Since the ERS inhibition could reduce UPR markers and inhibition of apoptosis, we wanted to 

evaluate the effects of ERS reduction in ameliorating ERS mediated inflammation (Figure 4.4). 

4PBA successfully modulated pro-inflammatory and anti-inflammatory cytokines in our study. 

TUN at a dose of 10 µg/mL could successfully induce ERS-mediated inflammation in LS174T 

cells evident through the up regulation of pro-inflammatory cytokines IL8, IL4, and IL6 from 

584±9.1, 573.52±15.84, and 2.11±0.19 pg/mL to 1258.9±59, 1996.84±3.6, and 2.9±0.1 pg/mL, 
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respectively (p<0.00001) (Figure 4.4). ERS inhibition by 4PBA significantly reduced the 

inflammatory cytokines to 507.1±16.3, 388.57±10.61, and 2.2±0.1 pg/mL, which offers a strong 

protection from inflammation (Figure 4.4). The 4PBA and TUN group also offered significant 

protection against inflammation at 910.2± 30.12, 1258.39± 89.6, and 1.89± 0.11 pg/mL 

(p<0.001). The anti-inflammatory cytokine IL10 was also substantially modulated by inhibiting 

ERS. Upon inflammation, IL10 was standing at 3.0±0.1 pg/mL and, after co-treatment with 

4PBA, the value of IL10 rose to 13.7±1.1 pg/mL alongside the combined group (4PBA and 

TUN) with a surprising 7.4±0.6 pg/mL, which signifies that not only does ERS inhibition lead to 

reduction in pro-inflammatory cytokines but also regulates anti-inflammatory cytokines. 

 

 

Figure 4.4. Cytokine expression of A) IL8, B) IL10, C) IL4, and D) IL6 in LS174T cells treated with 

TUN 10 µg/mL TUN and 10 mM of 4PBA. (significance testing vs TUN: *, **, ***; p<0.05, p<0.01 and 

p<0.001 respectively) 
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4.3.4 Inhibition of ERS Escalates Apoptosis in Colon Cancer Cells 

To validate the induction of apoptosis with relation to TUN mediated effects, LS174T cells were 

subjected to ERS induction with 10 µg/mL TUN and ERS inhibition by 10 mM of 4PBA and 

apoptosis was quantified by staining with Annexin V (FITC). There was an increase of apoptosis 

in the cells treated with 4PBA alone when compared to TUN and cells alone groups. Cells 

treated with 4PBA alone also demonstrated a change in their morphology such as a disoriented 

nucleus when compared to the control group and TUN group (Figure 4.5D). There was a 

significant increased apoptosis recorded through the FITC flow cytometry where the apoptotic 

cells were plotted through the graph represented by the 4PBA group. There was a shift of cells 

from the live to the apoptotic column (Figure 4.5E) observed in the flow cytometry graph 

compared to the TUN where the live cell numbers were denoting a higher increased live cell 

number and higher control groups where the live cells were geared towards live and pre-

apoptotic systems (Figure 4.5E). The cells were shifting to early apoptotic in the TUN+4PBA 

group and towards necrotic or late apoptotic systems in the 4PBA alone group. 
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Figure 4.5. The effect of ERS on apoptosis by the Annexin V assay. The Annexin V assay of 

LS174T cells treated with 10 µg/mL TUN and 10 mM of 4PBA for 6 hours stained with AnnexinV-

FITC and analyzed by confocal microscopy. A) Cells not subjected to any treatment (control).B) 

Cells treated with TUN alone. C) Cells treated with TUN+4PBA.D) Cells treated with 4PBA alone. 

The graphs represent the flow cytometry analysis after respective treatments. E) Control group 

containing non-treated cells that were viable and not undergoing apoptosis. Cells treated with 

TUN and not prone to apoptosis. Cells treated with TUN+4PBA, which have started shifting 

towards the apoptotic window (early apoptosis). Cells treated with 4PBA and in the end-stage 

apoptosis or already dead. Additionally, there was an increase in dead cell populations observed. 

(The axis of the flow cytometry is represented by PI (Propinium iodide and Annexin V. LA 

represents late apoptosis. NC represents necrotic. LC represents live cells and AP represents 

apoptotic). Scale bar represents 75 µm 
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To investigate the occurrence of programmed cell death due to Caspase activation, cell 

supernatants from the treated LS174T cells were subjected to the Caspase 3/7 assay. In this case, 

we have observed a significantly increased Caspase 3/7 expression in the 4PBA alone group 

compared to the 4PBA+TUN and TUN groups (Figure 4.6A). Parallel to this, the cleavage of 

PARP, which is an executioner Caspase substrate, was also detected by using Western blot 

analysis. The cleaved PARP (Figure 4.6B) was increased in the group treated with 4PBA (ERS 

inhibition), which suggests that 4PBA increases apoptosis partially through mitochondrial-

mediated cell death and also that reducing the protein folding by 4PBA leads to the initiation of 

cell death. 

 

 

Figure 4.6. Influence of ERS on Caspase3/7 and PARP cleavage assays. A)Effect of Caspase3/7 

assay on LS174T cells (control or non-treated, 4PBA at a concentration of 10 mM, TUN at a 

concentration of 10 µg/mL and TUN+4PBA).B) Western blot of PARP and cleaved PARP of 

respective groups normalized with β-Actin.(significance testing vs TUN: ***p<0.001 respectively) 

 

4.3.5 ERS Exhibits Direct Relationship to Proliferation in the LS174T Cell Line 

After evaluating the process of ERS inhibition, which leads to an increase in apoptosis, we 

decided to determine the cellular proliferation with regard to ERS inhibition and induction. The 
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5-ethynyl-2´-deoxyuridine EdU assay for in-vitro proliferation was employed for this purpose. 

Following ERS induction and inhibition, the LS174T cells were seeded in eight chamber wells 

and incubated with an EdU click assay reagent and visualized through confocal microscopy. 

Images were quantified by Image J® software. We observed a reduction in cellular proliferation 

observed in 4PBA groups when compared to the TUN group where the proliferation was 

significantly increased (Figure 4.7B) and when compared to the control group. Proliferation 

increased by TUN was almost 250-fold compared to the ERS inhibition groups (4PBA alone and 

4PBA+TUN) where the proliferation rate dropped to 10-fold from 250 (Figure 4.7E). 
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Figure 4.7. The effect of ERS on the proliferation rate and Muc2 expression in LS174T cells. Cell 

proliferation assay performed by a5-ethynyl-2′-deoxyuridine (EdU) click assay after incubating 

with treatments. A)The cells alone or non-treated B) TUN at a concentration of 10 µg/mL.C) 4PBA 

at a dose of 10 mM.D) TUN+4PBA.E) Quantification of the proliferation assay by Image J® 

representing different groups.F)Muc2 gene expression (cells after treatments were subjected to 

RT-PCR). Scale bar represents 50µm. (significance testing vs TUN: *** p<0.001 respectively) 
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We further correlated Muc2 gene expression with a proliferation rate under ERS. We performed 

RT-PCR for Muc2 expression with ERS induction and inhibition groups (Figure 4.7F). The data 

revealed the increased expression of Muc2 with the induction of ERS by 10 µg/mL TUN to 40-

fold, which denotes the relation of ERS and proliferation. ERS inhibition by 4PBA at a dose of 

10 mM reduced the Muc2 expression significantly five-fold. A similar expression was noted in 

the TUN+4PBA group. 

4.3.6 YM155, A Survivin Inhibitor, Subsides ERS and ERS Mediated Inflammation 

Since we could inhibit Survivin expression and inflammation under reduced ERS condition, we 

wanted to investigate whether we could show the converse effect of Survivin inhibition and its 

effect on ERS. Consistent with the ERS inhibition, Survivin inhibition by YM155 also resulted 

in the decrement of ERS markers both at the transcription and the protein level. We investigated 

the potential of Survivin inhibition in ameliorating ERS in the LS174T cell line. Exposure to 

TUN 10 µg/mL resulted in a significant increase of the UPR genes along with Survivin. Upon 

treatment with YM155, the expression of Survivin as expected reduced from 3.2-fold to 1-fold 

(shown in Figure 4.8A). YM155 showed marked reduction of UPR genes like GRP78 from 30-

fold to 2-fold (Figure 4.8B). Additionally, 0.9-fold to 0.2-fold for XBP1 (Figure 4.8C) and a 

startling four-fold from 22-fold for PERK (Figure 4.8D) and a drop to 1.8-fold from 8-fold for 

ATF6 (Figure 4.8E). 

Similar responses were also observed in the cellular protein levels of Grp78 and Survivin as 

shown by Western blot analysis where Survivin inhibition also lead to ERS inhibition (Figure 

4.8F, 4.8G, and 4.8H),which confirms that modulation of mRNA expression is reflected in 

active protein suppression of Survivin and ERS through Grp78 as well. 



  Chapter 4 

 86 

Functional inhibition of Survivin showed a striking change in inflammation in LS174T cells 

where YM155 modulated IL8, IL4, and IL6 (Figure 4.8I,J, and L). The grounded levels of 

cytokines (584.48±9.7, 573.5±15.8, and 2.11±0.19 pg/mL) increased to 1258.39±89.6, 

1996.8±13.42, and 2.9±0.1 pg/mL. Upon treatment with YM155, there was a marked decrease in 

pro-inflammatory markers to 707.18±16.2, 1388.8±10.38, and N.S pg/mL (p<0.0001). There was 

also a positive variation in the anti-inflammatory cytokine IL10 from 3.0±0.1 to 9.7±1.1 upon 

YM155 treatment shown in Figure 4.8J. Combined treatment of YM155 with TUN also 

exhibited significant activity where the cytokine levels were 910.27±29.8, 1258.30±13.10, and 

1.89±0.1 pg/mL (p<0.0001). 
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Figure 4.8. Gene expressions of UPR genes, Survivin, and measurement of inflammatory 

cytokines of cells treated with YM155.mRNA expression of UPR genes: A) IAP gene Survivin, B) 

Grp78, C) XBP1, D) PERK, and E) ATF6 in LS174T cells treated with TUN 10 µg/mL and 100 nM of 

YM155 for 6hours normalized to GAPDH (n = 3).The data are shown as the mean fold change±SEM 

(significance testing vs TUN: *, **, ***; p<0.05, p<0.01, and p<0.001, respectively).F) Representative 

Western blot for Survivin and Grp78. The bands were normalized with β-Actin and quantified. G) 

andH) represents Western blot quantification. Cytokine expression of I) IL8, J) IL10, K) IL4, and L) 

IL6 in LS174T cells treated with TUN 10µg/mL and 100nM of YM155 

 

4.3.7 YM155 Initiates Cell Death in LS174T CellsviaCaspase3/7 

As IAPs target the Caspase pathways specifically, we wanted to evaluate whether Survivin 

inhibition by YM155 could elevate Caspase 3/7. Figure 4.9 presents the effect of YM155, 

which, at a concentration of 100nM, increased the expression of Caspase 3/7 significantly when 

compared to the TUN group and also the control group. The YM155+TUN group also induced 
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Caspase 3/7 activity. This clearly confirms that Survivin inhibition may lead to cancer cell 

apoptosis in the intrinsic death pathway. 

 

Figure 4.9. The effect of Survivin inhibition on Caspase 3/7 assay.LS174T cells were treated with 

YM155 for 6hours and apoptosis was determined by the Caspase 3/7 assay representing the 

following groups:control or non-treated, YM155 at a concentration of 100 nM, TUN at a 

concentration of 10µg/mL, and TUN+YM155 

 

4.4 Discussion 

Our study provides evidence that ERS mediated signaling pathways are one of the major 

protective mechanisms adopted by cancer cells where they inhibit the ERS responses including 

apoptosis. We have described the role of Survivin in the above described mechanism. In the 

present study, we have demonstrated the effects of ERS inhibition by 4PBA over reduction of 

UPR markers and also Survivin. We have also enumerated that ERS inhibition leads to 

amelioration of ERS mediated inflammation, increases apoptosis in LS174T cells, and lessens 

cancer cell proliferation. First, in order to validate the expression of Survivin in vivo, we 

determined the expression of Survivin in the colon tissue and goblet cells isolated from Winnie, 

which is a chronic model of severe ERS. We noticed that Survivin expression was elevated 

compared to the wild type, which presents a similar trend to that of previous studies on colon 
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cancer (Hernandez et al., 2011, Chen et al., 2004). This prompted us to further investigate goblet 

cell like Muc2 expressing the cell line LS174T for linking between Survivin and ERS. Even 

though Jayakumar et al. has explored the molecular dynamics of Survivin recently in cancer cells 

(Jayakumar et al., 2014), the expression dynamics was not described with regard to ERS induced 

by chemical agents such as TUN. The 6th hour time point, which was regarded as the highest 

expression of Survivin, along with Grp78 identified this as the end time point for all the 

experiments in our studies into the path of ERS-mediated apoptosis. 

It is well established that ERS leads to pathogenesis of numerous diseases including cancer. The 

ERS aids in the adaptation against non-favorable conditions and is involved in tumor growth. 

The UPR markers namely IRE1, XBP1, PERK, and Grp78 are involved in tumorigenesis (Yadav 

et al., 2014b). ER resident chaperones including calreticulin lowered cell death and have been 

associated with ERS induction in tumor cells (Yadav et al., 2014b). TUN at a dose of 10 µg was 

able to increase the expression of UPR genes (Grp78, PERK, XBP1, and ATF6) and IAP protein 

Survivin, which indicates the role of ERS in tumor promotion. Likewise, 4PBA reduced the 

expression of all ERS markers (UPR genes) alongside the expression of Survivin, which denotes 

that ERS inhibition leads to Survivin reduction. We have additionally evaluated the potential of 

ERS inhibitor 4PBA in ameliorating the ERS mediated inflammation induced by TUN. In recent 

studies, 4PBA was employed to ameliorate LPS-induced lung inflammation through modulation 

of the NF-κB/IκB and HIF-1αsignaling pathways, which highlights the benefit of reducing ERS 

(Kim et al., 2013). 

There is a mounting evidence involving cytokines such as IL8, IL4, and IL6 in inflammation 

mediated carcinogenesis. IL8 expression correlates with the angiogenesis, tumorigenicity, and 

metastasis of tumors in numerous xenograft and orthotopic in vivo models (Waugh et al., 2008). 
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IL8 in association with CXCR1 was related to a high prognosis of human pancreatic cancer 

(Chen et al., 2014a). 4PBA exhibited a reduction of IL-8 significantly when compared to the 

TUN group in our study and suggests that ERS inhibition may lead to reduced tumorigenesis. As 

stated earlier, interleukins are involved in growth, differentiation, and migration in various 

cancers. Apart from decreasing apoptosis in cell lines such as HCT116 (Koller et al., 2010), 

IL4Rα contributed to tumor formation in a mouse model of colitis-associated cancer and 

mediated proliferation of epithelial tumor cells (Koller et al., 2010). Previous studies indicated 

efficacious treatment against cancer due to the blockade of IL4 where the functional role of IL4 

cytokine was demonstrated as an important mechanism that protects the tumorigenic CD133+ 

cells from apoptosis (Todaro et al., 2008). Similar to the above mentioned description, our data 

also demonstrated a role of IL4 in TUN mediated inflammation. We aimed to observe the effects 

of ERS inhibition by 4PBA over IL4 in TUN-mediated inflammation where we observed a 

significant reduction of IL4 levels in the groups (4PBA and 4PBA+TUN), which was in line 

with previous findings where the blocking of IL4 signaling sensitized cancer stem cells (CSCs) 

to apoptotic stimuli and increased the in vivo efficacy of cytotoxic therapy (Francipane et al., 

2008). Additionally, in colon cancer stem cells, Survivin was regulated by IL4 through STAT-6 

signaling and allows cancer cells to escape chemo sensitizing (Stefano et al., 2010), which can be 

explained through our study that ERS inhibition may have reduced Survivin expression via IL4. 

The fact that the ERS inhibition in our study with 4PBA led to IL-10 elevation was a significant 

finding because IL10 stimulated cytotoxicity in CD8+ cells and cancer cells treated with 

pegylated IL-10 led to tumor rejection, anti-tumor effects, and tumor-associated inflammation 

(Oft, 2014). It was also notable that IL10−/− mice were found to be particularly susceptible to 

chemically induced skin cancers, which highlights its protective role. IL10 along with PD-1 
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exhibited an anti-tumor response in ID8 ovarian tumor bearing mice, which leads to a decrease in 

tumor mass and a significant increase in survival (Lamichhane et al., 2015). Lastly, IL6 

evaluated in our study was previously related to an advanced stage of CRC development 

(Waldner et al., 2012) where it was proved that IL6 promoted tumor cell proliferation and 

inhibited apoptosis through gp130 activation. IL6 levels not only increased in patients but also in 

the tumor. The same study reported that IL-6 levels greatly determined patient survival. IL6 was 

one of the cytokines, which was linked directly between IBD and CRC (Waldner et al., 2012). 

4PBA in our study reduced the expression of IL-6 along with other inflammatory cytokines, 

which can be related to previous studies of attenuation of angiogenesis and tumor formation in 

colon cancer (Nagasaki et al., 2014). 

UPR mediators are regarded as being fundamental to ERS-mediated apoptosis (Gerl et al., 2005). 

Knocking down of Grp78 in tumor-associated endothelial cells led to an increase in apoptosis, 

which reveals that ER chaperone inhibition would result in reducing carcinogenesis (Virrey et 

al., 2008). The evaluation of early apoptosis was carried out by Annexin V flowcytometry and IF 

assays where it was evident that the ERS inhibition by 4PBA leads to significant apoptosis 

induction. Programmed cell death is an important mechanism that leads to collateral destruction 

of cancer cells with occasional killing of normal cells and without an inflammatory response, 

which leads to the maintenance of proper homeostasis. Therefore, an apoptosis-inducing 

compound is beneficial as a useful chemotherapeutic agent against carcinogenic effects (Badmus 

et al., 2015). The ERS inhibition (4PBA alone) exhibited early apoptosis, which was evident by 

immune fluorescence and also the flow cytometry where the cell population was shifted from 

viable to apoptotic in the 4PBA alone treated group. This is comparable to a previous study by 

Kwan et al. on MCF-7 breast cancer cells (Kwan et al., 2016). 
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Although Caspase 9 is a trigger of the intrinsic death pathway, Caspases 3 and 7 are regarded as 

the major effectors for apoptosis execution (Kwan et al., 2016). There are numerous roles played 

by Caspase 3 including apoptosis-associated chromatin margination and DNA fragmentation 

(Slee et al., 2001). Our results showed that the concentration-dependent 4PBA increasedcaspase-

3/7 activity in LS174T cells, which suggests that ERS inhibition by 4PBA-induced apoptosis is a 

Caspase-dependent mechanism (Figure 4.10), as induced in a previous study where the breast 

cancer cells were treated by plant extracts (Looi et al., 2013). 

PARP activation and subsequent cleavage play a major role in programmed cell death (Boulares 

et al., 1999). 4PBA via ERS inhibition in our study could induce the cleavage of PARP, which is 

regarded as the hallmark of apoptosis (Brauns et al., 2005). Previous similar studies have 

reported a similar condition of calcium-dependent protease and calpain being activated in various 

models of apoptotic cell death, which results in atypical PARP cleavage (Pinka et al., 

2000).Cancer cells standout from normal cells in aspects such as being proliferative, being 

anaerobic, and creating a microenvironment that is deprived of nutrients, which makes them 

resistant to cancer therapy (Holst et al., 2017). This microenvironment also triggers ERS leading 

to apoptosis, but cancer cells have adapted themselves against the UPR alterations to avoid cell 

death. In our study, we have unravelled the connection between the changes in UPR and 

proliferation. The ERS induced by TUN escalated the proliferation rate in our study similar to a 

previous study where bleomycin activated ER stress-associated proteins including Grp78, 

CHOP, and ATF-4 both in vitro and in vivo, which increased the lung fibroblast proliferation via 

upstream activation of ERS by PI3K/AKT (Hsu et al., 2017). 4PBA could markedly reduce the 

proliferation rate (4PBA alone and 4PBA+TUN). The surprising decrease of proliferation by 

ERS inhibition paves the way for the therapeutic potential. UPR activation can enable cancer 
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cells to survive and adapt to harsh environments, which indicates the example of ER stress being 

a key secondary event in melanoma development and which contributes to the resistance of 

apoptosis through the persistent expression of pro-survival instead of pro-apoptotic proteins 

(Corazzari et al., 2017). It was no surprise that the sixth hour time point had the highest 

proliferation recorded where the rate of relative expression of Grp78 and Survivin was the 

highest. The levels of Mucin2 (Muc2) is highly controversial in cancers especially colon and 

colorectal cancers. Patients with advanced mucinous colorectal carcinomas had a strong 

expression of Muc2 with increased metastasis (Song et al., 2005) and it has been correlated with 

another proliferative protein known as Galectin-3, which is highly involved in migration and 

survival. Muc2 levels in the TUN-treated group skyrocketed when compared to the treated 

groups (4PBA and 4PBA+TUN). These treated groups were similarly shown in a study by 

Lakshmanan et al. where mucins were associated with poor prognosis in terms of lung cancer 

(Lakshmanan et al., 2015) and Muc2 over-expression was found to be an independent prognostic 

factor for ovarian cancer patients (He et al., 2013). ERS reduction significantly curtailed the 

Muc2 expression, which indicated a clear anti-proliferative potential observed in our study. 
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Figure 4.10. Mechanism and role of 4PBA and YM155. (A) 4PBA. (B) YM155.ERS is a distress 

signal triggered due to accumulation of misfolded proteins in the ER. 4PBA (A), which is an ERS 

inhibitor in our study, played a role in inhibiting the UPR genes by acting as an agent and by 

reducing the protein misfolding in the ER and also aiding in apoptosis via cytochrome-c release. 

The post-apoptotic signaling, Survivin, is released from the mitochondria block cytochrome-c and 

inhibits the Caspases, which inhibits programmed cell death. (B) YM155, which is a Survivin 

inhibitor, was found to escalate apoptosis via the caspase3/7 pathway and aiding the free flow 

release of Caspases and facilitating cell death 

 

YM155 was proved to act as metastasis antagonism in a mouse model of triple negative breast 

cancer (Yamanaka et al., 2011). YM155 was also utilized in a single-center study alongside 

docetaxel in patients with advanced hormone refractory prostate cancer and other tumors showed 

a partial positive response. A similar response was observed in patients with melanoma (Lewis et 

al., 2011). We initially assayed the effects of YM155 on LS174T cells treated with TUN and 

YM155 alone and noticed that YM155 could reduce the gene expression and protein expression 

of UPR genes in parallel to reducing Survivin expression along with the reduction in pro-
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inflammatory markers such asIL8 and IL4. Wagner et al. have revealed that YM155 played a 

pivotal role in reducing STAT3 signaling and UPR and was also used in the clinical evaluation 

of YM155 in patients with multiple myeloma (Wagner et al., 2014). There is a major regulation 

of apoptotic cell death by Caspases especially downstream Caspases such as 3 and 7. IAP 

proteins such as Survivin apart from controlling the Caspase activation platform also aid in cell 

survival via NF-κB signalling (Oberoi-Khanuja et al., 2013). In line with previous findings by 

Wagner et al. where they have shown the pro-apoptotic potential of YM155 on myeloma cells 

(Wagner et al., 2014) and head neck squamous cell carcinoma tissues (Zhang et al., 2015), we 

found that YM155 could elevate the levels of Caspase 3/7 in the LS174T cell line in both the 

TUN and YM155 alone groups (Figure 4.10). With our findings, we can attest 4PBA and 

YM155 as therapeutic agents in colorectal cancer via ERS mediated effects. It would be 

appropriate to evaluate the above effects in a mouse model of colorectal cancer and observe the 

downstream effects. 

 

4.5 Conclusions 

In conclusion, this study, for the first time, unfolds the interconnection between ERS and 

Survivin and proves that they are directly related and reciprocate effects like apoptosis and 

inflammation. The study has also exposed that ERS induction has a negative effect including 

worsening of carcinogenicity and proliferation while inhibition has a profound effect on 

apoptosis enhancement and proliferation reduction in LS174T cells by 4PBA and YM155, which 

clearly depicts a therapeutic scope. We have also revealed that Survivin is a key molecule that 

links ERS and apoptosis. 

 



   

 
 

 

 

 

 

Chapter 5: Bilirubin attenuates ER stress-
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5.1 Introduction 

The prime function of ER stress is to activate specific enzymes and transcription factors in order 

to maintain homeostasis within the endoplasmic reticulum (ER). However, initiation of 

inflammatory signalling or conditions typified by increased programmed cell death (apoptosis) 

occurs if ER stress becomes chronic (Hasnain et al., 2012). Disturbances in ER function trigger 

the unfolded protein response (UPR), a tightly orchestrated collection of intracellular signal 

transduction reactions designed to restore protein homeostasis. A critical initiator of the UPR is 

Grp78. Grp78 binds to three major molecules, namely IRE1α, PERK and ATF6. IRE1α-

mediated signalling orchestrates cell-fate decisions during stress, i.e. it signals the intensity of 

cellular stress thereby clearly showing that ER stress has a role in cell survival (Sano et al., 

2013). Translation of proteins occurs in the ER and there is increased protein folding and 

transport during conditions such as carcinogenesis. The ER stress response, which is 

cytoprotective, is involved in supporting tumour growth and adaptation (Yadav et al., 2014a). 

Cancerous cells adapt to prevent ER stress-mediated apoptosis in order to survive by expression 

of inhibition of apoptosis (IAP) proteins (Wang et al., 2014). Novel therapeutics against ER 

stress are required in order to arrest cancer growth by increasing apoptosis and decreasing 

cellular proliferation. Some initial targets included inhibition of reactive oxygen species (ROS) 

generation and reducing ER stress (Farooqi et al., 2015). Cells deficient in PERK have 

comparatively less ROS compared to those with PERK, demonstrating that loss of PERK has an 

impact on ROS-induced ER stress, leading to apoptosis. Oxidative stress in this scenario directed 

PERK-mediated ER stress signaling(Farooqi et al., 2015). Antioxidants, including polyphenols, 

induce cancer cell death via various pathways including NF-kB/p53, suppression of MMP-2 

expression, ERK and c-Jun N-terminal kinase (JNK). They can also target angiogenesis-related 
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pathways including PI3K/Akt/Fork head box O (Fox O) (Zhou et al., 2016a). As ROS inhibition 

influences ER stress pathways, PERK, which is one of the regulators of the growth of cancer 

cells, was chosen as a target. PERK inhibition via DNA damage checkpoint prevented mammary 

carcinoma cells from forming solid tumours in vivo, denoting its role in tumour initiation and 

redox homeostasis (Yadav et al., 2014a), and suggesting that compounds with antioxidant 

capacity might represent effective treatments to prevent ER stress and cellular proliferation. 

Benzodiazepines (Park et al., 2011) were used to attenuate ER stress via Grp78 reduction in 

neural stem cells. Kifunensine mannosidase inhibitors (Singh et al., 2012, Elfrink et al., 2013) 

were employed to decrease the ER stress via impeding CHOP expression in cervical cancer cells. 

Stocker and colleagues demonstrated that the endogenous heme catabolite unconjugated bilirubin 

(UCB) exhibited potent antioxidant effects and inhibited lipid oxidation in vitro (Stocker et al., 

1987, Stocker et al., 1989). UCB also scavenges oxidants (i.e. hydrogen peroxide and other 

peroxides) and multiple radical species (Stocker, 2004) demonstrating broad specificity in its 

ROS-neutralising effects (Tomaro et al., 2002). Bilirubin’s antioxidant capacity and ability to 

inhibit lipid peroxidation are supported in vivo, with serum bilirubin positively correlating with 

total anti-oxidant capacity in plasma (Gopinathan et al., 1994, Bellanger et al., 1997) and 

negatively correlating with susceptibility to copper induced lipid oxidation (Bulmer et al., 2008). 

Endogenously elevated UCB is also associated with protection from circulating oxidative stress 

in an animal model of adenine-induced renal failure (Boon et al., 2014). Biliveridin (BV), which 

is chemically reduced to bilirubin in vivo, also protects against vascular injury, ischemia 

reperfusion injury (Bakrania et al., 2016) and inhibits Toll-like receptor4 (TLR4) activation in 

mouse macrophages (Bisht et al., 2014, Kinderlerer et al., 2009). BV also ameliorates 

complement-mediated inflammation and red uces pro-inflammatory cytokine expression 
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including TNF-α and IL-6 (Bisht et al., 2014). A strong evidence suggests that mild 

hyperbilirubinemia may exhibit protection against diabetic vascular complications and also 

impede oxidative stress (Inoguchi et al., 2016). A study by Barateiro et al., has demonstrated the 

interrelation between UCB and ERS and associated cascade of events (Barateiro et al., 2012). 

Despite these findings which describe antioxidant and anti-inflammatory effects, very little is 

known regarding bilirubin’s impact on gut health. Therefore, we aimed to determine whether 

bilirubin, which is produced during stress conditions and possesses antioxidant activity, might 

prevent ER stress, inhibit inflammatory responses and encourage apoptosis in LS174T cells. 

 

5.2 Materials and Methods 

5.2.1 Unconjugated bilirubin: 

UCB was obtained from Frontier Scientific (Utah, USA) and was added to media without further 

purification. All UCB solutions were protected from light using foil and replaced daily in cell 

culture. UCB was dissolved in 0.1% DMSO. UCB is carried by albumin with the bilirubin: 

albumin concentration dictating its toxicity in vivo. Therefore, we aimed to test UCBs efficacy at 

bilirubin to albumin ratios of <0.5.  

The concentration of albumin in FBS was calculated using an album in specific kit (ALB2) and a 

Cobas Integra 400+ clinical chemistry analyzer (Roche Diagnostics, North Ryde, NSW, 

Australia). Given that the FBS concentration in media was 10%v/v, FBS albumin concentrations 

were divided by 10 to obtain the bilirubin: albumin ratio in culture. To achieve this, the albumin 

concentration was converted to a molar concentration, assuming a molecular mass for albumin of 

66.5 kDa. The albumin concentration in FBS equalled 20.5 g/L (308 µM), and therefore equaled 
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30.8 µM in media. This resulted in bilirubin: albumin ratios of 0.325, 0.032 and 0.003 for 10,1 

and 0.1 µM UCB concentrations in media. 

5.2.2 Cell culture: 

Human colorectal adenocarcinoma cells LS174T (ATCC) were  cultured in RPMI 

(1640medium with L-glutamine (Life Technologies),supplemented with 10% fetal bovine serum 

(Gibco, AUS); penicillin (1000 U/mL) and streptomycin (1000 µg/L) (Gibco BRL, AUS).Cells 

were grown till they reached 100% confluency at 37°C/5% CO2, in humidified conditions. Media 

was replaced every 2 days. Cells were then harvested by 0.25% TrypLe express (Life 

Technologies, AUS) and detached cells were washed twice in cell culture media and cell number 

and viability assessed by Countess® cell counter (Life Technologies, AUS).  

5.2.3 RNA Extraction and cDNA synthesis: 

RNA was extracted from LS174T cells with a cell population of 3 × 105 using RNeasy Mini Kits 

(Qiagen, AUS) with gDNA removed using the  RNase-Free DNase set (Qiagen, AUS). RNA 

(quantitative and qualitative) analysis was performed using an Experion automated 

electrophoresis system (Bio-Rad Laboratories, AUS) and RNA samples with an RQI > 7.0 were 

considered suitable for expression analysis. An iScript cDNA synthesis kit (Bio-Rad 

Laboratories, AUS) was used to transcribe one microgram of total RNA to cDNA as per the 

manufacturer’s protocol.  

5.2.4 RT-PCR: 

The RT-PCR was performed using Taqman ® probes (Life Technologies, AUS) for GAPDH 

(Hs03929097_gl), ATF6 (Hs00232586_m1), XBP1 (Hs00231936_m1), GRP78 

(Hs0060719_gH), CHOP (Hs00358796_g1), NLRP3 (Hs00918082_m1), IL1β 

(Hs01555410_m1) and PERK (Hs00984006_m1). The RT-reaction mixture consisted of 40 ng of 
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cDNA, Taqman Fast Advanced Master mix (Life Technologies, AUS), 1 µL of gene specific 

probe/ total volume of 20 µL. The reactions were run in duplicate on an RT-PCR machine 

(StepOne Plus-Life Technologies).Thermo cycling conditions included: 90oC for 20s, 40 cycles 

at 95oC for 1s and 60oC for 20s. Gene expression was quantified using the comparative (ΔΔCT) 

method where the threshold cycle (CT) for each gene was normalized to reference gene GAPDH. 

5.2.5 Cytokine quantification by Bio-Plex: 

LS174T cells were used for the quantification of IL-8, IL-4, TNF-α and IL-10 cytokine levels. 

Cells were subjected to the respective treatments (tunicamycin and bilirubin) and were cultured 

in 12-well culture plates (Greiner, AUS). Wells were seeded at a density of 3.0 × 105 cells in 2.0 

mL of medium and incubated overnight at 37oC/5% CO2 to allow the cells to adhere. Medium 

was replaced the next day Tunicamycin (10 µg/mL in DMSO) and 4PBA (40 µg/mL) were 

incubated for 6 hours at 37oC/5% CO2.  The treatment groups then consisted of:  no-treatment 

(LS174T cells with media), tunicamycin only, tunicamycin+ UCB 10 µM and UCB 10 µM only. 

After 6 hr of treatment, the media from each well was collected and used for quantification of 

cytokines using Bio-Plex® Pro human cytokine assay kits (Bio-Rad®), according to the 

manufacturer’s protocol. Briefly, 50 µL of cytokine beads were added to the 96-well plate and 

incubated for 30 min before washing twice with wash buffer. Then, 50 µL of each standard, 

blank and samples were added to the respective wells and incubated at room temperature on a 

shaker at 850 rpm for 30 min. After incubation, the wells were washed thrice and 25 µL of 

detection antibody was added to each well and incubated at room temperature on a shaker at 850 

rpm for 30 min. Later, 50 µL of streptavidin-PE was added to each well and incubated at room 

temperature in a shaker at 850 rpm for 10 min. After three washes, 125 μL assay buffer was 

added to each well and incubated at room temperature for 30 sec. After incubation, the plates 
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were read on the Bio-Plex® 200 system and data wasanalyzed in Bio-Plex Data Pro TM 

Software. All the experiments were performed in triplicate. 

5.2.6 Apoptosis assays: 

5.2.6.1 Caspase- 3 assay: 

The caspase-3 fluorometric assay was performed on cell lysates which were collected after the 6 

hour treatment according to assay kit instructions and published research protocols (Ray et al., 

2008). This enzyme assay works based upon the hydrolysis of the caspase-3 peptide substrate 

(acetyl-Asp-Glu-Val-Asp or AC-DEVD) conjugated to a fluorochrome at the C-terminal Asp, 

resulting in the release of the fluorescent moiety. After the fluorometric treatment, the 

fluorescence (absolute units) was measured using the CytoFluor Multi-Well Plate Reader Series 

4000 spectro-fluorometer from PerSeptive Biosystems (Framingham, MA, USA). 

5.2.6.2 Annexin V assay: 

The Annexin-V-Fluos assay (cat. no. 11828681001, Roche Diagnostics, Zug Switzerland) was 

utilized to measure apoptotic (annexin V) cell populations. After the 6 hour treatment cells were 

incubated in incubation buffer (10 mM HEPES at pH 7.4, 140 mM NaCL, 2.5 mM CaCl2) 

supplemented with annexin V–PI mix for 15 min at RT and the cells were analyzed by confocal 

microscopy with DAPI for nuclear staining and FITC channel (fluorescein) for visualizing 

apoptotic cells. (Nikon AR1MP) (Fytianos et al., 2015). 

5.2.6.3 Western blot of PARP assay:  

Total cell protein was extracted from 1 × 106 treated (6 hrs) LS174T cells by firstly washing the 

cells with HBSS followed by homogenization in 2 mL of RIPA buffer/10% of protease inhibitor 

(Sigma-Aldrich, AUS). Cell supernatant was generated by centrifugation at 12000 rpm for 20 

min at 4°C. Thirty micrograms of protein from each sample was denatured in Laemmli loading 

buffer (Bio-Rad Laboratories, AUS; 1:1 v/v) and separated on precast 12% SDS-PAGE gels 

(Bio-Rad Laboratories, AUS) followed by overnight transfer onto PVDF membranes (Millipore, 
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AUS) at 30 mV at 4°C. The blot was blocked with 5% non-fat milk, before being incubated with 

anti-GADPH (#14C10, 1:3000, Novus Biologicals, AUS), poly (ADP-ribose) polymerase 

(PARP), cleaved PARP (Sigma-Aldrich, Australia) overnight at 4°C in blocking buffer. The blot 

was washed in Phosphate-buffered saline (PBST) and incubated with appropriate species 

monoclonal horseradish peroxidase-conjugated anti-IgG secondary antibodies (1:5000) for 1h at 

20°C. Bands were visualized using Supersignal West Pico chemiluminesce kit (Thermo 

Scientific, AUS), digitized and band intensities determined using a Fuji LAS-3000 Imager (Fuji 

Life Sciences, Japan). Samples from all groups were included in individual blots to ensure 

accurate quantification across multiple blots. 

5.2.7 Proliferation assay: 

The proliferation assay 5-ethynyl-2′-deoxyuridine (EdU)  ) Invitrogen, Australia) was performed 

as per manufacturer instruction and published protocols (Yu et al., 2009a). In brief, Click-iT™ 

EdU Flow Cytometry Assay Kit, Invitrogen™ was added at a 50 μM final concentration. For the 

Click reaction, cells were collected into 3 mL of PBS containing 1% BSA, centrifuged and fixed 

with 100 μL of 4% paraformaldehyde for 15 min. Cells were visualized using confocal 

microscopy (Nikon AR1MP) with DAPI as nuclear staining. 

5.2.8 Statistical analysis: 

Statistical significance of the differences between groups among repeated experiments was 

determined by one-y and two way ANOVA and Fisher's LSD-tests using GraphPad Prism 4 

software (GraphPad Software Ltd, La Jolla, CA, USA). The results are expressed as the mean 

values ± SEM. In all statistical tests, a p-value <0.05 was considered statistically significant. 
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5.3 Results 

5.3.1 UCB reduces ER stress in LS174T colon cancer cells 

 

 

Figure 5.1. mRNA expression of ER stress markers [relative mRNA expression levels are vs. 

control and normalized to GAPDH (n = 3). Data are shown as the mean fold change ± SEM (vs. 

vehicle: *, **, ***; p < 0.05] 

 

First of all, we investigated the efficacy of UCB in attenuating ER stress in LS174T cells. The 

addition of tunicamycin 10 µg/mL for six hours was used to increase mRNA expression of all 

the ER stress and inflammatory markers (Figure 5.1), namely Grp78 (29.8±2.0 fold; p<0.05), 

NLRP3 (2.5±0.15 fold; p<0.05), IL1-β (1.04±0.5 fold, p<0.05), XBP1 (24.5±2.0 fold; p<0.05), 

PERK (24.5±2.0 fold; p<0.05) and ATF6 (22.4±1.2 fold; p<0.05) (mean ± SEM; n = 3) 

corresponding to ER stress induction. Co-treatment with UCB for six hours significantly reduced 
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ER stress marker mRNA expression. The mRNA expression levels of the UCB alone and 

UCB+tunicamycin groups were as follows: Grp78 (UCB alone (1.13±3.0) UCB+tunicamycin 10 

µM (18.2±2.0), where there was a surprising marked decrease in the ER stress markers; NLRP3 

(UCB alone (1.5±0.4) UCB+tunicamycin (0.9±0.3) UCB+tunicamycin 10 µM (0.56±0.9); IL1-β 

(UCB alone (no difference) UCB+tunicamycin  (0.50±0.08) UCB+tunicamycin  (0.32±0.07); 

XBP1 UCB alone (1.6±0.10) UCB+tunicamycin 0.1 mM (1.15±0.05) UCB+tunicamycin 1 mM 

(0.035±0.02) UCB+tunicamycin 10 mM (0.92±0.03). All the bilirubin treatments exhibited 

significance, with PERK UCB alone (1.21±0.4) UCB+tunicamycin 0.1 mM (1.16±0.07) 

UCB+tunicamycin 1 mM (1.05±0.05) UCB+tunicamycin 10 mM (1.0±0.01), and ATF6 

(bilirubin alone (1.58±0.14) UCB+tunicamycin 0.1 mM (1.04±0.015) UCB+tuncamycin 1 mM 

(1.0±0.01) UCB+tunicamycin 10 mM (0.90±0.02) (P<0.05).  

5.3.2 UCB ameliorates tunicamycin-mediated inflammatory responses 

When LS174T cells were treated with tunicamycin, media IL-8, IL-4 and TNFα concentrations 

increased to 1258±90, 1997±13 and 2.9±0.1 pg/mL respectively (Figure 5.2). During co-

treatment with UCB 10 µM alone and UCB 10 µM+tunicamycin, concentrations of IL-8, IL-4 

and TNFα decreased significantly (p<0.05) compared to the tunicamycin group. For the IL-8 

group, the levels were downregulated by 587.51±3.39 pg/mL for bilirubin 10 mM and 

910.273±29.85 pg/mL for bilirubin 10 mM+tunicamycin 10 µg/mL. IL-4 levels were down to 

585.85±4.33 pg/mL for bilirubin 10 mM and 1258.39±8.6 pg/mL for bilirubin 10 

µM+tunicamycin 10µg/mL. TNFα was reduced to 2.20±0.1 pg/mL for bilirubin 10 mM and 

1.89±0.11 pg/mL for bilirubin 10 mM+tunicamycin 10 µg/mL. IL-10 concentrations increased 

from 3.0±0.10 pg/mL to 7.40±0.71 pg/mL for UCB 10 µM+tunicamycin 10 µg/mL. 
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Figure 5.2. Cytokine concentrations in the media of LS174T cell line supernatant. Groups 

designated with different letters are significantly different (p < 0.05) * 

 

5.3.3 Bilirubin increases apoptosis in the LS174T cancer cell line 

To verify the induction of apoptosis, cells after treatments were stained with Annexin V (FITC) 

(Figure 5.3). Greater apoptosis occurred in cells treated with UCB (10 µM) (Figure 5.3d) alone 
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compared to the UCB (10 µM) and tunicamycin treated group (Figure 5.3b). The control group 

cells that were treated with the solvent control only did not show increased Annexin V positive 

staining. Cells treated with UCB alone (10 µM) also demonstrated a change in their morphology 

such as condensed nucleus and accumulation of Annexin V in cytoplasm, suggesting enhanced 

permeability when compared to the solvent control group and tunicamycin group shown under 

higher magnification (Figure 5.3e).  

For investigating PARP activity, protein from the cells (LS174T) was obtained after treatment 

and processed for protein expression (Figure 5.4). Cleaved PARP, which is a caspase substrate 

activator, was detected in the UCB-treated groups, suggesting that UCB initiated apoptosis. 

These results were supported by Caspase 3 analysis, which showed a significant increase in 

Caspase 3 expression in the UCB alone group compared to tunicamycin and tunicamycin+UCB. 
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Figure 5.3. Annexin V assay on LS174T cell line. a) Solvent control; b) TUN+UCB; c) TUN; d) UCB 

(10 µM) alone; e) High magnification (60X) of UCB 10 µM alone depicting disoriented nucleus. 

Annexin staining is denoted by green fluorescence and DAPI (nuclear staining) by blue 

fluorescence. Scale bar represents 200µm for figure 5.3 (a, b, c and d) 
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Figure 5.4. Quantification of PARP and Caspase 3 expression. a) Western blot of PARP cleavage 

of LS174T cells treated with TUN and UCB (0.1, 1 and 10 µM); b) PARP cleavage quantification; c) 

Caspase 3/7 fluoremetric assay 
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Figure 5.5. Proliferation assay of LS174T cells. a) Cells alone; b) Proliferation in cells with TUN 

treatment; c) TUN+UCB ; d) UCB only e) Quantification of proliferation by Image J®. Scale bar 

represents 100 µm 

 

Considering the results of the apoptosis assay, we then sought to determine whether differences 

in cellular viability would influence proliferation. The EdU assay for in vitro proliferation was 

applied and assessed through DNA-synthesis and detected the incorporation of the alkyne-

modified nucleoside EdU (5-Ethynyl-2′-deoxyuridine) into DNA using copper-catalysed azide-

alkyne click chemistry to attach fluorescent probes. We have here included only the highest 

concentration of bilirubin (10 µM) as it was the most significant dose observed in the previous 

assays. The results indicated reduced cell proliferation was highest in the TUN group (Figure 

5.5b) showing that ERS induction in a cancer cell line leads to increased proliferation. The 
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proliferation was reduced in UCB+TUN treated groups, compared to the TUN only group and 

the cells alone (Figure 5.5a). The lowest proliferation was observed in the UCB alone treated 

group (Figure 5.5d). The proliferation rate was quantified in figure 5e 

 

5.4 Discussion 

In the present study, we have shown that a co-treatment with UCB reduces the mRNA 

expression of ERS and inflammation induced by TUN, increases apoptosis and reduces cellular 

proliferation in the tumour-derived LS174T cell line. These data are novel and suggest that bile 

pigments present in the gut may inhibit inflammation in the gut and related effects. The 

concentrations tested can also be correlated with clinical conditions of Gilbert’s syndrome (GS). 

The serum bilirubin concentration in GS ranges between 20 and 50 µM (Hirschfield et al., 2008), 

and approximates a bilirubin:albumin ratio of 0.04–0.1. The 1 µM dose (bilirubin:albumin 0.032) 

in this study therefore most closely replicates the bilirubin:albumin ratio in GS. 

The crucial role of the unfolded protein response (UPR) in numerous cancers and cancer 

development is well accepted and documented (Vandewynckel et al., 2013a). The UPR, which is 

a key player in the signalling of ERS, has various effectors including XBP1, PERK and ATF6 

which are increased in many neoplasms including brain and pancreatic lesions. Furthermore, 

Grp78 is over-expressed in a number of cancer cell lines. The UPR is also linked to the presence 

of cell dormancy, secretory switch mechanisms, epithelial-to-mesenchymal transition (EMT), 

tumour angiogenesis and tumour autophagy which are associated with ATF6, PERK and IRE1 

activation. These phenomena are characteristic of the role of ERS in colitis and colon cancer. 

XBP1 has been correlated to hypoxia inducible factor-1α activation thereby facilitating tumour 

survival, activating SNAIL (snail-related protein) thereby promoting metastasis via EMT and 

glucose uptake (Avril et al., 2017). Moreover, long-standing ERS activation is related to 
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metastasis and drug resistance and thus targeting ATF6, PERK and other ER stress responses 

holds potential for anti-cancer therapy (Cubillos-ruiz et al., 2017). We employed a similar 

strategy in this study whereby we initially showed that UCB inhibits tunicamycin-induced ER 

stress in LS174T cells. Bilirubin at a dose of 10 µM reduced the expression of UPR genes 

Grp78, XBP1, PERK, ATF6 and inflammatory mediators such asNLRP3 and IL-1β. Previous 

effective therapeutic strategies are also harnessed by bitter melon extracts against ER stress in 

the treatment of tunicamycin-induced ERS (Kunde et al., 2017).  

With the present experiment results, we aimed to demonstrate the link between ER stress and 

inflammation induced by TUN by assessing concentrations of pro- and anti-inflammatory 

cytokines after six hours of co-incubation. The activation of pathways within UPR is 

interconnected to inflammation through mechanisms including ROS, calcium release from ER 

and the acute phase response (Zhang et al., 2008). For example, interleukin-8 (IL-8) may exert 

tumourigenic effects demonstrated in IL-8 silencing studies which reversed the tumour-like 

characteristics and drug resistance of HCT116 and Caco2 cells (Ning et al., 2011). Bilirubin 

alone (10 µM) significantly decreased the concentration of IL-8 and furthermore demonstrated 

similar effects in combination with tunicamycin. Targeting IL-8 and its receptor CXCR2 

represents a strategic mechanism for targeting cancers and also chemosensitising tumours (Ning 

et al., 2012). In the colon, IL-8 transfectants demonstrate increased proliferation and cell 

migration with its silencing reversing the effect (Ning et al., 2011). Many of the pro-

inflammatory cytokines are implicated in the intestinal microenvironment, including IL-4. IL-4 

induces colitis and its over-expression induces acute and fatal colitis (Van Kampen et al., 2005). 

Self-renewing cancers formed from stem cells (CSC) can be resistant to chemical therapies. 

Blockade of IL-4 leads to initiation of apoptotic signalling in CSCs, suggesting that IL-4 could 



  Chapter 5 

 113 

be used as one of the many potential therapeutic targets (Francipane et al., 2008). Bilirubin at a 

dose of 10 µM decreased IL-4 concentrations in the conditioned media of LS174T cells when 

compared to the TUN treatment. Furthermore, IL-4 expression was accompanied by increased 

TNF-α expression, suggesting its active role in intestinal diseases and cancer (Van Kampen et 

al., 2005, Stanilov et al., 2014). TNF-α alone could be used as a diagnostic marker for colorectal 

cancer and represents a promising therapeutic target (Al Obeed et al., 2014). Similar to IL-4, 

UCB reduced TNF-α secretion compared to the TUN group, where it was increased due to ER 

stress. These conclusions are supported by a study by Zins et al. where the human TNF-alpha 

gene silencing decreased mouse macrophage TNF-alpha, CSF-1, MMP-2, and VEGF-A mRNA 

expression when co-cultured with human cancer cells (Zins et al., 2007). As much as reducing 

pro-inflammatory cytokines concentrations are important, it is also important to increase the anti-

inflammatory cytokines in order to counter-regulate inflammatory responses. In the in vivo 

models, oral administration of IL-10 microparticles decreased polyposis in the ApcMin/+ model by 

suppressing the development of IL-17-producing Treg cells and inducing conventional, IL-17-

negative Treg cells (Chung et al., 2014). This finding helps to explain the therapeutic nature and 

role of IL-10 in colon cancer. IL-10 demonstrates immune-suppressant effects in cancer (Dennis 

et al., 2013). Our study could emphasise the potency of bilirubin in increasing the anti-

inflammatory cytokine IL-10 in LS174T cells in accordance with a previous study where IL-10-

deficient mice demonstrated increased pro-inflammatory cytokine production. In these mice, IL-

10 treatment improved intestinal inflammation and aided in ameliorating disease progression 

(Berg et al., 1996).  

Induction of apoptosis via activation of caspases is a critical feature associated with the 

effectiveness of potential cancer treatments (Khan et al., 2008, Sun et al., 2004) including the use 
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of tetrapyrrolic bile pigments in human cancer cells (Mölzer et al., 2013). Apart from being used 

as a novel biomarker for nasopharyngeal carcinoma (Deng et al., 2016), UCB has the potential to 

cause cell cycle arrest at G0/G1 and exert pro-oxidant effects at high concentrations (Rao et al., 

2006). Human biliverdin reductase, which chemically reduces biliverdin to bilirubin, was 

recently implicated as a regulator in cancer development and maybe useful in designing 

biomarkers for cancer patients (Zhang et al., 2018). A similar study reported that lower serum 

bilirubin levels occur in colorectal cancer patients with a 1 µM decrease in serum bilirubin 

related to a 7% rise in CRC risk (Jirásková et al., 2012). Bilirubin possessed anti-tumour 

properties in vitro in HRT-18 cell lines and also BALB/c nude mice bearing HRT-18 colon 

cancer xenografts where it has shown that bilirubin defended against cancer by interfering with 

pro-carcinogenic pathways (Ollinger et al., 2007). Bilirubin may also demonstrate synergistic 

anti-cancer effects inducing apoptosis in HeLa cells (Dwarka et al., 2017). It was, however, 

necessary to consider the mode of cell death and determine whether bilirubin induced intrinsic 

cell death, and therefore we demonstrated that bilirubin induced apoptosis via PARP and 

Caspase 3. Caspase 3 and PARP are regarded as downstream activators of Caspase 9 (Jia et al., 

2012), which may suggest the initiation of mitochondrial-dependent intrinsic cell death similar to 

previous studies showing D-limonene induced programmed cell death (Jia et al., 2012). We 

support this conclusion by demonstrating increased AnnexinV staining to show that bilirubin 

initiates early apoptosis in LS174T cells. Annexin V is a 35-36 kDa Ca2+-dependent 

phospholipid-binding protein with high affinity for PS, and binds to exposed apoptotic cell 

surface phospholipid phosphatidylserine (van Engeland et al., 1996, Casciola-Rosen et al., 1996). 

Our results clearly show the early cell death recorded in cells treated with 10 µM bilirubin 
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compared to that of the TUN group which evidently supports a conclusion that bilirubin exerts 

pro-apoptotic effects in cancer cell lines. 

In parallel to the apoptosis assay, we assessed the proliferation rate via the EdU click non-

radioactive method (Yu et al., 2009b) which showed reduced proliferation in the bilirubin 10 µM 

group compared to the TUN group. In previous studies, bilirubin and biliverdin inhibited smooth 

muscle cell proliferation at the G1 phase and also phosphorylation of the retinoblastoma tumour 

suppressor protein inhibition in primary rat and mouse vascular smooth muscle cells (VSMCs) 

(Ollinger et al., 2005). We have performed the in vitro proliferation assay in congruence with 

these results supporting the cell proliferation arresting ability of bilirubin in LS174T cells.  

 

5.5 Conclusions 

In conclusion, bilirubin despite of reducing ERS and ERS mediated inflammation, also increases 

cancer cell apoptosis and reduces proliferation. These data add further weight to the possibility 

that bilirubin can be used as a potential anti-inflammatory and anti-cancer agent in the colon. In 

the future we intend to translate this study to in-vivo and use unconjugated bilirubin as 

therapeutic agent in reducing the inflammatory mediated negative effects in a mouse 

carcinogenic model and assess the downstream effects. 

 



   

 
 

 

 

 

 

Chapter 6: Discussion and future directions 
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Though there are less documentations regarding the relationship between ERS and pro-survival, 

present day research on ERS clearly states its role in proliferation and pro-survival in cells 

stimulated by cytokines like TNF-α mediated UPR activation (Chen et al., 2018). UPR arms like 

IRE1α were regarded important in posttranscriptional regulation in oncogenic signaling in vitro 

(Blazanin et al., 2017). Correspondingly, in conditions like tumourigenesis, the protein folding 

capability is greatly increased thereby impeding programmed cell death. The UPR then with the 

help of IAP proteins protects proliferative or stressed cells (Vandewynckel et al., 2013b). In our 

study, Winnie a model of chronic ERS, accommodated proteins related to mitochondrial protein 

activity, butyrate metabolism and carbon metabolism which clearly elucidate the utilization of 

this strategy for rapid ATP generation and cell survival. Also CHCHD2, which was up-regulated 

in Winnie and was the highest up-regulated protein, is an oxidative stress related inhibitor of 

apoptosis protein (Liu et al., 2015b) which typically evades cell death via mitochondrial 

dependant pathway (Liu et al., 2015a) must have played a major role in apoptosis inhibition in 

goblet cells isolated from colon. Moreover, through the validation of key protein candidates, it 

was evident that all the highlighted proteins in Winnie like CHCHD2, PERK, Pitrm1, Hspa5 and 

Nid-1 were relatable to proliferation.  

ERS and apoptosis relation required an authentication in vitro. Cell stress signalling involves a 

huge hallmark of events regulating fate of cancer cells (Gundamaraju et al., 2018). Building up 

of misfolded proteins leads to initiation of UPR. In cancer, UPR greatly aids in cancer cell 

survival. In cancers increased folding capacity leads to increase in life of cells. Importantly, UPR 

serves in angiogenesis, invasion and inflammation (Storm et al., 2016). Numerous UPR arms 

like IRE1α, GRP94 and XBP1 have been implicated in various mechanisms like hypoxia, pro-

angiogenesis and tumour tolerance in cancer (Storm et al., 2016). UPR inhibition at mRNA 
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levels in our study by 4PBA gives strong preliminary evidence. Lack of UPR genes like PERK 

has been relatable to under-development cell growth in cancers (Bobrovnikova-Marjon et al., 

2010).  

Several UPR key molecules are activated in cancers like PERK activation during epithelial 

mesenchymal transition (EMT) (Feng et al., 2014). Also key events like VEGF mediated AKT 

phosphorylation and cell survival were reduced when UPR genes like ATF6 were silenced 

(Karali et al., 2014). Moreover anti-ERS targets have gained therapeutic importance like 

IRE1αtargets like STF-083010, B-109 etc. GSK2606414 was a PERK inhibitor reported in a 

model of prion disease. Ceapins, a class of amides specifically inhibit ATF6α and thereby reduce 

ERS. These therapeutic implications were recently reviewed by Cubillos-Ruiz et al (Cubillos-

ruiz et al., 2017). 4PBA and YM155 in our study were in line with the above studies inhibiting 

ERS and Survivin. 4PBA in our study could successfully induce apoptosis in LS174T cells 

through Annexin V, PARP6 cleavage and Caspase 3/7 assay and reduce the ERS mediated 

inflammation. Similarly, YM155 also attenuated the ERS mediated inflammation and ERS 

markers induced by tunicamycin and induced apoptosis via Caspase 3/7 assay.  

There is a huge link between ERS and colorectal cancer. For instance, GRP78 expression is 

considerably low in intestinal stem cells and comparatively high in differentiated transit 

amplifying cells and since CRC’s are derived from stem cells, it is highly possible that CRC 

might be originated from ERS since activation of UPR branches like PERK is related with loss 

of stemness. On the other hand, tumour proliferation is highly sustained by various cytokines and 

growth factors. ER being the factory of protein secretion, UPR initiation is said to hugely 

modulate cancer development via tumour secretory switch (Avril et al., 2017). In our study, 

4PBA via inhibition of ERS greatly reduced the cancer cell proliferation supporting the above 
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statement of UPR mediated carcinogenesis progression. Whether Muc2 protects epithelial cells 

from inflammation is subjected to bewilderment. Muc2 expression was found to be increased in 

gastrointestinal carcinomas (Leteurtre et al., 2006, Yonezawa et al., 2008). Muc2 expression was 

also hugely linked to effectors like fork head box, galectin 3 etc. and an enhanced levels of Muc2 

might reflect these pathways in cancers. Furthermore, Muc2 over expression has been associated 

with increased inflammatory responses aiding in tumour growth (Kufe, 2009). These 

observations were in conjugate with our results where the increased proliferation by TUN and 

high expression of Muc2 were relatable to enhanced carcinogenesis or worsening of UPR 

mediated carcinogenic response.  

The role of UPR in cancer has been divided into intrinsic and extrinsic. UPR supports cancer cell 

survival making them adapt to harsh conditions. Tumor angiogenesis which is regarded as an 

important aspect in tumor progression depends greatly on VEGF which was strongly influenced 

by IRE1α and hypoxia expression in conditions like breast cancer was driven greatly by XBP1 

and HIF. These interactions clearly reveal the role of UPR in cancer progression (Galmiche et 

al., 2017). Hence targeting UPR was chosen as a therapeutic strategy against cancer progression 

(Backer et al., 2011). In our study unconjugated bilirubin (UCB) reduced the expression of UPR 

genes Grp78, XBP1, PERK, ATF6 and inflammatory mediators like NLRP3 and IL-1β 

establishing the first step of therapeutic intervention i.e. ERS reduction. UCB also reduced the 

levels of inflammatory cytokines assessed through bioplex like TNFα, IL-4 and IL-8 and 

increasing the levels of anti-inflammatory cytiokine IL-10. Previous study on the potential of 

UCB in inducing apoptosis in colon cancer cells (HCT15, HCT116, SW480 and LoVo) stating 

that it aids in cytochrome c release (Keshavan et al., 2004). In our study, we have shown that 

UCB increases apoptosis in LS174T cell line via caspase3 and annexin V assay and also increase 
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cleavage of PARP6 through the ERS mediated effects. UCB reduced the proliferation induced by 

tunicamycin in LS174T cells which was comparable to the previous ability of bilirubin in 

declining the proliferation in vitro where bilirubin reduced the serum driven smooth muscle cell 

cycle progression at G1phase via inhibition of the mitogen-activated protein kinase signal 

transduction pathways (Ollinger et al., 2005). 

Concluding remarks and future directions: 

The present work delivered a proteomic exploration of Winnie colonic goblet cells enumerating 

the proteins responsible for both ERS and pro-survival of goblet cells and evading apoptosis. 

CHCHD2 as stated earlier was a class of anti-apoptotic protein which may have succoured in 

inhibiting mitochondrial mediated apoptosis. So hence for a more comprehensive understanding 

of how CHCHD2 aids in this process, it would be ideal to employ a knockout mice model of 

CHCHD2 and crossing with Winnie thereby creating a Winnie CHCHD2 knockout. The 

Survivin and ERS correlation study though unravelled the affinity between ERS and inhibition of 

apoptosis, there is a need to explore in vivo about the individualistic ability of Survivin in ERS 

by knocking it off in Winnie where it would give us more insights how the loss of Survivin 

would impact on UPR markers and death of goblet cells. Also bilirubin which was proved as a 

potent anti-cancer agent through our study in LS174T cells lines induced with ERS. There is 

however, a need for broadened research like analysing specific cell death pathway. It would also 

be appropriate to screen the ability of bilirubin in attenuating cancer cell migration, role in cell 

cycle, N-glycosylation and also translating into in vivo. 

Summing up, the present project provided a realistic comprehension about ERS, apoptosis and 

attaining a therapeutic potential by ERS inhibition. 4PBA and bilirubin were proved as potential 

ERS inhibitors, cancer cell apoptosis inducers and proliferation attenuators.  
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Supplemental figure 1. The KEGG pathway mmu00190 Oxidative phosphorylation. The 34 

significant differentially-expressed proteins are highlighted in Pink boxes. 
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Supplemental figure 2. The KEGG pathway mmu00071 Fatty acid degradation. The 13 

significant differentially-expressed proteins are highlighted in Pink boxes 
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Supplemental figure 3. The KEGG pathway mmu00020 Citrate cycle (TCA cycle).  The 19 

significant differentially-expressed proteins are highlighted in Pink boxes 
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Supplemental figure 4. The KEGG pathway mmu00010 Glycolysis/Gluconeogenesis.  The 

14 significant differentially-expressed proteins highlighted in Pink boxes  
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Supplemental figure 5. The KEGG pathway mmu00620 Pyruvate metabolism.  The 15 

significant differentially-expressed proteins highlighted in Pink boxes  
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Supplemental figure 6. The KEGG pathway mmu00650 Butyrate metabolism.  The 15 

significant differentially-expressed proteins highlighted in Pink boxes 
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Supplemental figure 7. The KEGG pathway mmu00280 Valine, Leucine and Isoleucine 

degradation.  The 25 significant differentially-expressed proteins highlighted in Pink boxes 
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Supplemental figure 8. The KEGG pathway mmu03010 Ribosome.  The 42 significant 

differentially-expressed proteins highlighted in Pinkboxes 
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Supplemental figure 9. The KEGG pathway mmu03040 Spliceosome.  The 37 significant 

differentially-expressed proteins highlighted in Pink boxes 
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Supplemental figure 10. IRE1 mRNA expression upon TUN induction 
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Supplemental figure 11: Pathway of IRE1 to XBP1 under stress 

 

 

 


