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Summary 

 
 
Proteomic technologies verified Anterior Gradient 2, AGR-2, as a protein over-

expressed in human cancers, including breast, prostate and oesophagus cancers, with 

the ability to inhibit the tumour suppressor protein p53. AGR-2 gene is a hormone 

responsive gene with an unexpected induction by the anti-cancer drug tamoxifen 

highlighting the proto-oncogenic role of this protein. Anterior Gradient-2 encodes 

one protein that gives rise to two forms· the full length and the mature one. Full 

length bears a leader sequence that leads the protein to secretion. Localization studies 

of both forms of AGR-2 were performed using fluorescence microscopy and 

subcellular fractionation, in order to determine in which compartment the protein 

functions. Localization mutants of the mature and full length protein determined the 

exact sequence required for certain localization patterns. Once localization was 

confirmed, the mechanism of how Anterior Gradient-2 localization within the cell 

can inhibit p53 was initiated. Furthermore, novel peptide aptamers that bound to the 

protein were cloned into GFP vectors and their effect on AGR-2 was investigated. 

AGR-3, another member of the family, was also examined in terms of localization 

and function in MCF-7 cells. Yeast two hybrid analysis has identified potential 

nuclear and cytoplasmic binding partners for AGR-2, essential for the upstream or 

downstream regulation of the AGR-2 pathway. In conclusion, we present data 

showing models of how the Anterior Gradient protein family might function as drug-

resistance survival factor in cancer as well as a p53 inhibitor, suggesting a multi-

potent role of its members when it comes to trafficking, cellular localization and 

activation or inhibition pathways in cancer. 
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AGR-2 anterior gradient 2 
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Chk1/2                             checkpoint homolog 
CHUK                              conserved helix-loop-helix ubiquitous kinase 
CKAP2 cytoskeleton-associated protein 2 
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CRUK Cancer Research United Kingdom 
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DAPK death-associated protein kinase 
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DDR                               DNA damage response pathway 
DISC                               death-inducing signalling complex 
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dsb double strand break 
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EGF epidermal growth factor 
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EGFR epidermal growth factor receptor 
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ERα estrogen receptor alpha 
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ERR oestrogen receptor-related receptor 
EST expressed sequence tag 
FADD                                FAS-associated death domain 
FAS                                   TNF receptor superfamily, member 
FBS fetal bovine serum 
FCS foetal calf serum 
FISH                                 fluorescent in situ hybridization 
FOXA forkhead box protein 
FP                                      fluorescent protein 
FRET                                fluorescence resonance energy transfer 
GADD54                          growth arrest and DNA-damage-inducible 
GFP green fluorescent protein 
GI gastro-intestinal 
GIT1 G protein-coupled receptor kinase interactor 1 
Gob-4 alias of AGR-2 
GR glucocorticoid receptor 
GRH gonadotrophin releasing hormone 
GSTM4 glutathione S-transferase M4 
GTFIIH                            general transcription factor IIH, polypeptide 4 
HCC                                  hepatocellular carcinoma 
hCG                                   human choriogonadotropin 
HDAC histone deacetylase 
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HER2 herstatin, herceptin 2, alias of ERBB2 
HERC2 hect domain and RLD2 
HIC-1 hypermethylated in cancer 1 
HIF-1 hypoxia inducing factor 1 
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HIP1R huntingtin interacting protein 1 related 
HRP horseradish peroxidase 
Hsp heat shock protein 
HUWE1 HECT, UBA and WWE domain containing 1 
ICE                                   alias of caspace 1,  interleukin 1-B converting enzyme 
IF                                       immunofluorescence 
IH                                      immunohistochemistry 
IGF-1 insulin growth factor-1 
IGF-1R insulin growth factor-1 receptor 
IkB                                    alias of CHUK 
IKK IκB kinase kinase 
IL-1 interleukin-1 
IPTG  Isopropylβ-D-1thiogalactopyranosidine 
IR ionising radiation 
IXL1 alias of MED29 
JNK                                   alias for MAPK8 
KCT3 keratinocytes associated transmembrane protein 
KIBRA alias of WWC1 
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MAP multiple antigenic peptides 
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Mfn 1/ 2                            mitofusin protein 1/ 2 
Mmm                                maintenance of mitochondrial morphology protein 
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mRNA messenger RNA 
MRC                                 mitochondrial respiratory chain 
MS                                    mass spectrometry 
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mtDNA                             mitochondrial DNA 
MTT methylthiazoletetrazolium 
MYBBP1A v-myb myeloblastosis viral oncogene homolog 
MYBBP1A MYB binding protein 
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NB                                     neuroblastoma 
NCBI National Centre for Biotechnology Information 
NEAA non-essential amino acids 
NES                                   nuclear export signal/sequence 
NF-κB nuclear factor kappa B 
NLS                                   nuclear localization signal/sequence 
NuMA                                nuclear protein associated with the mitotic apparatus 
Opa1                                 optic atrophy protein 1 
PAGE polyacrylamide gel electrophoresis 
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PARG1 PTPL1-associated RhoGAP 1 
PBS phosphate buffered saline 
PBS-T phosphate buffered saline tween 
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PCR polymerase chain reaction 
PDI protein disulfide isomerase 
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PI3K phosphatidyl inositol 3 kinase 
PIKK phosphoinositide-3-kinase-related kinase 
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PKC protein kinase C 
PM                                    plasma membrane 
PPM1D                             protein phosphatase 1D magnesium-dependent, delta 

isoform 
PR                                     progesterone receptor 
Prod1                                proximal distal determination 
PS                                     phospatidylserine 
PSA prostate specific antigen 
PSME1 proteasome (prosome, macropain) activator subunit 1 (PA28 
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PTEN                                phosphatase and tensin homolog 
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qRT-PCR quantitative real-time PCR 
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RUVBL2 RuvB-like 2 
SELEX Systematic Evolution of Ligands by EXponential enrichment
Ser                                    serine amino acid 
shRNA                             short hairpin RNA 
Siah-1                               seven in absentia homolog 1 
siRNA small interfering RNA 
SDS sodium dodecyl sulphate 
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Chapter 1                                                                                                     Introduction 

1.1 Cancer: a multistep process 
 

1.1.1 History of cancer 
 

Hippocrates first described cancer. He called benign tumours oncos, Greek for 

swelling, and malignant tumours carcinos, Greek for crab or crayfish. This name 

comes from the appearance of the cut surface of a solid malignant tumour, with the 

veins stretched on all sides as the animal the crab has its feet, whence it derives its 

name (as described by Paul of Aegina, 7th century of AD) [342]. He later added the 

suffix -oma, Greek for swelling, giving the name carcinoma. Since it was against 

Greek tradition to open the body, Hippocrates only described and made drawings of 

apparently visible tumors on the nose, skin and breasts [342]. Through the centuries 

it was discovered that cancer could occur anywhere in the body. Today, the Greek 

term carcinoma is the medical term for a malignant tumour derived from epithelial 

cells, which cover more than 86% of all tumours. Cancers of glandular tissue are 

called adenocarcinomas (e.g breast) and the ones that derive from mesoderm cells 

(e.g muscle, bones) are termed as sarcomas [461]. It is Celsus who translated 

carcinos into the Latin cancer, also meaning crab. Galen used "oncos" to describe all 

tumours, the root for the modern word oncology, modern Greek for swelling [342]. 

Cancer is a class of diseases in which a number of cells exhibit uncontrolled 

proliferation, growth, invasion in adjacent tissues and sometimes metastasis to other 

sites in the body. These three malignant properties differentiate malignant tumours 

from benign ones which do not invade or metastasize [461].  According to WHO 

2007, cancer is responsible for 13% of all deaths worldwide 

(www.who.int/topics/cancer/en/) with lung, stomach, liver, colon and breast cancer 

accounting for most of these deaths. Cancer development is a multi-step process 

involving different and variable activation and inactivation pathways. The 

transformation of a ‘normal’ cell to a cancerous one requires a cascade of mutated 

genes, oncogenes, tumor suppressor genes and other genes modulating cell cycle, 
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which are being silenced or overexpressed. There are many different kinds of cancer 

(more than 100 have already been classified) associated with almost every cell type, 

establishing cancer as a multistage and widely spread ‘disease’ [461].  In 2000, after 

detailed analysis, Hanahan and Weinberg defined six hallmarks of most, if not all, 

cancers summarised in Figure 1.1. 

 

 
 

Figure 1.1: Acquired capabilities of cancer. Most if not all cancers have acquired the same 

set of functional capabilities during their development  (Image adapted from [245] ). 

 

 

Most cancers are caused by genetic abnormalities due to the effect of carcinogens, 

UV, radiation, chemicals, tobacco smoke or viruses (responsible for 15% of all 

cancers, www.who.int/topics/cancer/en/). Genetic abnormalities, including DNA 

mutations, also involve inheritance of certain cancer-promoting oncogenes or cancer-

protecting tumour suppressor genes. Cancer is usually classified according to the 

tissue from which the cells originate, the primary tumor, as well as the normal cell 

type they most resemble in terms of location and histology [342]. Diagnosis usually 

requires medical tests such as blood tests, X-rays, endoscopy and computed 
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tomography, CT, scans. Histological examination of a tissue biopsy or surgery 

specimen by a pathologist follows and the histological grade of the tumour along 

with other characteristics is classified and prognosis is being determined. The 

prognosis of cancer patients is most influenced by the type of cancer, as well as 

the stage, or extent of the disease. In addition to histological grading, the presence of 

specific molecular markers can also be useful in establishing prognosis, as well as in 

determining individual treatments. Cancer can be treated 

by surgery, chemotherapy, radiotherapy, immunotherapy, monoclonal antibody 

therapy, or even combination of some methods (Figure 1.2). The choice of therapy 

depends upon the location and grade of the tumour and the stage of the disease, as 

well as the general state of the patient and these characteristics determine cure. As 

research develops, treatments are refined for different types of cancer. There has 

been significant progress in the development of targeted therapy drugs that act 

specifically on molecular abnormalities in certain tumours, and which minimize 

damage to normal cells. Monoclonal antibody therapy targeted strategy in which the 

therapeutic agent is an antibody which specifically binds to a protein on the surface 

of the cancer cells. Examples include the anti-HER2/neu antibody trastuzumab 

(Herceptin) used in breast cancer [417, 620], and the anti-CD20 antibody rituximab, 

used in a variety of B-cell malignancies [113]. Targeted therapy can also involve 

small peptides as "homing devices" which can target and  bind to cell surface 

receptors or other molecules that play a role in cancer [9, 429]. Small molecule 

targeted therapy drugs can also belong to inhibitors of enzymatic domains on 

mutated, overexpressed, or otherwise critical proteins within the cancer cell. 

Prominent examples are the tyrosine kinase inhibitors imatinib and gefitinib. 

[4] 
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Figure 1.2: Therapeutic approaches to cancer. Several different methods are followed to 

cure cancer and sometimes more than one of the above methods is applied. 

 

 

1.1.2 Hormone dependent cancers 
 

Hormone dependent cancers include prostate, ovarian and breast cancer. Prostate 

cancer is the commonest non-skin cancer in men. Sex hormones such as androgens 

and estrogens play a vital role when it comes to the differentiation and the 

progression of prostate cancer as well as the other hormone-dependent cancers [132, 

215, 319]. Ovarian cancer is the first leading cause of death from gynaecological 

malignancies [73, 116]. In the last 30 years much has been achieved when it comes 

to endocrine treatment and therapy [226]. An important benefit of these therapies is 

their low toxicity compared to chemotherapy and radiation, providing less severe 

side effects and a better quality of life for cancer patients.  Some ERα-positive 

tumours fail to respond to endocrine therapy or become resistant in time. Moreover, a 

third of all breast cancer patients has ERα-negative tumours and therefore is less 

prone to endocrine therapy [389]. In that case a more aggressive form of 

combinational therapy is followed, combining radiation and chemotherapy with 

taxanes, anthracyclines, anti-tumour antibiotics, gonadotrophin-releasing hormone 
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agonists, retinoids, rexinoids, vitamin D derivatives and more recently platins which 

are platinum-based drugs [92, 182, 378].  

 

 

1.1.2.1 Breast cancer 

 

Breast cancer is amongst the most frequent types of human cancer, especially in 

women (www.who.int/topics/cancer/en/). Various factors have been implicated in the 

development and progression of breast cancer [307]. Reproductive hormones, such 

as estrogens, play a vital role in the progression of breast cancer. In particular, breast 

cancer incidence is decreased by late menarche, early first childbirth or early 

menopause whereas the risk of developing breast cancer is increased by pregnancy, 

shorter period of breastfeeding, lower parity and administration of estrogens, such as 

the contraceptive pill [472]. Other known risk factors for the development of breast 

cancer are age, ethnicity, estrogen exposure, abnormal proliferation of the tissue 

within the breast (atypical hyperplasia or lobular carcinoma in situ), radiation 

exposure, family history/ genetic predisposition, and lifestyle factors, such as obesity, 

alcohol consumption, and lack of exercise [421]. Despite the high incidence of breast 

cancer, the survival rate is relatively higher than in other forms of cancer, if 

diagnosed early [369]. In Scotland, the relative survival rate in female breast cancer 

at eight years after diagnosis, for patients diagnosed in the period 1987-93 was 

increased due to various therapies used such as with radiotherapy, chemotherapy and 

surgical removal [578]. 

After diagnosis of breast cancer, treatment depends upon the disease stage and 

pathologic features such as steroid and growth factor receptors status and tumor 

grade [174, 585]. Disease stage is determined by tumor size, the number and location 

of lymph nodes involved, histological grade and the presence or absence of distant 

metastatic disease and the tumour is evaluated from stage 0-IV scaling up severeness. 

For the purpose of diagnosis, prognosis and response to therapy, breast cancer is 

divided into two main types based on the hormone receptor status (Estrogen receptor, 
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ERα, positive or negative) and origin of the epithelial cells (basal or luminal). Basal 

or luminal types are immunohistologically distinguished by the type of cytokeratins 

expressed in each one [549, 594]. Luminal-like tumours are the most commons ones 

and have gene expression patterns that resemble the ones in the luminal epithelial 

cells that line the duct and are characterized by cytokeratins 8 and 18 [238, 549, 

594]. Basal-like tumours resemble the gene expression pattern found in basal 

epithelial cells in the normal mammary gland and are characterised by expression of 

cytokeratins 5/6 and 17 [466, 549, 550, 594] and are ERα-ve. Interestingly, the last 

expression patterns mentioned are common in BRCA1 hereditary mutation carriers 

[203]. According to their gene expression profile there are five types of breast cancer 

tumours universally used within the scientific community to classify breast cancer 

and predict, to some extent, their clinical outcome and determine treatment [466, 

549, 550]. These types are divided into two ERα+ subtypes that are classified as 

luminal A (ERα+ve/PR+ve/HER2-ve) and luminal B 

(ERα+ve/PR+ve/HER2+ve/HER1+ve) [549, 550] and three ERα -ve (basal) subtypes 

which are further subclassed as HER2 overexpressing, “normal-like” (unclassified) 

and triple negative (EGFR+ve, ERα-ve, PR-ve and HER2-ve) [118, 430] and should 

be treated as different diseases [466, 481, 482]. It is indicative that 2/3 of women 

aged <50 years will have ERα+ breast cancer  and more than 80% of women aged 

>50 years are ERα+ [21]. The most favourable type of breast cancer in terms of 

treatment and clinical outcome is the luminal A type, followed by the luminal B one 

whereas the worst types are the basal ones [594]. Histological grading in breast 

cancers is based on the evaluation of 3 features: (i) the percentage of tubule 

formation, (ii) the degree of nuclear polymorphism and (iii) the mitotic count in a 

defined field area [56, 280]. The grading criteria were unified by Elston and Ellis, 

who designed a modification of the Bloom and Richardson grading system, namely 

the Nottingham combined histologic grade [173]. This system was based on the 

semiquantitative evaluation of the three morphologic features mentioned above and 

was established as a universal one [173]. Another potential marker for breast cancer 

is the progesterone receptor, PR. PR is an ERα-related gene and there is evidence 
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that PR+ tumours respond better to Tamoxifen treatment but these findings are not 

universal [38]. PR is synthesized by tumour cells that are stimulated by estrogens 

through interaction with ERα. Because the presence of PR reflects a functional ERα 

pathway, smaller benefit from tamoxifen for ERα+/PR- tumors compared with 

ERα+/PR+ tumors would be expected [24]. However, the increased need for novel 

biomarkers, indicative of the follow-up treatment of different types of breast and not 

only cancers, has lead to new approaches in research. Biomarkers therefore, are 

useful tools for cancer detection. They can predict who is likely to develop cancer 

(BRCA1 mutation status) and/or detect the disease at an early stage (mammographic 

image). They can indicate a particular stage in the disease guide treatment decisions 

(circulating tumor cells, pathological response, HER2+,  ERα+, PR+), and, 

importantly, aid in the identification of novel targets for therapy [598]. 

Existing therapies predominantly target proliferation either with ionizing radiation, 

cytotoxic agents, or inhibition of estrogen receptor and HER2 growth factor 

signaling pathways. Combining these treatments together with radiortherapy, surgery 

and chemotherapy has contributed to the improved survival rate in breast cancer. 

Clinical application of targeted therapy is based on the identification of credentialed 

markers that are biologically relevant to the disease [151]. Cancer cells exhibit 

significant genetic and molecular differences [598]. The target should have specific 

characteristics including clinical relevance, reproducibility between patients, to be 

easily measurable and minimum toxicity.  Potential targets for maximum efficiency 

include characteristics of malignancy such as uncontrolled proliferation, insensitivity 

to drugs, lack of apoptosis and senescence, genomic instability, metastatic potentials 

and angiogenesis. 

Tamoxifen and aromatase inhibitors are the most commonly-used drugs against 

breast cancer. Tamoxifen citrate treatment has long been considered the gold 

standard due to its efficacy and safety and was first approved in 1977 by the US 

Food and Drug Administration. It binds to ERα and inhibits the growth of tumour 

cells. It has been widely used for three decades as the standard treatment for node-

positive and node-negative breast cancers [163]. It is an orally active selective ERα- 
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modulator and it is used in pre- and post-menopausal women. When bound to the 

ERα  it forms a nuclear complex that decreases DNA synthesis and halts the cells in 

G1 or G0 phase of the cell cycle, acting as a cytostatic rather than cytotoxic drug. 

Tamoxifen itself is a pro-drug and has to be metabolized by cytochrome P450 to its 

active form 4-hydroxytamoxifen and des-N-methyl-4-hydroxytamoxifen [141, 297, 

298] that antagonize estrogens’ binding to their receptor [609]. This active 

metabolite possesses a 30- to a 100- fold higher efficiency in inhibiting estrogen-

dependent cell proliferation [69, 122, 297, 493]. Aromatase inhibitors, in turn, are 

anti-estrogen agents that target the aromatase enzyme in the final step of most of 

estrogen production and block oestrogen synthesis. They have been developed as 

first- (aminoglutethimide), second- (formestane) and third-generation inhibitors 

minimizing their side-effects [82]. The third generation aromatase inhibitors include 

letrozole (non-steroidal), exemestane (steroidal) and anastrozole (non-steroidal), 

which are equally or more efficient to tamoxifen inhibiting aromatization with a 98% 

efficiency and also exhibit a better toxicity profile. ERα-negative cancers are more 

difficult to treat and require combinational therapy including radiation, 

chemotherapy and surgery [541]. Last but not least Herceptin, as mentioned before, 

is a humanized monoclonal antibody against the extracellular domain of HER2-

receptor and promotes G1arrest and stops proliferation. It has been suggested that the 

drug induces some of its effect by downregulation of HER2 leading to disruption of 

the receptor dimerization and PI3K signalling [30]. Further improvements in therapy 

must attack other hallmarks of malignancy and will undoubtedly be accompanied by 

better means of individual patient selection for such therapies while selectively 

promote elimination of cancer cells [151]. Despite all the different approaches used 

to achieve therapy, they all come to one goal: induce cell cycle arrest or apoptosis 

(programmed cell death) of cancer cells [167]. Cell death consists of apoptosis (Type 

I), autophagic cell death (Type II), and necrosis (Type III) (Figure 1.3). 
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1.2 Cell death 
 

 
 
Figure 1.3: Overview of cell death pathways. Cell death consists of three main pathways 
which are further sub-classed in different categories (described in 1.2.1-1.2.3) 
 
 
1.2.1 Apoptosis 
 
Apoptosis plays an important role in cell maintenance, development and tissue 

homeostasis. Cells undergo apoptosis through two major pathways, the intrinsic 

pathway that involves the mitochondria and the extrinsic pathway that involves cell 

death receptors (overview of cell death in Figure 1.3). In either case the leftovers of 

the dead cell are packaged into apoptotic bodies which are recognised by 

neighbouring cells or macrophages and cleared out by phagocytosis. 

Apoptosis was first observed by Walther Flemming in 1885 who called it 

chromatolysis because the nucleus was gradually disappearing. Apoptosis as we 

know it, was later studied and described in detail by Kerr and co-workers in 1972 

[309] and involves a series of morphological and biochemical features that are 

distinctive of this type of cell death. Hallmarks of apoptosis consist of membrane 

blebbing, cell shrinkage, cell surface exposure of phosphatidylserine, loss of 

mitochondrial membrane potential, nuclear fragmentation (karyorhexis from the 
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greek ‘karyon’:nucleus and ‘rhexis’: disruption) chromatin condensation and large-

scale DNA fragmentation finally leading to phagocytosis of the ‘dead’ cell by 

macrophages or neighbouring cells and so protecting tissues from inflammatory 

injury due to toxic contents of the dying cells [627]. Apoptosis is totally different 

from necrosis, since the last one is the consequence of extreme damage of the cell 

microenvironment leading to loss of membrane integrity, blebbing and therefore 

strong inflammatory response of the damaged tissue [349]. Apoptosis consists of two 

pathways, the extrinsic and the intrinsic (Figure 1.3) which both end up at the 

formation of the apoptosome which is the last step of programmed cell death. 

 

 

1.2.1.1 Extrinsic apoptotic pathway 

 

The extrinsic pathway is initiated when death-inducing ligands bind to cell surface 

receptors, called death-receptors, and stimulate a cascade of events leading to the 

apoptotic characteristics mentioned above. Death receptors belong to the tumour 

necrosis factor gene superfamily and contain similar and variable in numbers 

cysteine-rich domains that are exposed to the cell surface to be recognised by their 

ligands [236], as well as a cytoplasmic death domain that ensures signal cytotoxicity 

and enables the receptors to directly initiate the apoptotic response [285, 571]. The 

best characterized death receptors include TNFR, DR3 (Death Receptor 3, also called 

Apo3), DR4, DR5 and Fas (also called Apo1, CD95). The ligands that activate these 

receptors belong to the TNF gene superfamily [236, 546] and include TRAIL (binds 

to DR4 and DR5) [372, 454, 455, 520], TNF (binds to TNFR), CD95 ligand (binds to 

Fas) and Apo3L, ligand, (binds to DR3) [114]. Once bound to its ligand the receptor 

oligomerises and triggers the recruitment of FADD, FAS-associated death domain, 

and caspase 8, forming a death-inducing signalling complex (DISC). The initiator 

caspase 8 then activates the effector caspases 3, 6 and 7 [27].  

Caspases were first discovered after genetic analyses of the nematode C.elegans 

from the ced-3 gene that encodes a homologue of the interleukin-1β processing 
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enzyme [645]. Ced-3 gene is abundant during embryogenesis where most of 

programmed cell death happens and was proposed to act as a cysteine protease that 

controls cell death by proteolytic activation or inactivation of substrates [645]. In the 

same study it was also revealed that specific mutations in the conserved region 

irreversibly inhibited the 131 programmed cell death processes that would otherwise 

occur during the hermaphrodite development. When Ced-3 was overexpressed in 

Rat-1 mammalian cells, it was able to induce apoptosis [404]. A number of similar 

type apoptosis-inducing proteins were termed as ‘caspases’ (cysteine aspartate-

specific proteases) [17]. The ‘c’ reflects a cysteine protease mechanism and the 

‘aspase’ refers to their ability to cleave after aspartic acid which is the most 

characteristic feature of this family. Individual family members were distinguished 

by an arabic numeral following after the ‘caspase’ term, which indicated the date of 

its publication. Fourteen mammalian caspases have been identified and cloned so far 

and they all contain a prodomain followed by p20 large and p10 small subunits. They 

are first synthesized as inactive precursors, then proteolytically cleaved at internal 

caspase recognition sites to active enzymes during apoptosis and in turn cleave 

substrates at Asp-Xxxx motives [580]. Based on their function caspases are classified 

into three categories. The first one consists of inflammatory caspases -1, -4, -5, -11, -

12, -13 and -14 which are involved in inflammation after bacterial infection or 

change, entry of intracellular pathogens in the ionic cellular environment and bear an 

activation and recruitment domain [385]. The second category includes the initiator 

caspases which possess large prodomains with either death-effector domain, in the 

case of caspases-8 and -10, or a caspase activation and recruitment domain, caspases- 

2 and -9, respectively. Initiator caspases are involved in the interaction with upstream 

adaptor molecules to initiate apoptotic response [580]. The third category contain the  

effector caspases -3, -6 and -7 which are characterized by short prodomain and 

cleave variable cellular substrates after upstream caspases’ activation [93, 192, 237, 

269, 426, 567, 610]. Initiator caspases are autoproteolyticaly activated when brought 

to close distance, a model called ‘the close proximity model’ [425, 543, 554]. The 

model suggested that pro-caspases, although inactive, shown low activity which is 
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sufficient to induce cleavage of another molecule of the same pro-caspase and thus 

activate it when brought to close distance, in an autoprocessing manner [509]. The 

cleavage takes place in a short domain between the large and the small subunits of 

the catalytic domain in Asp 297 which is the highly conserved amino acid that directs 

cleavage specificity in this domain [655]. The above model was later refined by ‘the 

proximity induced dimerization model’ which suggests that dimerization induces 

auto-activation [64, 146]. In this model, initiator caspases are activated when inactive 

monomers dimerize within macromolecular structures such as DISC and apoptosome 

[64, 146]. Effector caspases are proteolytically cleaved and activated at Asp-X sites 

by active initiator caspases suggesting the possibility of autocatalytic activation 

[580]. 

 

 

1.2.1.2 Intrinsic apoptotic pathway 

 

The intrinsic pathway is initiated by various intrinsic apoptotic stimuli such as UV 

damage, drugs, X-rays, oxidative stress or starvation. The key event is what is called 

mitochondrial outer membrane permeabilization (MOMP) which is controlled by the 

pro-apoptotic Bcl-2 family members such as Bad, Bid, Bak and Bax. The function of 

these proteins involves the formation of pores in the outer mitochondrial membrane 

from where cytochrome c is being released to the cytoplasm [41]. Basanez and co-

workers, 1999, supported the instabilization of the phospholipid bilayers of the outer 

mitochondrial membrane and the disruption of the permeability barrier as a potential 

mechanism that leads to the formation of these pores, the so called apoptotic pores 

[41]. When this large pores are formed, Bax enters the inner mitochondrial 

membrane and destabilizes it, leading to (i) loss of the mitochondrial electrochemical 

potential, (ii) activation of the permeability transition pore and (iii) mitochondrial 

swelling [325, 388, 459, 542, 596]. Once MOMP is initiated a whole cascade of 

either releasing of molecules or mitochondrial loss of function begins. Cytochrome c 

is being released rapidly from their inner membrane compartment into the cytosol 

[13] 
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where it binds to Apaf-1 and activates procaspase-9 through oligomerization, 

creating, an intracellular DISC-like complex known as the apoptosome [366]. The 

apoptosome then activates the executioner caspases -3, -6 and 7 [356, 659]. In vivo 

studies in Apaf-1, caspase-9 or caspases 3 deficient MEFs showed that the 

aforementioned molecules are essential to apoptosis and in their absence no apoptotic 

response is achieved [96, 242, 330, 356, 642], and is sometimes accompanied by 

lethality or defective development [242, 330]. After caspase -3 activation, the two 

pathways converge and a whole cascade of protein activation and deactivation 

begins. 

Besides mitochondria, ER is another major player in the intrinsic apoptotic pathway. 

Oxidative stress, Ca++ ionophores, toxic reagents or inhibitors of ER glycosylation 

such as tunicamycin, blocking of ER-Golgi transport [365], depletion of intracellular 

Ca++ levels [152, 357] can induce the Unfolded Protein Response, UPR, and affect 

the quality control mechanism which ensures that only the correct folded proteins are 

processed along the secretory pathway and that prefolded and misfolded proteins are 

degraded so that they cannot cause any harm to the cell [395, 523, 587]. The UPR 

pathway controls transcription of genes encoding ER-resident protein chaperones 

that regulate folding, assembly and modification of cellular proteins [323]. During 

UPR the upregulation of these chaperones increases the folding capacity of this 

organelle. If UPR persists, then ER-associated protein degradation occurs and leads 

to apoptosis.  What is more, Ca++ , which is stored to the ER, is released to the 

cytosol during apoptosis and uptaken by the mitochondria and triggers cytochrome c 

release which in turns induces more Ca++ release and a positive feedback loop is 

created, thus triggering dramatic caspases activation [490, 519]. Interestingly, pro-

apoptotic Bcl-2 family members participate in ER targeting by interrupting ER and 

mitochondria crosstalk [437, 519, 658]. Bax/Bak mediate ER stress-induced 

apoptosis by ensuring Ca++ homeostasis in the ER [437, 519, 658]. ER-stress causes 

conformational changes and oligomerization of the aforementioned proteins on the 

ER membrane and jeopardise membrane integrity. On the other hand, overexpression 

of either Bax or Bak causes accumulation of the protein in the ER or mitochondria 

[14] 
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and induces caspase-independent Ca++ release and accumulation to the mitochondria, 

a process depending on the Bcl-2 family members [437]. In ER-mediated apoptosis, 

ER-targetted Bak induces caspase-12 cleavage [658] and then caspase-12 is being 

released from the ER to the cytosol, where in cleaves procaspase-9 and triggers 

caspases-3 activation leading to the formation of the apoptosome. 

 

 

1.2.1.3 Apoptosome as the last step before total extinction 

 

The last step of apoptosis includes packaging of the dead cell content into cavities, 

called apoptosomes. Apoptosomes then release signals to phagocytes uptaken by 

rertain receptors, for the phagocytosis to begin so that the extracellular environment 

is clear of the unwanted leftovers and no inflammation is induced around the dying 

cells. Phagocytes can be ‘professional’ such as the macrophages or ‘amateurs’ such 

as fibroblasts, neutrophils, melanoma cells, other types of epithelial cells, Sertoli 

cells, Jurkat T cells, tumour cells or vascular smooth muscle cells [49, 183, 184, 260, 

422]. Phagocytes receptors include CD14, lectins or integrins [399]. 

Amongst these signals is phosphatidylserine, which normally faces the cytoplasmic 

side of the cell membrane, but in a cell undergoing apoptosis is exposed to the 

external surface of the cell membrane [183, 184, 422]. In non-apoptotic cells, 

phospholipids are distributed in an asymmetric way in the cell membrane with 

cholide-containing lipids in the outer membrane and amino-phospholipids in the 

inner leaflet. The first category of cholide-containing lipids includes 

phosphatydilcholine and sphingomyelin and the second category of amino-

phospholipids includes phosphatidylethanolamine and phospatidylserine, PS, [183, 

184].  Loss of phospholipid asymmetry and exposure of PS to the outer leaflet of the 

cell membrane is a universal apoptotic phenomenon and was first identified in 

apoptotic lymphocytes by Fadok and co-workers in 1992 [183, 184]. PS is then 

recognised in a stereospecific manner by phagocytes [183, 184]. It has been known 

that macrophages can recognise cells which have lost membrane asymmetry [195] 
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but it has been also supported that they specifically recognise negatively charged 

liposomes and especially PS [16, 195]. Other ‘eat me’ signals include changes in 

membrane sugars that are being recognised my macrophage-lectins [547]. Lectins 

and their receptors are produced in large quantities during the early infection stage 

and are involved in pathogen recognition by identifying bacterial surfaces as well as 

helping to neutralization of foreign bodies and other pathogens in the host organism.  

 
 
1.2.2 Autophagy 
 
Autophagy (from the greek word auto:self and phagy:feed which literary means to 

‘eat oneself’) is a conserved catabolic process that degrades long-lived proteins, 

organelles and bulk cytoplasm, recycling it back as metabolic precursors. Autophagy 

has been associated with both cell survival and cell death. Short-lived proteins are 

degraded by the ubiquitin-proteosome pathway but analysing this process remains 

beyond the aims of this project. Cells can undergo autophagy in response to 

extracellular stress, such as nutrient starvation, high temperature, hypoxia, high 

population density [134, 223], intracellular stress, such as accumulation of damaged 

or extra organelles that are no longer required, and even under normal physiological 

conditions where massive cell elimination is required such as neuronal degeneration, 

insect metamorphosis [435, 503], organogenesis and tissue remodelling, in 

Drosophila salivary gland, [137, 348]. Autophagy is considered a survival 

mechanism of the cells in times of stress and especially famine because at that point 

the cellular constituents are degraded to ensure sufficient energy production. Two 

types of autophagy have been identified in eukaryotic cell, macro-autophagy and 

micro-autophagy [562]. These two modes differ to the pathway by which 

cytoplasmic material is delivered to the lysosomes but share the same characteristics 

when it comes to packing and degradation of the unwanted contents. Micro-

autophagy is characterised by direct engulfment of the cytoplasm to the lysosomes 

whereas macro-autophagy utilizes the formation of double-membrane vacuoles that 

lead portions of the cytoplasm to the lysosomes (Figure 1.4). We will focus on 
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macro-autophagy, which will be from now on be referred as autophagy, because it is 

the most common type of autophagy from yeast to mammals. 

 

 
 

Figure 1.4: Formation of autophagosome. Induction results in the formation of a double-

membraned autophagic vacuole that encloses cytoplasmic components that need to be 

degraded. The autophagic vacuole then docks against the lysosome, to form an 

autophagolysosome and the fusion of the outer autophagic vacuole membrane with the 

lysosome releases the inner membrane-bound cytoplasmic components into the lysosome 

where degradation occurs (designed by Servier Tools Medical Art Software).  

 

 

A morphological characteristic of autophagy is the rearrangement of subcellular 

membranes and the formation of autophagosomes (Figure 1.4), cytoplasmic double 

membrane vacuoles that contain bulk cytoplasm and/or cytoplasmic organelles such 

as mitochondria and ER [53]. The origin of the double-membrane was believed to 

come from rough ER, as several protein markers used as immunological probes for 

all the types of cell membranes (Golgi, endosomes and plasma) failed to label these 

vacuoles whereas antisera against several integral ER membrane proteins did [159]. 

Nevertheless, recent studies revealed that autophagic vacuoles are formed de novo 

through nucleation, assembly and elongation of small membrane structures [566] 

which are called pre-autophagosomal structures and contain many apg proteins (apg 

genes is a subset of what was later called ‘ atg’ genes in nomenclature [316] and 

included apg (autophagy)-aut (autophagy)-cvt (cytoplasm-to-vacuole targetting) 
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genes. No ER, Golgi or late-endosomal markers were detected [312]. After engulfing  

bulk cytoplasm/ organelles, the autophagosomes fuse to lysosomes to form an 

autolysosome and their contents are degraded and recycled (Figure 1.4) [31, 300]. 

Key pH-sensitive lysosomal enzymes called hydrolases are used to digest the 

unwanted cargo [608]. Lysosomal permeases then release the digested material back 

to the cytosol for macromolecular synthesis and/or bioenergetics. 

Autophagic cell death is considered as the type II cell death. It is distinctive from 

apoptosis in terms of morphological changes as well as biochemical ones. Genes and 

proteins that regulate autophagy were first studied in yeast but some of their 

mammalian orthologues have also been characterised. An autophagosome-associated 

protein microtubule-associated protein II light chain (LC3) has been used as a 

popular marker for this type of cell death. The shift in localization of LC3 from the 

cytoplasm to the membrane of the autophagosomes is indicative of autophagy [300]. 

Two forms of LC3 are produced post-translationally in cells by proteolytic cleavage 

at the C-terminus, cytosolic type I and membrane-bound type II, [300]. The two 

forms have different molecular weights. Another popular marker for autophagy is 

Beclin-1, which is the mammalian orthologue of the yeast apg6 (autophagy 

related gene) protein that is involved in the early steps of autophagic vacuoles 

formation. Several atg-deficient yeast strains have indicated that these genes are 

essential for sporulation, survival during starvation and differentiation after 

starvation in yeast [518, 590]. Similar mutation studies in the sole amoeba 

Dictyostelium discoideum also showed that orthologues of the yeast atg genes were 

essential for viability and formation of a multicellular organism (a well-characterised 

mechanism of this amoeba to overcome famine, where a lot of amoebas are clustered 

together and form multicellular structures) during nutrient starvation [450]. However, 

a very surprising result in Beclin-1 haploinsufficient mice was that the animals, as 

they age, displayed a pronounced increase in the incidence of lymphoma and 

carcinoma of the lung and liver [480]. In addition, mammary tissues in these animals 

displayed hyperproliferative, pre-neoplastic changes in response to Beclin-1 deletion.  

Beclin-1 deficiency in mice results in embryonic lethality due to inability of 
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undergoing remodelling and differentiation of ventral ectoderm and extensive cell 

death indicating a potential pro-survival role of autophagy [646]. In the same study, 

it was shown that although the protein is not essential for apoptosis, as Beclin-1 -/- ES 

cells showed normal apoptotic response after UV and serum withdrawal compared to 

the control wt ones, it is important to regulate autophagy because in the same cells 

autophagic response to nutrient deprivation was totally abnormal. If autophagy was a 

cell suicide mechanism then the Beclin-deficient cells would have been resistant to 

cell death. Apart from suggesting a cell survival role of autophagy the above 

experiment also explains the behaviour of tumour cells that utilize autophagy in a 

regular basis [646]. Indeed, when cancer cells face nutrient depletion, for example 

after blood supply is disrupted, they use autophagy as an energy mechanism until 

new blood vessels are formed and nutrient supply is restored. Evidence also exist that 

Beclin-1 regulates the degradation of proteins [166]. Overexpression of a Beclin-1 

binding protein located primarily in the Golgi apparatus, CAL 

(CFTR associated ligand, also known as PIST), reduces the rate of appearance and 

halflife of CFTR (cystic fibrosis transmembrane conductance regulator) chloride 

channel in the plasma membrane [110]. Thus, a Beclin 1-containing protein complex 

may regulate the trafficking and turnover of other plasma membrane proteins that are 

involved in signal transduction and/or nutrient acquisition. Interestingly, Beclin-1 is 

mapped on the 17q21 locus, 150kb centromeric of BRCA1 gene, which is 

monoallelically deleted in a lot of cancers including ovarian (75%) [12, 164, 500], 

breast (50%) [209, 505] and prostate cancer (40%) [211], suggesting tumour-

suppressing potentials. This tumour-suppressing role was refined by FISH analysis of 

22 breast cancer cell lines that revealed a percentage of 41% Beclin-1 allelic deletion 

[12] along with protein expression data from a different team that showed total 

protein loss or attenuation in breast cancers [359]. Transfection of Beclin-1 into a 

transformed breast carcinoma cell line decreased its tumourigenic potential in nude 

mice, further supporting the aforementioned data. 

 In plants, autophagy gene mutations, in the atg genes, do not have implications on 

the plant life cycle but do induce shorter life cycle that results in earlier senescence, 
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under normal conditions. Under carbon or nitrogen depletion these mutant plants 

show enhanced chlorosis (state where the plants becomes yellow due to chlorophyll 

degradation) [143, 243]. 

Is autophagy a survival or a cell death mechanism then? Much debate has been going 

on in the field. In favour of the survival role, researchers support that since 

autophagy provides the cell with amino-acids and other essential molecules it can be 

adapted as a supporting energy-producing mechanism in times of nutrient 

deprivation [62]. Liver, for example, is totally dependent on autophagy after amino 

acid deprivation and total energy production for the whole organism depends on that 

exact mechanism. What is more, damaged or excess organelles, like mitochondria, 

ER, peroxisomes, are removed by the autophagy pathway, maintaining the cellular 

homeostasis. By removing damaged mitochondria, autophagy protects the cell from 

the release of pro-apoptotic molecules that would trigger apoptotic response, as well 

as limiting the exposure of cellular DNA to genotoxic stresses such as free radicals 

[350]. It was also shown that ionizing radiation or certain drugs can induce the 

formation of acidic vesicular organelles in breast cancer cells that lack caspase-3, 

such as MCF-7 [26]. The same autophagy induction is observed in prostate and colon 

cancer after irradiation [452]. In this radiation-induced autophagy, the autophagy 

inhibitor bafilomycin A1, an H+-ATPase inhibitor, induced apoptosis in cancer cells, 

suggesting a protective role for autophagy in terms of apoptosis escape [452]. 

Research in the last decade has revolutionized our knowledge on the molecular 

mechanisms involved in autophagy. Novel functions for autophagy genes have been 

unraveld, implicated in yeast sporulation, multicellular development of 

Dictyostelium [320], insect metamorphosis, organogenesis, neuro-differentiation and 

early plant senescence. All these processes share a common need for a competent 

catabolic pathway that degrades and recycles unwanted intracellular material through 

different developmental stages across several different species.  To date there is no 

ultimate proof that autophagy is required to maintain cell survival. Autophagy is a 

self-limited process and cells dependent on this mechanism are capable of 
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maintaining bioenergetics until a point when their internal resources will be 

exhausted and finally die of necrosis. 

 

 

1.2.3 Necrosis 
 

Apoptosis is different from necrosis or oncosis (derived from the Greek word ‘oncos’ 

which means swelling, type III cell death) in which the cells suffer from a major 

insult  such as osmosis, extreme physico-chemical stress, detergent stress, freezing-

thawing cycles, mechanical stress and die abruptly after losing membrane integrity 

and swelling. The term oncosis was first proposed by Von Recklinbauer in 1910 to 

mean cell death by swelling [377]. The cellular contents are released into the 

surrounding environment and alert the innate immune system due to the presence of 

proinflammatory molecules in the necrotic spot. Necrosis is characterised by rapid 

cytoplasmic vacualization and swelling, irreversible changes in the nucleus including 

karyolysis and pyknosis dut not DNA fragmentation and organised chromatic 

condensation. Necrosis was believed to be uncontrolled but recent studies came to 

reveal that it is tightly regulated as it can include signs of controlled processes such 

as mitochondrial dysfunction, ATP-depletion [102, 349, 583], proteolysis and early 

membrane rupture [102]. In addition, it was also shown that inhibition of proteins 

with a role in apoptosis (caspases) [599] or autophagy (atg encoded proteins) [320] 

can favour necrotic death [86, 102]. Therefore, programmed necrosis can be tightly 

upregulated by several pathways which are characteristic of the other types of cell 

death, and it can be set as a default death pathway after inhibition of apoptosis or 

autophagy. Under normal physiological conditions this type of cell death  occurs 

during tissue development (e.g. the death of chrondrocytes controlling the 

longitudinal growth of bones) [491] and in adult tissue homeostasis (e.g. in intestinal 

epithelial cells) [39]. Whereas apoptotic cells, that undergo budding, are engulfed 

completely by phagocytes with the formation of tight fitting phagosomes [229, 230], 

necrotic cells (which swell) are internalized by a macro-pinocytotic mechanism, 
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meaning that only parts of the cell are taken up by phagocytes through multiple 

broad membrane ruffles directed towards the necrotic material [326, 584]. In 

negative terms, necrosis is characterized by the absence of caspase activation, 

cytochrome c release and DNA fragmentation [327] and it can be discriminated from 

apoptosis by microscopy, time-lapse or DIC, flow cytometry, transmission electron 

microscopy and accurate biochemical methods although a very detailed and multi-

disciplinary approach combining several biomarkers, such as PS, caspases, 

cytochrome c that are distinctive of apoptosis, along with morphological 

characteristics is required. 

Other types of cell death include mitotic catastrophy, anoikis, excitotoxicity, 

Wallerian degeneration and cornification of the skin but analysing all these different 

types remains beyond the objectives of this project. 

 

 

1.3 Tumour suppressor genes and oncogenes 

 

Cancer is a complex genetic disease, arising from accumulation of mutations that 

promote clonal selection of cells with increasingly aggressive behaviour [188]. The 

two groups of genes believed to be mainly involved in cancer development are 

oncogenes and tumour suppressor genes. Oncogenes are genes that when mutated 

they express more protein-product that usual or have amplified activity and therefore 

act in a dominant manner and initiate carcinogenesis [460]. In this class belong genes 

that positively regulate cell growth, proliferation such as growth hormone receptors, 

growth hormones themselves [370, 460], inhibitors of cell death, such as Bcl-2, 

[370], stimulators of cell proliferation, such as c-Myc, [370], and also cell cycle 

genes such as cyclins [81]. Tumour suppressor genes on the other hand, encode 

proteins that have inhibitory effects in tumour formation and progression [460]. 

Tumour suppressor genes restrict unusual cell proliferation and include many cell 

cycle genes, cell death-regulators etc [615]. These genes induce apoptosis and/or cell 
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cycle arrest in malignant cells [445]. Mutations in these key-regulator genes can lead 

to cancer.  

 
 
1.3.1 p53- a tumour suppressor gene 
 

One of the most highly involved genes in the progression of most cancers, as well as 

breast cancer, is the p53 tumor-suppressor gene. p53 was first described in 1979 and 

thought to be an oncogene by virtue of its ability to cooperate with mutant Ras genes 

in transforming primary rodent fibroblasts [343, 447]. The gene is found to be 

mutated or absent in almost half of human cancers [34, 91, 258, 392, 432] due to its 

unique post-translational responsiveness that involves a broad range of signals. 

Genotoxic and non-genotoxic, stimuli such as hypoxia/anoxia and activation of cell 

cycle/growth signalling cascades, may drive p53 expression and lead to uncontrolled 

cell proliferation and therefore cancer through transcriptional activation of multiple 

genes that control cell cycle.  

 

 

1.3.1.1 p53 structure 

 

The homotetrameric tumor suppressor p53 consists of folded core and 

tetramerization domains, each of 393 residues [581] (Figure 1.5). Each chain has 

three functionally distinct domains: the N-terminal domain where the transcription 

activation domain lays along with a proline rich domain. This N-terminal domain 

contains major, residues 1-42, and minor, residues 45-56, transactivation domains 

(Figure 1.5). The transcriptional activation of p53 is modulated through binding of 

target molecules to this N-terminus on the transcription activation domain [136]. 

This domain is followed by a highly conserved sequence-specific DNA binding 

domain, residues 98-296, also termed as the core domain, that aids p53 to act as a 

transcription factor, and a complex C-terminal region containing tetramerization 

motifs, residues 319-363, linked to the core domain by an intrinsically disordered 
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sequence, as well as a domain exerting negative regulation on DNA-binding activity, 

residues 364-393 [136]. The C-terminal part of the protein contains a sequence 

unspecific DNA-binding regulatory domain [10]. The C-terminal domain neither 

interacts with other regions of p53 nor has an effect on the conformation of the 

molecule but interestingly C-terminal p53 deletions prevent the interaction of the 

protein to the p21-cyclin dependent kinase inhibitor [464]. The inactive form of the 

protein, highly unstable, adopts a conformation in which the C-terminal domain 

mediates interactions of the DNA-binding domain with its target [276]. Hupp and 

colleagues demonstrated that phosphorylation, antibody interaction or deletion of the 

C-terminus could facilitate DNA binding using inert bacterially expressed p53 [275]. 

 

 
 

Figure 1.5: Graphical representation of p53 protein structure. The N-terminal activation 

domains, the core DNA-binding domain and the C-terminal tetramerization domain are all 

depicted in the diagram. 

 

 

1.3.1.2  p53 and its various roles 

 

The p53 protein plays a vital role in cell proliferation, genome stability, accurate 

chromosome segregation, cell cycle progression [602, 647] and protection from 

DNA damage by ionizing radiation, oxidative stress or hypoxia. The gene is also 

involved in the regulation of the cell cycle arrest and apoptosis. When p53 is active 

then the apoptotic pathway is enhanced, whereas when p53 is mutated or absent the 

apoptotic pathway is inhibited. It has been shown that p53-/- cells cannot undergo 

apoptosis and malignant transformation is being established [52, 392]. 
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Figure 1.6: p53 activation by various stimuli. Genotoxic stress includes UV exposure, 

ionizing radiation (IR) and other DNA-damaging agents. Non-genotoxic stress is 

summarized in hypoxic/anoxic and induced growth signalling conditions which are 

characteristic of cancer development (Designed by Servier Medical Art Tools software). 

 

 

p53 can act as a transcription factor by binding to TFIIH (nucleotide excision repair 

mechanism) complex. As far as the cell cycle is concerned, p53 affects G1 block 

[392] by transcriptional activation of the p21WAF1 gene [168] as well as regulating 

G2/M block after DNA damage [8, 559].  p53 binds to DNA as a tetrameric protein 

[121, 324] and is capable of directly inhibiting DNA replication by interacting with a 

single-stranded DNA-binding protein complex required for DNA unwinding during 

replication [392]. 

Maltzman and Czyzyk ,1984, were the first to discover that UV or even UV-mimetic 

chemical carcinogens activate p53 in mouse cells [380]. This discovery was much 

later supported, 1991, by Kastan and co-workers that demonstrated that p53 was 

essential for cell cycle arrest after genotoxic stress such as DNA damage or 

irradiation [303] (Figure 1.6). The first role found for p53 was the regulation of gene 

expression as a sequence specific transcription factor [308]. The so called ‘guardian 
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of the genome’ is sensing and reacting to DNA damage by the ATM/ATR and 

Chk1/Chk2 pathway. It is the main regulator of the DNA damage response pathway 

(DDR pathway) activated by DNA bases modifications, DNA double or single strand 

breaks after exposure to genotoxic agents or ionizing radiation or even replication 

stress during S phase in the case of ssDNA. The aforementioned DNA lesions such 

as oxidative lesions or bulky adducts, are being repaired by the nucleotide excision 

repair and base excision repair pathways through the ATR/ATRIP pathway (ATM 

and Rad3-related kinase /ATR interacting protein) which is activated after replication 

stress and DNA damage and especially after ssDNA formation [126, 185, 661]. ATM 

and DNA-PKcs respond mainly to DNA double-strand breaks, whereas ATR is 

activated by single stranded DNA and stalled DNA replication forks. In particular, 

ionizing radiation, radiomimetic agents and other dsDNA damage agents activate 

mainly the ATM pathway, whereas, UV and UV-mimetic agents, such as cisplatin, 

promote base damages and stimulate the ATR pathway [126, 185, 661]. When the 

above pathways are deficient then the lesion is converted into a DNA double strand 

break and the DDR pathway takes control by activating ATM [293]. Along to ATM, 

the DNA-dependent protein kinase is being activated and leads to p53 

phosphorylation on serine 15 and 37 [506]. On the other hand, ATM activation leads 

to direct or indirect p53 phosphorylation on serine 6, 9, 15 (direct), 20, 37(direct), 46 

and Thr 18 as well as phosphorylation of other checkpoint kinases [36, 253, 506] 

such as Chk2 which phosphorylate p53 on serine 20 [103, 255, 530]. Interestingly, 

all three of the phosphoinositide 3-kinase-related kinases (PIKK) ATM, ATR and 

DNA-PK, as well as Chk1 and Chk2 can also phosphorylate downstream targets with 

important roles in cell cycle checkpoints and DNA repair [185]. p53 phosphorylation 

reduces binding of mdm-2 ubiquitin transferase to the p53 molecule which then 

enables replacement of the ubiquitin molecules by acetylation, resulting in p53 

stabilization [413]. Mdm-2 binds to the N-terminal transcriptional activation domain 

of p53 and disrupts its interaction with the general transcription machinery, as well 

as promote its nuclear export and proteosomal degradation [106, 197, 413]. After 

activation, p53 acts as a suppressor or activator of various genes and can translocate 
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to the mitochondria to induce apoptosis or localize directly in the nucleus and 

promote DNA repair [45, 384, 511]. 

p53 is also activated by non-genotoxic stress such as hypoxia/anoxia and activation 

of growth signalling pathways (Figure 1.6). Hypoxia/anoxia refers to the low 

presence (less that 1.5%) or total absence of O2, respectively. Under hypoxic 

conditions p53 activates genes involved in G1 arrest, such as GADD45, through 

nuclear translocation of p53 [227]. The exact mechanism in which p53 is being 

induced is yet to be determined. Interestingly, the prevalent hypotheses implicate 

changes in the mitochondrial permeability and release of mitochondrial dependent 

ROS that create an oxidizing signal in the cytosol [99], induction of transcription 

factors such as the hypoxia-inducible factor Hif-1α that might bind p53 leading to its 

stabilization and modulation of proline hydroxylation [20, 90, 99]. It should be noted 

that it is difficult to exclude any DNA damage implications, as hypoxia has been 

shown to induce certain endonucleases in vitro from chronically anoxic fibroblasts 

but no increase in cellular DNA strand breaks was measured [501].  

In conclusion, genotoxic stress leads to rapid and high-levelled accumulation of p53 

which in turn activates a series of genes participating in apoptosis, while on the other 

hand, non-genotoxic stress induces a long-lasting moderate accumulation of p53 with 

activation of cell cycle inhibitory genes (Figure 1.7). The two processes mentioned 

before are not fundamentally different as the first one leads to total extinction of the 

dysfunctional cell through apoptosis whereas the second leads to permanent or not 

cell cycle arrest from the pool of the replicating population depending on the dose, 

duration and type of the stress applied to the particular cell each time. 

Genomic instability is a major cause of cancer [379] with mice with germline 

deficiencies in p53 are curtailed by cancer [145]. p53 heterozygotes mice develop 

neoplasms by the first 6-8 months of age including sarcomas, ovarian 

choriocarcinoma and lymphomas whereas p53-deficient mice develop various 

primary neoplasms in terms of cell type, malignancy and early onset, indicating the 

essential role of p53 in tumour suppression and progression [145]. Moreover, the 

absence of the p53 gene or the functional protein predisposes the organism to 
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develop cancer at a young age with most well-known the Li-Fraumeni syndrome, 

which involves germline mutations on the p53 gene [379]. 

 

 
 

Figure 1.7: Summary of different types of stress. Genotoxic stress (UV exposure, ionizing 

radiation and DNA-damaging agents) compared to non-genotoxic stress (hypoxic/anoxic and 

induced growth signalling conditions) and different types of p53 activation effects. 

 

 

1.3.1.3  p53, estrogens and hormone-dependent cancers 

 

The structure and the function of the human breast tissue are under the regulation of 

various hormones such as steroids, progesterone and estradiol. Most of the above 

hormones, along with other signalling molecules, are implicated in the 

transformation of a normal tissue into cancerous and are also related to tumour 

response to treatment. Mutations in the p53 gene are implicated in various cancers 

with breast and ovarian cancer amongst them. Notably breast cancers, maintain the 

wild-type p53 gene indicating that other epigenetic or genetic events can inactivate 

p53 pathway and promote cancer progression [657]. In breast cancer, p53 is 

inactivated between a 0-40% inactivation rate in non-invasive breast cancers and 20-

50% rate in invasive ones [135]. p53 mutations are associated with a decrease in 

disease-free period and shorter overall survival after systemic treatment of lymph 
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node-positive patients [54, 55, 540]. On the other hand, overexpression of p53 

protein in the nucleus is an indicator of poor prognosis [540] and therefore it can be 

postulated that p53 plays a role in the progression of breast cancer from a hormone-

dependent phenotype to a more aggressive hormone-unresponsive phenotype [23]. 

When it comes to estrogens and p53, it has been established that estrogen treatment 

in ERα-negative and -positive cancer resulted in elevated levels of phosphorylated 

Rb, an inhibitor of the E2F mitogenic transcription factors [277] and negative 

regulator of G1 re-entry [352]. Rb phosphorylation is controlled by cyclins cdk-4 and 

-6 complex who act in favour of G1 transition after mitogenic stimuli [352]. A 

noticeable difference between the ERα-positive and -negative cell lines was that in 

the first ones hyperphosphorylation of pRb occurred earlier than in the negative ones. 

In both cases medium containing E2 was essential for the hyperphosphorylation of 

the protein [277, 420] but this effect was selective only for E2 and not other steroids 

[420]. Further supporting these data, recent studies of MCF-7 xenografts in mice 

came to reveal [130] that tumours derived from MCF-7 overexpressing an inactive 

mutant of p53, after hormone stimulation, developed a characteristic metastatic 

phenotype with increased tumour growth, higher tumour histopathology grade, 

poorer differentiation whereas its molecular characteristic included centrosome 

amplification, loss of nuclear ERα expression, increased expression of Mdm-2 

oncoprotein which induces ERα degradation [160], Rb hyperphosphorylation, lack of 

p21 which is a cdk inhibitor, premature expression of cyclin E and A (promoters of 

G1-S transition and initiators of DNA replication [278]) and resistance to the 

antiestrogen tamoxifen [130]. All the above features resemble the triple negative 

tumours ERα-PR-HER- and suggest a model for the development of ERα- phenotype 

from ERα+ tumours.  

Further supporting the above model comes the fact that p53 upregulates ERα, which 

is an estradiol-activated transcription factor, suggesting that specific p53 mutations in 

breast tumours may contribute not only to oncogenesis and drug resistance, as in the 

case of doxorubicin [540],  but also to a more aggressive phenotype associated with 

the loss of ERα expression [23]. Loss of ERα expression involves a mechanism with 
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p53 abrogation, deregulation of cdk2 activity and centrosome amplification as 

mentioned above [130]. In a p53-null mouse model for mammary tumorigenesis, 

cancer cells arising from ERα-positive breast carcinomas develop loss of ERα 

expression [396], and as known tumours with no ERα display more aggressive 

phenotype [23], proposing that abrogation of p53 function may accelerate the 

development of phenotypic heterogeneity in breast cancer. 

It is worth mentioning that apart all the above functions, p53 is implicated in the 

transcriptional activation and inactivation of various genes of other hormone-

responsive tumours, such as WT-1, which act as an anti-oncogenic protein in Wilm’s 

tumours and is responsible for gonadal dysgenesis in ovarian and Sertoli cells of the 

testis [582]. The ability of gonadotropins to prevent granulose cells apoptosis has 

been related with the activity of Bax and bcl-2 which are regulated by p53 [582]. In 

vivo treatment with gonadotropin in ovarian cells resulted in reduction of the p53 

mRNA levels and bax protein, as verified by immunohistochemical experiments 

showing p53 restrained in the nucleus. Moreover, recent experiments showed that 

estrogen treatment also involve mdm-2 protein as well as TNF. As far as the TNF is 

concerned it was demonstrated that estrogen treatment resulted in resistance of MCF-

7 to the cytotoxic action of TNF. 

 

 

1.3.1.4.p53 and Tamoxifen 

 

Cytostatics, radiation and tamoxifen can induce apoptosis via p53 dependent or 

independent pathways [52]. Benefits of chemotherapy with the anti-estrogen 

tamoxifen have been widely demonstrated and related to most of the ERα-positive 

breast cancers [420]. However, the molecular basis for the drug’s activity and its 

association to the cell cycle has not yet been clearly established. Several molecular 

and cellular mechanisms have been proposed as contributors to the acquisition of this 

resistant phenotype including loss of ERα, selection of ERα mutants, shift in 

metabolism toward the accumulation of estrogenic metabolites, altered growth factor 
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production from breast cancer cells towards other targets, ligand-independent ERα-

mediated transcription, active recruitment of corepressor or coactivator proteins to 

produce a mixed transcriptional phenotype based on the antagonist’s DNA-binding 

properties, among others [568, 621]. Only two mechanisms will be analysed in this 

thesis involving, (i) HER2 association and (ii) a novel cdk/centrosome pathway. 

Tumours overexpressing HER2 are resistant to antiestrogen therapy and have lower 

clinical response [67, 248, 268]. HER2 overexpression in MCF-7 cells results in 

enhanced activity of mitogen-activated protein kinase MAPK [335]. MAPK has been 

shown to phosphorylate Ser118 in the ERα which is required for full activity of its 

activating function, leading to steroid-independent activation of ERα with loss of the 

inhibitory effect of tamoxifen on ERα-mediated transcription [78, 531]. Moreover, 

MAPK has been suggested to alter ERα association with corepressors [335] and 

therefore tamoxifen can no longer recruit those corepressors to the AF-2 region in the 

hormone-binding domain of the ERα to block ERα-mediated transcription [287, 568]. 

The second mechanism has been recently developed and suggests an alternative 

tamoxifen-resistant pathway focused on antitumor effects of the drug due to the 

expression of cyclin-dependent kinase inhibitors, especially p21(WAF1) which in 

turn are regulated by a decrease in wild-type p53 [279]. Different mechanisms may 

be responsible for antiestrogen resistance and that can explain studies in patients 

diagnosed with breast cancer and treated with adjuvant tamoxifen which supported 

that elevated p53 levels are associated with poorer survival [170]. Other studies 

demonstrated that there is no correlation between p53 levels and response to 

tamoxifen treatment [25], although it is clear that this era is not yet fully 

characterised. Since all these therapeutic approaches act through genomic damage 

and can therefore induce apoptosis and because p53 can respond to genomic 

instabilization and promote apoptosis [640], it can be hypothesized that an intact p53 

would predict sensitivity to therapy [169]. 
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1.3.1.5 UV damage, breast cancer and p53-dependent apoptosis 

 

In response to a wide variety of apoptotic stimuli, cells immediately activate a 

defensive response characterized by mitochondrial activation, manifested by rapid 

up-regulations of multiple mitochondrial respiratory chain (MRC) proteins and 

enhanced MRC activities such as oxygen consumption. In the meantime, Bcl-2 

proteins undergo dynamic alterations in an attempt to keep the cells alive [100]. 

Proteins in the Bcl family control cell death by altering the permeability of the outer 

mitochondria membrane in response to exogenous or endogenous stimuli, such as 

UV or due to oxidative phosphorylation (intrinsic apoptotic pathway thoroughly 

analysed in section 1.2.1.2). In short after UV damage, (i) cytosolic cytochrome c is 

being released, (ii) complex consisting of Apaf-1, dATP and pro-caspase-9 is being 

formed [240, 242, 366], (iii) activation of caspase-3 and caspase-7 follows, (iiii) 

caspase-3 then cleaves pro-caspase 9 to its active form creating a positive feedback 

loop [555]. Caspase-9, is required for p53-mediated apoptosis [504, 548].  

Interestingly, a variation of this mechanism exists in MCF-7 breast cancer cells. In 

these cells endogenous cytochrome c is being released in the cytosol but is unable to 

induce pro-caspase-9 cleavage [543, 553], whereas exogenous cytochrome or a cell-

free system from MCF-7 lysates is able to induce pro-caspase-9 activation in a dose-

dependent manner [60, 190]. These data support the hypothesis of a cytosolic 

cytochrome-c inhibitor present in MCF-7 cells. On an independent study, Blanc and 

co-workers revealed that absence of caspase 3 leads to delayed cytochrome c release 

and defects in pro-caspase 9 activation [60]. In the same study it was also found that 

caspase-3 reconstitution in MCF-7 cells (caspase-3 deficient) enables cytochrome c 

release to the cytosol and pro-caspase 9 cleavage. Interstingly, in pro-caspase-3 

reconstituted MCF-7 cells cytochrome c was capable of inducing caspase-3 activity 

but after incubation at 37°C, suggesting additional defects in cytochrome c-mediated 

caspase activation pathway.  
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1.3.1.6  p53 and subcellular redistribution 

 

Normal p53 undergoes cell cycle-dependent translocation. In growth-stimulated 

synchronous populations of 3T3 cells newly synthesised p53 stays in the cytoplasm 

during G1 phase, translocates to the nucleus prior to G1-S transition where it remains 

till initiation of DNA synthesis and then recycled back into the cytoplasmic 

compartment [524]. DNA damage leads to the accumulation of p53 in the nucleus 

where it acts as a transcription factor and transactivates a myriad of target genes 

implicated in apoptosis, cell cycle arrest and DNA repair [168]. The tetramerization 

domain and the exposed nuclear localization signal are necessary for nuclear import 

and retention, and thus activation of the p53 protein whereas residues Arg 306 and Lys 

305 are implicated in cytoplasmic localization of the protein. Cytoplasmic localization 

of p53 has been observed in breast tumours as well as other neoplasms, embryonic 

stem cells [334] and undifferentiated neuroblastomas [410]. Cytoplasmic retention of 

p53 results in severe functional defects in the p53-mediated G1 checkpoint response 

[411] after DNA damage but studies in NB cells showed that when the cytoplasmic 

capacity is exceeded due to p53 overflow (excess DNA damage), p53 enters the 

nucleus where it is transcriptionally active [411]. The same study suggested a rather 

interesting mechanism to explain this cytoplasmic localization of p53 which included 

the presence of a molecular chaperone that binds to the protein and is present in 

limited amounts in the cytoplasm. This speculation was supported by the presence of 

distinct p53-associated punctate structures in the cytoplasm. Once all of the available 

binding sites of this anchor protein-chaperone are occupied, p53 is no longer trapped 

and is free to move. Hsp70 proteins utilize this mechanism of cytoplasmic retention 

when bound upon their targets (steroid receptors or kinases) but once the ligand 

binds to the receptor then the last one is released and enters the nucleus where it 

activates transcription [411].  

The relationship between hormonal stimuli and the pattern of p53 expression may be 

quite complex as suggested by the absence of cytoplasmic p53 in 50% of normal 

breast samples but this may be due to the presence of different hormonal levels in 
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each patient at the time of the surgery [334]. Experiments with the MCF-7 breast 

cancer cell line, which contains p53wt gene [499] have demonstrated that the protein 

is being mislocalized after estradiol treatment [351, 408]. In particular, cells grown in 

charcoal stripped serum had p53 in the nucleus and the cytosol, whereas after 

estrogen treatment most of the p53 protein was detected in the cytoplasm instead of 

the nucleus. In p53-mutated breast cancer cells, nuclear translocation does not occur 

[351]. The above results suggest that estrogen treatment may mediate p53 

inactivation and prevent p53-mediated growth arrest [525, 526]. In normal ovarian 

epithelial tissue, DNA damage along with hCG treatment has resulted in elevated 

levels of nuclear p53 [334]. Nuclear exclusion is therefore, a non-mutational 

mechanism for attenuating p53 suppressor function but other ways of inhibiting the 

protein are via its interaction by certain inhibitor proteins. Only a few p53 inhibitors, 

have been identified so far with the most well characterised being mdm-2. 

 

 

1.3.1.7 p53 and mdm2 

 

A variety of positive and negative feedback loops between p53 and a series of other 

genes have been described in literature. All these loops provide a means to connect 

p53 with a series of diverse signal transduction pathways and orchestrate cell growth 

and division as well as backing up the cell in case of a system’s malfunction. Each of 

these loops consists of a series of proteins whose activity or rate of synthesis is 

affected by p53 activation and this in turns results in the adaptation of p53 activity. 

Of these, seven are negative feedback loops that modulate down p53 activity (mdm-

2, Cop-1, Pirh-2, p73 delta N, cyclin G, Wip-1 and Siah-1) and three are positive 

feedback loops (PTEN-AKT, p14/19 ARF and Rb) that positively modulate p53 

activity [249]. Interestingly, six of these feedback loops act through mdm-2 (mdm-2, 

cyclin G, Siah-1, p14/19 ARF, AKT and Rb) to modulate p53 activity. 

The mdm-2 gene was originally cloned as a cellular oncogene amplified on a mouse 

double-minute chromosome from a transformed derivative of 3T3 cells cDNA 
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library [84]. In the same study, in situ hybridization mapped mdm-2 on chromosome 

10, regions C1-C3. The crystal structure of the 109-residue amino-terminal domain 

of mdm-2 that binds to a 15-residue transactivation domain peptide of p53 revealed 

that mdm-2 has a deep hydrophobic cleft on which the p53 peptide binds as an 

amphipathic  helix [336]. What is more, mdm-2 encodes a putative nuclear 

localization signal and is characterized by an acidic domain often found in 

transactivators [262]. The amino-terminal domain of p53 is rich in negatively-

charged acidic amino acids that are required for the transactivation function of the 

protein and therefore influence the p53-dependent transcription machinery [106]. A 

genetic analysis of p53 and mdm-2 mutations, of the targeted amino acids to alanine, 

that block this protein complex has identified critical amino-acid residues in each 

protein that are important for this binding interaction [205, 361]. The interaction was 

tested by Y2H and site-directed mutagenesis in vitro as well as the p53 

transcriptional control in vivo by transient transfection in mammalian cells [205]. 

These same amino-acid residues have been shown to make these protein contacts in 

the crystal structure of the amino-terminus of HDM-2 (the human protein) and a 

peptide from the amino-terminus of p53 [336]. Residues phenyalanine 19, tryptophan 

23 and leucine 26 of p53 form the major contacts in the mdm-2 hydrophobic pocket. 

Phosphorylation of residues serine 20 and possibly serine 15 should weaken these 

contacts, and peptides and drugs that compete with these contacts block the p53-

mdm-2 complex and promote apoptosis in cells [315].  

Mdm-2 forms a complex with p53 and down regulates its ability to activate 

transcription [37, 328, 413, 625] (Figure 1.8), therefore affecting p53 stability [328] 

as well as growth inhibition [196], G1 arrest and apoptosis [107]. The p53-mdm-2 

protein complex was originally detected in a cell line containing a temperature-

sensitive p53 protein, which behaved like the wild-type p53 protein at 32°C and a 

mutant p53 protein at 37°C -39°C [387, 413]. The p53-mdm-2 complex was readily 

detected at 32°C and only poorly observed at 37°C -39°C even though it was clear 

that mdm-2 bound well to mutant p53 protein [254], undoubtedly indicating that 

mdm-2 synthesis is being controlled by the presence of wild type p53 [625]. Mdm-2 
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is an E3 ubiquitin ligase which keeps p53 levels low in undamaged cells. It binds p53 

and targets it for ubiquitin-mediated proteosomal degradation, therefore inhibiting its 

tumour suppressor function [261, 328]. There is evidence to suggest that mdm-2 

shuttles p53 from the nucleus to the cytoplasm [497] where mdm-2 interacts with 

p300 resulting in the breakdown of p53 [235] and also accelerating p53 degradation 

by the proteosome. Mdm-2 also regulates p53 by blocking the ability of p53 to bind 

to the transcriptional machinery creating a negative auto-feedback loop whereby p53 

upregulates mdm-2 [625]. On the other hand, p14ARF stabilizes p53 by inhibiting 

mdm-2 thus helps maintaining a steady state level of p53 in undamaged cells (Figure 

1.8). Interestingly, mdm-2 knockout mice are lethal 6 days after fertilization at the 

blastocyst developmental stage. This may be triggered by hypoxia caused at this 

stage, activating p53 in the absence of mdm-2 and leading to apoptosis. Consistent 

with this analysis is the observation that a p53/mdm-2 double knockout mouse is 

viable and is born as normal as a p53 knockout mouse [296, 414].  

 

 
 

Figure 1.8: p53/mdm-2/p14ARF loop. Arrows denote stimulatory interactions, whereas 

horizontal bars instead of arrowheads indicate inhibitory influences (described in 1.3.1.7). 

 

 

Recently, it has been revealed that this p53-mdm2 autoregulatory loop triggers an 

oscillatory effect with the two proteins’ levels increasing and decreasing over time 

under mathematical precision like a ‘digital clock’ [338] (Figure 1.9). The oscillatory 

reaction includes release of well-timed quanta of p53 in discrete pulses after stress 
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[338]. Digital behaviour may require a damage checkpoint functioning when p53 

levels are low and releasing the next pulse only if the damage is still present. 

Interestingly, the higher the damage the more pulses of p53 are being triggered 

whereas the pulses’ size and shape remains unaffected. By releasing quanta of p53 

after a certain period of time, the cells are able to repair their DNA without risking 

the dreadful consequences of excessive p53 that leads to cell death.  

 

 
 

Figure 1.9: Digital behaviour of p53-mdm-2 loop. Digital systems show an increased 

number of pulses with increasing signal, but the pulse size and shape do not depend on the 

signal strength (adapted from [338]). 

 

 

The mdm-2 gene has been amplified in many cancers. In more detail, the protein is 

overexpressed in 30-40% of sarcomas, in many leukemias and glioblastomas [76, 

443] which are characterised by escape from p53-regulated growth control. The wild 

type p53 gene should be intact, although the p53 protein is apparently inactive, so 

that drugs that disrupt the p53-hdm-2 complex should activate p53. In addition, many 

other cancers appear to express the hdm-2 gene product at high levels even when the 

hdm-2 gene is not amplified. In these types of cancers blocking hdm-2 activity or 

releasing p53 from this complex could well promote apoptosis selectively in the 

cancer cells. Therefore, the p53-mdm-2 complex and the mdm-2 ubiquitin ligase 

activity have become a major drug target for some cancers. Nutlins, or else cis-

imidazoline derivatives, are novel non-peptidic mdm-2 antagonists that disrupt the 

physical interaction between p53 and mdm-2 [19, 623].  
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1.3.1.8 p53 and other inhibitors 

 

Apart from mdm-2 other p53 inhibitors have been identified including iASPP which 

regulate the ability of p53 to bind promoter elements of proapoptotic target genes. 

The ASPP family consists of two pro-apoptotic family members,  (i) ASPP1 and 

ASPP2 [510], both of which bind to p53 and aid transcription of pro-apoptotic genes, 

(ii) and one anti-apoptotic family member, iASPP, which binds to p53 and represses 

its apoptotic transactivation potential [46, 51, 633], plus binding to the NF- B subunit 

p65 to inhibit its transcriptional activity [633]. It is worth mentioning that one 

mechanism by which wild-type p53 is tolerated in human breast carcinomas is 

through loss of ASPP activity [51]. iASPP expression is upregulated in human breast 

carcinomas expressing wild-type p53 and normal levels of ASPP.  Overexpression of 

iASPP confers resistance to the cytotoxic effects of ultraviolet radiation and to 

cisplatin-induced p53-mediated apoptosis while silencing of the protein leads to p53-

dependent apoptosis [51]. Another group of p53 inhibitors includes histone 

deacetylases HDACs. Histone deacetylases are chromatic-modified enzymes that 

facilitate a closed chromatin structure and therefore transcriptional repression [439]. 

HDACs inhibit p53 through the p21 pathway [362, 439, 495] but analysing this 

pathway remains beyond the focus of this project. Recently, another gene was added 

to the list of p53 inhibitors, termed AGR-2 which belongs to the Anterior Gradient 

protein family [474]. 

 

 

1.3.2 Anterior Gradient 2 
 

1.3.2.1 Anterior Gradient 2 in Xenopus development 

 

The hAGR-2 (human Anterior Gradient 2, also known as HAG2, AG2, GOB4) gene 

is the human homologue of the Xenopus laevis cement gland gene xAG-2. AGR-2 

was first described in 1997 by virtue of expression in Xenopus eggs, where the 
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protein was reported to be secreted. In X.laevis the xAG family is highly expressed in 

the ectoderm during the early stages of the embryo development, but certain 

members of the xAG family, such as AG-1, AG-2 and AG-3 are downregulated as 

development progresses [3]. xAG-2 is involved in the anterior specification of the 

Xenopus embryonic ectoderm giving rise to forebrain and cement gland. Its 

expression is induced by signals deriving from the Specmann’s organizer and a 

certain concentrations of the protein is being required in order to induce 

differentiation [3]. In frog embryo, xAG-2 protein is expressed in the cement gland, a 

mucus secreting organ that facilitates the attachment of the embryo to a solid 

sterigma, essential for the feeding and growth of the embryo whereas in adult frog, 

the gene encodes a protein highly expressed in the lung primordium and the pharynx 

[3]. Recently, another xAG-2 homologous gene, named XAgr-2, was identified in 

Xenopus embryos, which in addition to the cement gland, was found to be expressed 

in the otic vesicles, specifically in the ventromedial region that later develops to the 

cochlea,  and notochord, especially in the tailbud and neurula stages [436]. This 

XAgr-2 gene had greater sequence homology to the hAGR-2 and mAGR-2 than 

xAG-1and xAG-2 (Figure 1.10). XAgr-2 was identified as a target of the xAnf-1, 

for Xenopus anterior neural folds, gene that is a novel homeobox gene essential for 

the development of the telencephalon [649]. 

 
 

Figure 1.10: Alignment of the Agr homologous genes. XAgr2 has a higher homology to  
mouse and human Agr-2 genes than to the  XAG-1 and XAG-2 genes (adapted from [436]).                             
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1.3.2.2 Anterior Gradient 2 in adult salamander 

 

Recent studies identified AGR-2, termed as nAG, as a key player in limb 

regeneration in adult salamander. The regeneration occurs only if there is 

simultaneous regeneration of the severed nerves [331]. The limb blastemal cells of 

the salamander regenerate the structures remote to the level of amputation, and the 

surface protein Prod-1 is a key player in this process. Prod-1 is a cell surface protein 

expressed in a proximal-to-distal gradient in the newt limb regeneration blastema and 

is critical determinant of their proximodistal identity. Prod-1 is expressed at the cell 

surface as a glycosylphosphatidylinosotol (GPI)–anchored protein of the Ly6/CD59 

superfamily and mediates cell-to-cell interaction and positional identity [415]. Its 

expression is graded (Proximal > Distal) in both normal and regenerating limbs and 

is regulated by retinoic acid [415]. nAG was found to interact with Prod-1 after Y2H 

and co-immunoprecipitation analyses and promote cell division [331]. nAG was 

found to be essential to rescue nerve dependence but not to enhance nerve 

regeneration. When nAG was expressed, it induced formation of nAG-positive 

glands in the wound epidermis and secreted nAG acted directly on the limb [331]. 

Understanding how vertebrates such as the newt can re-grow body parts may explain 

why mammals have limited re-growth abilities and have major effects in regenerative 

medicine. In humans, hAGR-2 was found to interact with the C4.4 protein that is a 

GTI-anchored protein and has two Lys6-type domains and is associated with 

metastasis [199]. C4.4 and Prod-1 both have small Cys-rich domains and their 

interaction with AGR-2 suggests a conserved pathway of protein complexes. 

 

 

1.3.2.3 Anterior Gradient 2 homologues in other vertebrates 

 

In the zebrafish, Danio rerio, AGR-2 is expressed in most organs such as epidermis, 

otic vesicles, pharynx, esophagus, olfactory bulbs, pneumatic duct, gills, swim 

bladder, and the goblet cells of the mid-intestine [532]. zAGR-2 contains a putative 
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similar sequence to xAG-2 and the gene was found as a duplicate with identical 

nucleic acid and amino acid sequences in chromosomes 7 and 19. Interestingly, the 

cleavage site was predicted between Gly20 and Lys21, suggesting that the zebrafish 

homologue may encode a secreted protein similar to the Xenopus and human 

homologues [3]. Recent studies by Morrison and co-workers, revealed that AGR-2 is 

upregulated in the Atlantic salmon, affected with the amoebic gill disease, an 

ectoparasitic condition that creates reduced appetite, lethargy, respiratory distress and 

loss of equilibrium in fish [418]. These AGR-2 mRNAs were cloned, sequenced and 

shown to be predominantly expressed in epithelial-rich tissue of the gills, intestine 

and brain in healthy fish [418], a pattern of expression consistent with the role of the 

protein in Xenopus [532]. Interestingly, p53 mRNA was downregulated in the same 

AGD lesions that AGR-2 was high, consistent with data from human cell lines that 

propose AGR-2 as a p53 inhibitor [474]. AGR-2 mRNA is downregulated during 

Mycobacterium marinum insfection in zebrafish [397]  Other genes found to be 

downregulated in the same model were muscle-specific genes, MHC genes, Major 

Histocompatibility Complex, and other genes that reflected the general disease state 

of the animal, which is widely used as a human tuberculosis model and reveals new 

insights for mycobacterial pathogenesis. Interestingly, similar profile studies 

concerning the transcriptome response of the salmon fish after Aeromonas 

salmonicida exposure that stimulates acute bacterial response, revealed that AGR-2 

was amongst the genes downregulated in the gills [386]. The gills are regarded as a 

primary site of infection and are shown to be immunologically active as they have 

high numbers of antibody-secreting cells [150]. Both independent studies suggested a 

role of AGR-2 in inflammatory response especially after bacterial expression but the 

exact mechanism is yet unidentified.  

Mouse AGR-2 (also called Gob4) is expressed mainly in the adult stomach, 

intestines, and colon and localized in mucus-secreting cells of the intestine, named 

goblet cells, as verified by in situ hybridization [318]. Goblet cells are part of the 

small intestine epithelium and are thought to derive from stem cells in the basal 

region of a crypt. Same analysis detected the protein in the lower crypt region cells 
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of the colon and in mucous neck cells of the stomach. Amino-acid sequence analysis 

revealed that Gob-4 is similar to xAGR-2, with a 46% homology. Both, human and 

mouse genes encode a protein of 175a.a and have a similarity of 98.3% [612]. 

mAGR-2 also bears a putative signal sequence like hAGR-2 and the most likely 

cleavage site was predicted between Ala20 and Lys21 [318]. At nucleotide level 

mAGR-2 and  hAGR-2 share 87% homology [577]. 

Major differences among anterior gradient homologues in vertebrates are caused by 

length variations in the N-terminal region, 22-45 residues long, and low sequence 

similarity in this region [532] (Figure 1.11). Phylogenetic analyses in this variable N-

terminal region revealed that zebrafish AGR-2 is clustered with homologues from the 

Atlantic salmon (sAGR-2) and pufferfish (tAGR-2) and this group also included the 

human and mouse anterior gradient 2 genes.  The same study also revealed that 

human and mouse AGR homologues (HAGR-3, mAGR-3) are clustered together 

with the Xenopus XAG-1 and XAG-2 genes, suggesting a closer relationship between 

these genes (Figure 1.11). The aforementioned results proposed a model supporting 

the existence of one anterior gradient 2 gene in teleosts and that human AGR-2 and 

AGR-3 are the products of a tandem duplication event due to adjacent chromosome 

mapping [199] which also may be the case for mouse and Xenopus anterior gradient 

2 genes. 
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Figure 1.11: Alignment of the amino acid sequence of zebrafish agr2 with other 

anterior gradient 2 homologues from the pufferfish, Atlantic salmon, Xenopus, human, and 

mouse. Identical amino acid sequences which are greater than or equal to seven are shown in 

black boxes. Gaps are introduced as represented by dots to optimize the alignment. The 

percentage of amino acid similarity between zebrafish agr2 and each homolog is shown. 

Sequences are pufferfish Tagr2 Tetraodon nigroviridis, Atlantic salmon Sagr2 Salmo salar;  

human HAGR2 and HAGR3, mouse MAgr2 and MAgr3, zebrafish Zagr2 this study and 

Xenopus XAG-1 XAG-2 and XAgr2 (adapted from [532]) 
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1.3.2.4 The human hAGR-2 

 

The hAGR-2 gene was mapped to chromosome band 7p21.3 [470].  The gene was 

first described in the MCF-7 breast carcinoma cell line, and found to be co-expressed 

with the Estrogen Receptor α, in ERα-positive cell lines [612] [577] and also 

upregulated under hypoxic, serum deprived or stress conditions [662]. The same 

study also revealed that in ERα-negative tumours the protein’s expression was 

associated with PgR expression. Four putative oestrogen response elements have 

been discovered in the AGR-2 promoter and have been suggested to play a role in the 

oestrogen-dependent expression of AGR-2 in breast cancers [273]. Recent reports 

demonstrate that AGR-2 enhances colony formation in clonogenic assays, attenuates 

p53-dependent gene expression, and suppresses ATM-mediated p53 phosphorylation 

at Ser15 and Ser356 after DNA damage, proposing a p53-inhibitory role for the protein 

in the premalignant metaplastic epithelium, called Barret’s oesophagus [474].  

The protein is expressed in some normal tissues such as liver, heart, placenta, 

stomach and kidneys apart from cancer ones [650]. AGR-2 encodes a protein that 

gives rise to two different isoforms, the full length and the mature one [3, 650]. The 

full length protein contains a leader signal peptide that is processed to yield the 

mature protein. The main difference in these two forms of the protein is that the full 

length one contains the leader sequence targeting the protein to secretion, whereas 

the mature form does not bear this sequence. This N-terminal hydrophobic leader 

sequence is predicted to be cleaved between Ala20/Lys21 giving rise to a 17,949Da 

mature protein. AGR-2 is a 19,797Da protein and is under regulation by the 

proteosome [474]. Staining of primary breast tissues from patients showed 

cytoplasmic and membranous staining of the protein [282]. 

More recently AGR-2 has been identified as a novel member of the protein disulfide 

isomerase family consisting of protein disulfide isomerases (PDIs) and ER proteins 

(ERps) [467]. The active motif of such proteins is a CXXC domain, also contained in 

thioredoxins and therefore termed the Tx domain [194]. AGR-2 has  homology to 

ERp18/19 (Figure 1.13), and while it does not contain a CXXC motif, it does have a 
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CXXS domain which was recently identified in two other ERp proteins [22] and 

shown to have lower activity that the original CXXC motif. AGR-2 and AGR-3, 

another member of the AGR family, also show conserved intron position with 

respect to protein sequence when compared to Erp18/19 as well as exon boundaries 

[468]. Such data suggest that AGR-2 may have evolved from PDI/ERps but no 

longer retains its characteristic function.  

 

 

1.3.2.5 AGR-2 in secretory cells 

 

In Xenopus oocytes AGR-2 is found in the secretory cement gland where it regulates 

its differentiation as well as ectodermal patterning throughout the different 

developmental stages [3]. The gene has 91% similarity to the Gob-4 gene in mice, 

which is highly expressed in mucous-secreting goblet cells of the intestine [318]. 

Moreover, upregulation of the gene in Barret’s epithelium, a condition which is 

characterised by an increased number of goblet cells in the lower oesophagus [484, 

485] along with protein’s expression data in mucus-secreting cells and endocrine 

organs [652] further support the list of secretory cells that overexpress the protein. 

Recently, AGR-2 has been identified as a candidate gene for inflammatory bowel 

syndrome under the control of goblet cell-specific transcription factors FOXA1 and 

FOXA2 [652]. Pilot studies involving the AGR-2 protein fused to a C-terminal GFP 

revealed that is also secreted from HeLa cells [364] consistent to secretory data from 

androgen-inducible prostate cancer cell lines [650]. The same study revealed that 

AGR-2 was overexpressed in the secretory epithelial cells of the prostate gland, it 

encodes two proteins and the shortest isoform is secreted upon androgen treatment 

although both transcripts were induced by dose-dependent treatment with 

testosterone, diethylstilbestrol and 17-beta estradiol.  
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1.3.2.6 AGR-2 in metastasis, tumour growth and cell survival 

 

Anterior Gradient-2 was found to be overexpressed in metastatic cancer cell lines 

[364] as well as in the circulating tumour cells in the peripheral blood of advanced 

metastatic cancer patients [544] and was therefore recommended as a potential 

detection and characterization marker for these cells. A strong correlation between 

AGR-2 expression, the presence of metastasis and patient survival has been observed 

in a group of tamoxifen-treated patients with ERα-positive breast cancers and 

elevated levels of AGR-2 that exhibited a statistically significant poorer survival rate 

and higher incidence of metastasis, than those without AGR-2 mRNA [364]. AGR-2 

has also been implicated to interact with a metastasis gene that encodes 

glycosylphosphatidylinositol-anchored protein C4.4A [199], which is upregulated in 

several types of metastatic cancers. Furthermore, studies in SEG-1 esophageal 

adenocarcinoma cells  further supported the role of AGR-2 in metastasis and cell 

migration [611]. In these studies media from SEG-1-AGR-2 cells was transfused into 

SEG-1 KD1 cells that were AGR-2 deficient (due to retroviral shRNA) and induced 

migration by a 2.5 fold factor, as measured by in vitro migration assays.  

Recent studies have shown that AGR-2 increases the growth rate of mouse fibroblast 

NIH3T3 cell line by in vitro assays that included the formation of discrete foci or 

compromising anchorage independent growth in soft agar [611]. Stable cells 

expressing AGR-2 showed up to 7-fold increase in colonies compared to NIH3T3 

control cells consistent with the protein’s role in enhancing colony formation in 

H1299 cells [474]. These xenographs of NIH3T3 AGR-2-positive cells in mice were 

15-fold larger in size 21 days after implantation. This is also related to data 

indicating that AGR-2 transfection enhances the level of attachment of AGR2- 

negative cell lines to an extracellular matrix [611]. 

Interestingly, experiments mimicking the tumour microenvironment in terms of low 

oxygen and growth factors status, showed AGR-2 upregulation under these 

conditions [662]. The same study also revealed that this upregulation occurs through 

a MAPK/ERK-dependent pathway, by treating with certain inhibitors of signalling 

[46] 
 



Chapter 1                                                                                                     Introduction 

pathways such as JNK, p38, PI3K and ERK1/2, which are involved in anti-apoptotic 

cell response [239, 489]. Therefore, a survival role for AGR-2 under physiological 

stress conditions that promote selection of more aggressive types of tumour cells was 

supported. This conclusion is consistent with the findings that AGR-2 acts as a p53 

inhibitor in response to UV damage, which is a type of stress, and rescues cells from 

death [474]. These stress-induced experiments were performed in ERα-negative cell 

lines and showed independence of ERα status for AGR-2 induction, supporting the 

observation that 20% of ERα-negative cancers show elevated AGR-2 expression and 

revealing a new model of action, regardless of the ERα status [199]. On the other 

hand,  ERα- positive cells growing in estrogen depletion have lower levels of AGR-2 

than cells growing in the presence of estrogens suggesting that ERα status is essential 

to AGR-2 function and further affects survival and tumour behaviour in these cell 

types [282] (summary of 1.3.2.6 depicted in Figure 1.12).  

 

 
 

Figure 1.12: Schematic diagram of AGR-2 roles in human cancer. Human AGR-2 is 

implicated in cell survival, metastasis, tumour growth and p53 inhibition in cancer cells. The 

exact mechanism of action has not yet beed characterised. 
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1.3.3 Anterior Gradient 3  
 

Human anterior gradient-3 (AGR-3) was discovered several years after AGR-2 by a 

group researching unknown human and mouse genes [561]. The gene, named Breast 

Cancer Membrane Protein 11 (BCMP11) was also identified during proteomic 

analysis of purified membrane proteins of breast tumour derived cell lines, shown to 

localise to endosomes of T47D breast cancer cells and implicated as being secreted 

[4]. Around the same time Fletcher and co-workers also found BCMP11 and reported 

its homology with AGR-2, leading to the name being altered to AGR-3, in line with 

it being a member of the anterior gradient family [199]. hAGR-3 and hAGR-2  share 

a 71% sequence identity and they are both candidate members of the thierodoxin 

superfamily of proteins due to the characteristic CXXS motif and also the high 

degree of homology with ERp18/19 [468] (Figure 1.13). AGR-3 is a 19,176Da 

protein and proposed to have an N-terminal signal sequence, which is predicted to be 

proteolytically cleaved between Ala23/Ala24 resulting in a mature protein of 

16,822Da. Both hAGR-2 and hAGR-3 genes comprise seven coding exons with 

similar exon/intron boundaries, which along with the high similarity and close 

genomic locality suggest that they arose from a gene duplication event [199]. The 

majority of differences between the two genes are found within the predicted 

hydrophobic leader sequence. AGR-3 also shows a correlation with ERα expression 

in samples derived from breast cancer patients and processed with RT-PCR [199] but 

the exact role of the protein is yet undefined. As well as being implicated in breast 

cancer, AGR-3 is also upregulated in patients with inflammatory bowel disease, 

albeit to a lesser extent than AGR-2 [652]. AGR-3 also binds to the C4.4 metastasis 

associated protein and alpha-dystroglycan (DAG-1) and the minimum binding 

domains, as identified by overlapping contigs, were restricted to the extracellular part 

of DAG-1 (alpha dystroglycan chain) or C4.4a consistent with the secretory nature of 

the hAGR proteins [199].  
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Figure 1.13 Homology between anterior gradient proteins and ERp18/19 Sequence 

identity between AG-2, AG-3 and ERp18/19.Highlighted areas indicate regions of homology 

between the proteins (adapted from [468]). 

 

 

1.4 PDI family of proteins 
 

Since AGR-2/AGR-3 both are novels members of the PDI family, separate attribute 

to this family should be made. Endoplasmic reticulum contains a broad network of 

chaperones that facilitate the correct folding and processing of the proteins targeted 

to secretion. The protein disulfide isomerases, PDIs, play an important role as they 

catalyse formation, reduction and isomerization of disulfide bonds, depending on the 

redox environment, and thereby stabilizing intermediate conformations during 

protein maturation in the lumen of the ER [522]. In particular, PDIs are involved in 

the proper folding, formation and reshuffling of the disulfide bridges of the proteins 

synthesized in the rough ER, imported in the lumen of this structure and destined to 

be secreted or incorporated in the cell membrane [593]. Interestingly, several of these 

proteins that reside in the ER in normal cells, have been shown to accumulate at the 

cell surface in cancer cells as part of larger molecular complexes [18] and may affect 

antigen presentation [131]. 
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It has also been supported by literature that certain members of the PDI family act in 

other cellular compartments apart from the endoplasmic reticulum. In non-ER 

locations they are present in lower amounts and it has been suggested that a less 

oxidative environment, compared to the ER, alters their function [593]. Proteins of 

this family have also been reported of being secreted from hepatocytes, platelets, 

aortic endothelial cells [267] and pancreatic exocrine cells. Reports of their presence 

in the cytosol involve ERp57 mainly [354] as well as other members such as Erp49 

but remain beyond the aims of this project. Protein disulfide isomerase activity has 

been detected in the mitochondria as well, especially at the membrane level and not 

the matrix, and a protein was purified but the molecular weight was much smaller 

than the PDIs one and an anti-PDI antibody could not recognize it [487]. Moreover, 

the protein was suggested to have a role in the mitochondrial membrane permeability 

by reducing protein disulfides and affecting redox regulation. When it comes to the 

nuclei, it is noteworthy that ERp57 and PDI are present in the nuclei, either by direct 

detection of the protein [213] or by in vitro evidence that these proteins influence 

processes at the DNA level, such as DNA binding to transcription factors or 

structural nuclear proteins. PDIs facilitates the binding of NFκB and AP-I to DNA 

[120]. The above observations were not free of criticism due to the peripheral 

localization of the ER around the nucleus and possible cross-contamination of the 

one compartment to the other in vitro. Immunohistochemical proof of nuclear 

localization of ERp57 followed in Hela and 3T3 cells and was verified by DNA-

protein cross linking experiments [124]. In conclusion, the PDI family includes 

proteins with diverse mobility and localization patterns, activating different pathways 

and triggering various reactions, depending on their distribution and the redox 

environment. 

The active binding motif of the proteins is the CXXC, which is also characteristic of 

another protein family, the thioredoxins (Txs). For that reason this motif is referred 

to as a Tx-domain motif [206]. Members of the PDI contain up to four Txs motifs 

[15, 193]. Another characteristic motif that most of the PDIs harbour is the H/KDEL 
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ER retrieval signal, or derivatives of the last such as QEDL, KTEL, RTEL etc in 

different species [468] but this motif is analysed in chapter 3.1.1.3. 

 

 

1.5 Objectives of project 
 

AGR-2 and AGR-3 enhance colony survival and cell growth of cancer cells but the 

exact pathway of their oncogenic activity needs to be refined. As AGR-2 and AGR-

3 are over-expressed in breast cancers, this thesis examines by molecular biological, 

immunochemical, and microscopic techniques (i) the localization of each AGR-2/3 

protein intracellularly to aid in defining the function of both proteins and whether 

they compensate for each other (chapters 3 and 4), (ii) developing proof-of-concept 

peptide-inhibitors towards AGR-2 to determine whether p53 function can be 

rescued (chapter 5), and (iii) formulate a model that describes potential pathways in 

which AGR2/3 proteins can mediate their pro-oncogenic effects in cancer (chapter  

6).   The data demonstrate that AGR-2 and AGR-3 carry out distinct functions in 

cells based on compartmentalization and that the proteins can have distinct effects 

on inhibiting the p53-Bax pathways in cancer.  



   

 

Chapter 2 

 

 

Materials and Methods 
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2.1 Reagents and Materials 
All chemicals were puschased from Sigma or BDH unless otherwise stated. Tissue 

culture and other plasticware were obtained from Nunc or TPP. 

 

 

2.2 Cell culture 
 

2.2.1 Cell lines and cell culture 
All cells were kept in a humidified Hera incubator equipped with CO2 gas cylinders. 

No antibiotics were used in any of the cell lines. 

 

Cell line Description Growth 

conditions 

Culture media 

MCF-7 Human, breast 

adenocarcinoma, 

Estrogen receptor +/+ 

5% CO2, 37 °C DMEM, 10%FBS 

LCC1 Human, breast 

adenocarcinoma, 

Estrogen receptor +/+, 

MCF-7 derived 

5% CO2, 37 °C Modified DMEM -L-

Glu, -Pyruvate, 5% 

Charcoal stripped 

FBS*, 1%L-Glutamine 

LCC9 Human, breast 

adenocarcinoma, 

Estrogen receptor +/+ 

MCF-7 derived 

5% CO2, 37 °C Modified DMEM -L-

Glu, -Pyruvate, 5% 

Charcoal stripped 

FBS*, 1%L-Glutamine 

MDA-MB 

231* 

Human, breast 

adenocarcinoma, 

Estrogen receptor -/- 

5% CO2, 37 °C DMEM, 10%FBS 

 

Table 2.1: Cell lines used. Brief description of their origin, growth conditions and the media 

used for culturing (*kindly provided by Dr. Hrstka, Czech Republic). 
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DMEM: Dulbecco-s Minimal Essential Media, containing Puryvate, L-Glutamine, 

4500mg/L Glucose and Phenol Red. 

ModifiedDMEM: Dulbecco-s Minimal Essential Media, withoutPuryvate, L-

Glutamine, Glucose and Phenol Red. 

FBS:Fetal Bovine Serum 

*Charcoal stripped FBS obtained from LSI 

 

 

2.2.2 Media and supplements 
 

Media (GIBCO) was supplemented with fetal bovine serum (FBS, GIBCO) at 10%, 

unless otherwise stated. LCC1 and LCC9 cell lines were grown in DMEM without 

L-Glutamine and Pyruvate, plus 5% charcoal stripped fetal bovine serum and 1% L-

Glutamine to ensure absence of endogenous steroids and growth factors.  

No antibiotics were used in any of the cell lines. Media was stored at 4 °C and heated 

at 37 °C prior to use. Fetal bovine serum and charcoal stripped serum aliquots were 

kept at -20 °C and thawed at 37 °C prior to use. Trypsin-EDTA, 0.05%, was kept at 4 

°C and warmed at room temperature before use. 

 

 

2.2.3 Subculturing, storage and recovery of cells 
 

Freezind media 

Fetal bovine serum supplemented with 10% (v/v) DMSO 

 

Cells were sub-cultured 2-3 times per week in 10cm diameter culture dishes in sterile 

conditions. The media was discarded and the cells were washed with 10ml sterile 

PBS. Trypsinization of cells followed with 3ml Trypsin-EDTA solution and 

incubation for 1-3 minutes at the 37 °C incubator, when the cells start to detach from 

the dish. Subsequent dilutions, varying from 1:2 to 1:10 depending on the time and 
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type of the experiment, were applied. The final volume per 10 cm diameter dish was 

10ml in any condition. Cells grown in 25-cm diameter dish were cultured in 25ml 

media whereas cells grown in 100mm diameter dish in 2ml media. 

 

To prepare cells for storage a 10cm diameter culture dish with 80-95% confluent 

cells was trypsinized as normal and the cells collected were diluted in 10ml finale 

volume media and centrifuged in sterile Falcon tubes at 1000rpm, 5min, at room 

temperature. The cell pellet was gently resuspended in ice cold freezing media, 5ml, 

and transferred to cryotubes (Nunc) at 1ml/tube. The cells were frozen down 

gradiently in NalgeneTM Cryo freezing containers and then transferred to -80 °C. 

Twenty-four hours after, the vials were transferred at cryoboxes in liquid nitrogen. 

Same conditions applied in cells growing in the 100mm or 25cm culture dishes with 

the only difference of the volumes added in each step, summarized below: 

100mm dish: 1ml Trypsin-EDTA and 1ml media, then centrifuge and resuspend in 

2ml freezind media. 1ml of cell/vial. 

25m dish: 6ml Trypsin-EDTA and 14ml media, then centrifuge and resuspend in 

10ml freezing media. 1ml of cell/vial. 

 

To recover the cells from liquid nitrogen storage, each vial was incubated at the 37°C 

waterbath till half of the volume is thawed. By pippeting, the rest of the frozen stock 

was thawed and the cells were transferred in a 100mm diameter culture dish 

containing fresh media. Cells were left to reach 80% confluency and then transferred 

to a 10cm culture dish. 
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2.2.4 Transient transfections 
 

Cells were counted using a Haemocytometre and plated out at 2-4x105 

cells/well(according to the LipofectamineTM 2000 (InVitrogen) protocol, into 6-well 

plates with 2ml of the appropriate medium for each cell line.  Cells were incubated 

overnight at 37 °C, in 10% CO2 or 5%CO2 depending on the cell line used, to 90% 

confluence. DNA/liposome complexes were prepared separately according to the 

manufacturer’s protocol. For each DNA to be transfected 5μg of plasmid DNA 

ligated to the gene of interest, were diluted in OptiMEM(GIBCO) up to 100μl. The 

LipofectamineTM 2000 reagent (InVitrogen) was diluted in OptiMEM as well 1:10 

dilution. The Lipofectamine/OptiMEM suspension was combined with the 

DNA/OptiMEM one. Following a 20min incubation at room temperature, 200μl of 

the DNA/Lipofectamine were added to each well, and incubated overnight at 37 °C. 

Cells were harvested after 24h unless otherwise stated. Protocol was adjusted to 

smaller or larger cell volumes and numbers according to the protocol. 

 

 

2.3 Microbiological techniques 
 

All microbiological techniques were carried out under aseptic conditions 

 

 

2.3.1 Growing bacterial cultures 
 

Luria- Bertani (LB) broth                                        Selective antibiotics 

1% (w/v) Tryptone                                                      Ampicillin (Sigma) at 100μg/ml 

0.5% (w/v) Yeast extract                                             Kanamycin (Sigma) at 30μg/ml 

1% (w/v) NaCl                                                             Filter-sterilised 

Sterilised by autoclaving at 121°C for 20min 
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3ml LB media containing the appropriate antibiotic was inoculated with a colony of 

bacteria from a stock plate or from a glycerol stock and incubated for 8h at 37 °C at 

225rpm. This starter culture was then transferred to a 250ml LB media plus antibiotic 

culture at 1:1000 dilution and incubated overnight under the conditions mentioned 

above. Culture flask capacities were at least 4x the volume of the culture being 

grown to allow sufficient aeration. 

 

 

2.3.2 Glycerol stocks 
 

Glycerol stocks of bacterial cells were prepared by adding 125μl of bacterial culture 

to 875μl of sterile glycerol, 80% v/v, in a cryovial (NUNC) and snap freeze in liquid 

nitrogen. The cells were then stored at -80 °C. 

 

 

2.3.3 Agar bacterial culture dishes 
 

LB agar 

1% (w/v) Tryptone 

0.5% (w/v) Yeast extract 

1% (w/v) NaCl 

1.5% (w/v) agar powder 

Sterilised by autoclaving at 121°C for 20min 

 

LB agar was liquefied by heating in a microwave oven, maximum heat, 5min. The 

agar was left to cool down at room temperature and when hand-warmed the 

antibiotic was added and then poured into 90mm diameter Petri dishes (Sterilin) and 

left to solidify. Prior to use the dishes were left at 37 °C for 1h to dry out. If no 

transformation followed, the dishes were kept at 4 °C, sealed with parafilm till use 

and no longer than 3 weeks. 
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2.3.4 Preparation of competent cells 
 

 

2.3.4.1 Heat shock method 

 

Transformation buffer I (TFBI)                        Transformation buffer II (TFBII) 

30Mm Potassium acetate                                       10mM MOPS 

100mM RbCl                                                         75mM CaCl2 

10mM CaCl2                                                                                      10mM RbCl 

50mM MnCl2                                                                                    15% (v/v) Glycerol 

15% (v/v) Glycerol 

Adjust to pH 5.8 with dilute acetic acid                Adjust to pH  6.8 with NaOH and 

sterilize by filtration                                                sterilize by filtration 

 

 A starter culture of DH5α bacterial cell was set by inoculating 2-3ml LB broth with 

glycerol stock of bacteria in a 15ml sterile Falcon tube and shake overnight at 37 °C 

at 225rpm. This culture was diluted 1:200 in LB broth and incubated until OD600nm 

reached 0.3 (Logarithmic growth phase, Figure 2.1). Cells then were centrifuged at 

8000rpm for 5min at 4 °C, the pellet was resuspended in ice-cold TFBI, 16ml 

TFBI/50ml culture, and the incubated on ice for 30min. After a second centrifuge at 

1000rpm, at 4 °C for 5min, the pellet was resuspended in 4ml TFBII and incubated 

on ice for another 30min. DH5α cells were then snap-frozen in liquid N2, in 100 μl 

aliquots and stored at -80 °C till use. 
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Figure 2.1: Bacterial growth curve. E.coli strain K grown in minimal media supplemented 

with glycose.The four phases of growth are depicted: lag (i), exponential (ii), stationary (iii) 

and death phase (iv) are shown (chart adapted from www.bact.wisc.edu).  

 

 

2.3.5 Transformation of bacteria 
 

 

2.3.5.1 Heat shock method 

 

100 μl of competent cells, thawed on ice, were mixed gently with 0.05-0.5μg of the 

desired plasmid DNA. The cells were incubated on ice for 30min, then heat shocked 

at a 42°C waterbath for 1.5min and incubated on ice again for an extra 5min. 500μl 

of sterile LB was added and the cells were left to grow at a 37 °C waterbath for 1h 

before plating out on LB agar plates containing the selective antibiotic and being left 

overnight at a 37 °C incubator. 
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2.3.5.2  KCM method 

 

Competent cells (100μl) were thawed on ice and 10.05-0.5μg of the desired plasmid 

DNA was added to 20μl of 5xKBII and sterile  H2O was added up to a final volume 

of 100μl. Bacterial cells were then added to the diluted DNA mix and incubated on 

ice for 20min and then at room temperature for another 10min. 1ml of 2YT buffer 

was added to the mix and the culure was left to grow at a 37 °C water bath for 1h. 

Cells were then plated out onto an agar plate containing the appropriate antibiotic 

incubated at 37 °C overnight. 

2YT media KCM buffer II (KBII) 

1.6% (w/v) Bacto-Tryptone 

1% (w/v) Yeast extract 

0.5% (w/v) NaCl 

Adjust to pH 7.0 with NaOH 

 

100mM KCl 

30mM CaCl2 

50mM MgCl2 

 

 

 

2.4 Plasmid DNA 
 

 

2.4.1 Amplification of plasmid DNA 
 

A single colony of bacteria containing the plasmid was used to inoculate a 3ml 

starter LB culture containing the selective antibiotic and incubated at 37 °C at 

225rpm for 8h. This culture was then transferred in a 1:1000 dilution in 250ml LB 

plus antibiotic and left to grow overnight at 37 °C at 225rpm, in a 2L sterile flask.  
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2.4.2 Purification of plasmid DNA 
 

 

2.4.2.1 Maxi-prep DNA 

 

DH5α cells from a 250ml culture were collected after centrifuge at 6000rpm/20min 

at 4 °C (in a Sorvall-spin centrifuge). Plasmid DNA was then isolated and purified 

using the Qiagen MaxiTM kit according to the manufacturer’s protocol. The DNA 

was resuspended in endotoxin-free TE buffer, unless otherwise specified, and stored 

at -20 °C. 

 

 

2.4.2.2 Mini-prep DNA 

 

Cells from a 5ml culture mentioned above, were collected after centrifuge at 

6000rpm/20min at 4 °C. Plasmid DNA was then isolated and purified using the 

Qiagen MiniTM kit according to the manufacturer’s protocol. The DNA was 

resuspended in endotoxin-free TE buffer, unless otherwise specified, and stored at -

20 °C. 

 

 

2.4.3 Quantification of plasmid DNA 
 

 

2.4.3.1 Spectrometry 

 

Plasmid DNA was diluted in 1:100 in ddH2O into glass DNA cuvettes and 

absorbance of DNA at 260nm was measured by spectrometer (DigiLab 

HitachiU2800). Blank measurements were made by ddH2O only. Alternatively, 
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concentration was measured by NanoDrop, by adding 1µl of undiluted DNA and 

measuring absorbance at 260nm. 

  

 

2.5 SDS-PAGE  
 

2.5.1 Preparation of cell lysates 
 

2.5.1.1 Cell lysis 

 

Urea lysis buffer 

8M Urea                          

10x Triton  

5M NaCl                         

20mM HEPES, pH 8.0 

1M DTT 

Buffer prepared prior to use                        

 

1% Triton X-100 lysis buffer 

50mM HEPES pH 8.0 

0.1mM EDTA 

150Mm NaCl 

1x Protease inhibitor mix 

1% (v/v) Triton-X 

10mM NaF 

2mM DTT 

 

CHAPS lysis buffer 

150 mM NaCl,  

10 mM HEPES, pH 7.4 

1.0% (w/v) CHAPS 

1:100 dilution of Protease Inhibitors 

Cocktail 

Buffer prepared prior to use                        

 

 

 

RIPA lysis buffer 

50mM Tris HCL pH 7.5 

150mM NaCl  

1% Nonidet p40 (IGEPAL) 

0.5% sodium deoxycholate 

0.1% SDS  

1x Protease inhibitor mix 

Buffer prepared prior to use                        
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Protease Inhibitor cocktail 

Complete mini protease Inhibitor 

cocktail tablets supplied by Roche 

SDS sample buffer (5x) 

0.25M Tris pH 6.8 

10% (w/v)SDS 

50% (w/v) Glycerol 

0.025% (w/v)Bromophenol blue 

0.05M DTT (added just prior to use) 

 

Cells were washed twice with ice old PBS and scraped with 1ml/10cm dish, or 500 

μl/100mm dish, PBS into sterile microcentrifuge 1.5ml tubes and then centrifuged at 

4000 rpm for 5min at 4 °C. The supernatant was discarded and the pellet was 

resuspended in lysis buffer, 100 μl/100mm dish or 500 μl/10cm dish, and kept on ice 

for 30min, exemptions apply to Urea and CHAPS lysis where the incubation time 

was 1h instead of 30min. After incubation, the cell lysate was centrifuged at 

13.000rpm for 15min at 4 °C to precipitate nuclei and non-lysed cells. The 

supernatant was further processed to protein quantification by Bradford or stored at -

20 °C. 

 

 

2.5.1.2 Subcellular fractionation of proteins 

 

For the subcellular extraction of the cellular compartments the ProteoExtract® 

Subcellular Proteome Extraction Kit (Calbiochem®) was used.  The cells were grown 

in 6-well plates at a seeding density of 106 cells/ml. Twenty-four hours post-

transfection the cells were harvested in ice cold 1x PBS and centrifuged at 4000rpm, 

4 oC. The supernatant was discarded and the cell pellet was transferred to new pre-

cooled Eppendorf tubes and snap-frozen in liquid N2 unless processed for 

fractionation. The protocol followed was the one adjusted for frozen cell pellets 

according to the manufacturer’s instruction. Four different composition buffers 

ensured high quality cytosolic, membrane, nuclear and cytoskeleton extracts. All 
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extraction buffers contain protease inhibitors and all steps were carried out at 4 oC 

unless stated. All fractions were stored at -80 oC and analysed by immunoblotting 

 

 

 2.5.1.3 Protein quantification 

 

BIORAD Bradford Reagent was diluted 1:5 in ddH2O and filter-sterilized. 1μl of 

each sample was added in 200μl of 1x Bradford into a 96-well plate (NUNC) and 

incubated at room temperature for 5min. The 96-well plate was then shaken by using 

an ordinary plate-shaker (Jencons) for less than 1min to allow mix of the samples. 

The absorbance of the samples at 595nm was measured with the Powerwave XSTM 

Microplate Spectrophotometer (Biotek) and the exact concentration, μg/μl, according 

to the Standard curve was calculated by using the KC-Junior programme. The protein 

standard curve for the Bradford method is created by diluting BSA, 1mg/ml BSA 

stock solution (≤96% pure grade, A-7638 Sigma) in ddH2O at a final concentration 

of 0.5-1-2-4-8 μg/μl, w/v, and measuring absorbance at 595nm.There should be a 

linear relationship between absorbance and protein concentration. 

To determine the protein concentration of urea cell lysates, the BCATM Assay kit 

(Pierce, Perbio Science) in a 96-well plate was used. Absorbance at 562nm was 

measured with the Powerwave XSTM Microplate Spectrophotometer (Biotek) and the 

exact concentration, μg/μl, w/v, according to the Standard curve, standard 

concentration samples provided in the kit, was calculated by using the KC-Junior 

programme. 

All samples were measured in triplicates to ensure as minimum deviation as possible. 

 
 
 
 
 
 
 
 
 

[64] 
 



Chapter 2                                                                                       Materials & Methods
   

2.5.2 Preparation of gels and separation of proteins by SDS-PAGE 
 
 
SDS-Running Buffer 10x Transfer buffer 10x 

192mM Glycine 
 
25mM Tris 
 
0.1%(w/v) SDS 

192 mM Glycine 

25 mM Tris 

20% (v/v) Methanol 

10 x Phosphate Buffered Saline (PBS) 1x PBS-Tween (PBS-T) 

1.37 M NaCl 

0.1 M Na2HPO4 

0.027 M KCl 

0.018 M KH2PO4 

adjusted to pH 7.4 with HCl 

1x PBS  

0.1% (v/v) Tween -20 

 

Blocking Buffer 1x 

 

1x PBS-T  

5 %(w/v) low fat dry Milk (Marvel) 

 

 

Stacking gel – 5 %  (per 1 ml) 

30 % Acrylamide mix*  0.17 ml 

1.5 M Tris (pH 6.8)  0.13 ml 

10 % SDS  0.01 ml 

10 % Ammonium peroxidisulphate  0.01 ml 

TEMED (Sigma)  0.001 ml 

dH2O  0.68 ml 

 

 

 

Separating gel – 10%  (per 5 ml) 

30 % Acrylamide mix*  1.7 ml 

1.5 M Tris (pH 8.8)  1.3 ml 

10 % SDS  0.05 ml 

10 % Ammonium peroxidisulphate  0.05 ml 

TEMED (Sigma)  0.002 ml 

dH2O  1.9 ml 
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Separating gel – 15 %  (per 5 ml) 

30 % Acrylamide mix*  2.5 ml 

1.5 M Tris (pH 8.8)  1.3 ml 

10 % SDS  0.05 ml 

10 % Ammonium peroxidisulphate  0.05 ml 

TEMED (Sigma) 0.002 ml 

dH2O  1.1 ml 

 

* Acrylamide mix (National Diagnostics; Ultrapure Protogel) consists of 30 % (w/v) 

acrylamide and 0.8 % (w/v) bis-acrylamide. 

 SDS-polyacrylamide gels, 10% or 15%, were prepared in glass plates cleaned with 

70% ethanol. The separating gel was left to polymerise at room temperature overlaid 

with water to straighten the top of it. The water was then removed and the stacking 

gel was added along with a equivalent comb, 10- or 15- well and 0.75mm or 1.5mm 

thickness size, respective to the number and amount of the samples to be assayed. 

After polymerization, the combs were removed and the glass plates with the gels 

were adjusted in the appropriate tank filled with 1x SDS running buffer. 

SDS sample buffer (5x) was added to the lysates, 10-20μg of total protein,the 

mixtures were spinned at 13.000rpm for 1min and heated up to 95°C in a thermal 

block for 1min immediately prior to loading. 5μl of pre-stained protein standards, 

low range or high range (Biorad) depending on the protein sizes and gel type, were 

loaded in the first lane as size markers. Electrophoresis separation was performed at 

100V for 60-90min till the bromophenol blue dye reached the end of the gel. 
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2.5.3 Detection of separated protein 
 

2.5.3.1 Immunoblotting 

 

ECL Solution 1 ECL Solution 2 

100 mM Tris pH 

8.5 

100 mM Tris 

pH8.5 

2.5 mM Luminol 0.02 % (v/v) H2O2 

0.4 mM p-

coumaric acid 

  

 

Following electrophoresis on the SDS-PAGE gel, proteins were transferred to 

nitrocellulose membranes (Hybond-C, Amersham) in tanks filled with transfer buffer 

and ensuring low temperature by ice-blocks present in the tank. Electroblotting was 

performed at 300mA for 100min. After transfer protein blots were ink stained 

(Pelikan) and washed 3x with PBS-T for 5min to remove excess ink. Membranes 

were then blocked by washing in PBS/0.1% Tween-20/+5% (w/v) milk (dried 

skimmed, Marvel), at room temperature on an orbital shaker for 1h. The primary 

antibody was added and diluted in 5% milk in PBS-Tween (0.1% v/v), and incubated 

overnight at 4 °C (Table 2.2). Following 3x5min washes in PBS-Tween, the 

appropriate secondary antibody conjugated to horse radish peroxidase was added and 

the blot was incubated for 1h at room temperature (RT). Blots were then washed 

4x15min in PBS-Tween and visualized by enchanced chemiluminesence (ECL). 

Membranes were covered in ECL 1+2 (1:1 v/v ratio), left at room temperature for 

3min and after removal of excess ECL by tissue, exposed to Hyperfilm for the 

appropriate time (Kodak) and then developed (Mediphot 937). 

 

2.5.3.2 Immunobloting of phosphorylated antibodies 
 

According to the manufacturer’s protocol (Cell Signalling). 
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2.5.3.3 Coomassie brilliant blue staining 

 

Destain 1 

50 % (v/v) Methanol 

10 % (v/v) Acetic acid 

 

Destain 2 

7.5 % (v/v) Methanol 

10 % (v/v) Acetic acid 

Coomassie brilliant blue stain 

50 % (v/v) Methanol 

10 % (v/v) Acetic acid 

0.2 % (w/v) Coomassie Blue R-250 

 

 

Gels were transferred to a dish containing Destain 1 for >5min and then placed into 

another dish containing Coomassie Blue Stain. The duration of the staining 

procedure depended on the strength of the staining required (5min to 12h) and in 

some cases the stain was preheated to 45 ºC to increase staining even further. Gels 

were then placed in a dish containing Destain 2. A folded tissue was used to absorb 

excess dye and Destain 2 was renewed as needed. Destaining was performed until 

the bands became visible and the background staining was removed. Gels were air-

dried in between DryEase MiniCellophaneTM sheets (Invitrogen) in a DryEase 

GelDryingTM system (Invitrogen).   

 

2.5.3.4 Stripping nitrocellulose membranes 

 

Antibodies bound to membranes were removed by stripping the blots with 0.1N 

NaOH, when blots needed to be reprobed for similar size proteins or with antibodies 

raised in the same species. Blots were first washed with H2O for 5min at room 

temperature and then with PBS-T for 5min. 0.1N NaOH was added to the blots for 

10min on a orbital shaker. The membranes were then washed 3x in PBS-T for 3min 

each lapse and blocked in 5%milk in PBS-T for 1h before adding the primary 

antibody diluted in 5%milk+PBS-T as normal. 
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kDa Antibody Type Company Dilution 

50 β-actin Mouse 
monoclonal Sigma   1:4000 

53 
p53 DO1 Mouse 

monoclonal 
Moravian 
Biotechnologies

  1:1000 

53 
p53 DO12 Mouse 

monoclonal 
Moravian 
Biotechnologies

  1:1000 

53 p53 P-Ser15 Mouse 
polyclonal Cell signalling   1:1000 

21 Bax Mouse 
monoclonal InVitrogen   1:1000 

20 Bid Mouse 
monoclonal InVitrogen   1:1000 

21 Bcl-2 Mouse 
monoclonal InVitrogen   1:1000 

20 Bax 6A7 Mouse 
monoclonal InVitrogen   1:1000 

16 Cytochrome 
c 

Mouse 
monoclonal Calbiochem   1:1000 

20 AGR-2 Mouse 
monoclonal Abnova   1:1000 

19 AGR-3 Mouse 
monoclonal 

Moravian 
Biotechnologies

  1:1000 

70 Hsp70 Mouse 
monoclonal Stressgen   1:1000 

17 LC3 Mouse 
monoclonal Cell Signalling   1:500 

116/89c PARP Mouse 
monoclonal Cell Signalling   1:1000 

HA 
Mouse 
monoclonal Sigma   1:1000 

  - FLAG 
Mouse 
monoclonal Sigma   1:1000 

 

Table 2.2 List of antibodies for immunoblotting. 
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2.6  DNA amplification 
 

 

2.6.1 Polymerase chain reaction  
 

 

2.6.1.1 Primer design 

 

A primer is a short synthetic oligonucleotide which is used in many molecular 

techniques from PCR to DNA sequencing. These primers are designed to have a 

sequence which is the reverse complement of a region of template or target DNA to 

which we wish the primer to anneal.  Primers for the amplification of the AGR-2 

gene (NCBI accession number NM_006408), from a DNA template, AGR-2 in 

pDEST 3.2, were designed with a length of 39-40bp recognizing the start and the end 

of the gene (Figure 2.2, Table 2.3). Restriction enzyme recognition sites were 

integrated in the 5’ of each of the primers to enable ligation to the desired vectors, 

AcGFP-N1 and DsRed Express N1. The primers had a melting temperature of 76-

82°C and a G+C content between 46-50% of the total primer sequence. No primer 

dimers were formed according to the Sigma-Aldrich primer design tool 

(www.sigmaaldrich.com). Last but not least, all the primers started (5’) with a GC to 

increase the efficiency of priming and were PAGE- purified. Extra bases were 

integrated where required to keep the gene in frame. 

The same reverse primer was used for the wt gene amplification whereas different 

reverse primers were used for the KTEL deletion (ΔKTEL) and the KDEL mutants (T-

D mutation). To sum up, at the end of the amplification 6 fragments were amplified: 

mature AGR-2wt, full length AGR-2wt, mature AGR-2KDEL, full length AGR-2KDEL, 

mature AGR-2ΔKTEL, full length AGR-2 ΔKTEL. Each one of them was subcloned into 

the AcGFP-N1 and DsRed ExpressN1 vectors. 
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 1  atggagaaaa ttccagtgtc agcattcttg ctccttgtgg ccctctccta 
cactctggcc 
61  agagatacca cagtcaaacc tggagccaaa aaggacacaa aggactctcg 
acccaaactg 
121 ccccagaccc tctccagagg ttggggtgac caactcatct ggactcagac 
atatgaagaa 
181 gctctatata aatccaagac aagcaacaaa cccttgatga ttattcatca 
cttggatgag 
241 tgcccacaca gtcaagcttt aaagaaagtg tttgctgaaa ataaagaaat 
ccagaaattg 
301 gcagagcagt ttgtcctcct caatctggtt tatgaaacaa ctgacaaaca 
cctttctcct 
361 gatggccagt atgtccccag gattatgttt gttgacccat ctctgacagt 
tagagccgat 
421 atcactggaa gatattcaaa tcgtctctat gcttacgaac ctgcagatac 
agctctgttg 
481 cttgacaaca tgaagaaagc tctcaagttg ctgaagactg aattgtaa 
 
 
 Figure 2.2: The AGR-2 cDNA sequence (NCBI NM_006408). The leader sequence is 

highlighted in red. The mature form of the protein contains no leader sequence and starts 

from site 61aga whereas the full length form starts from the 4gag site. The KTEL encoding 

sequence is highlighted in blue at position 517act. 

 

 
Primers for the N-terminal Fluorescent vectors 

 

Name Tm Restriction 
enzyme 

Sequence 

mAGR2 
forward 

81.8°C XhoI GCAAGG   CTCGAG   ATG AGA 
GAT ACC ACA GTC AAA CCT GGA 
 

AGR2wt 
reverse 

77.3°C EcoRI GCAAGG     GAATTC     CAA TTC 
AGT CTT CAG CAA CTT G 
 

flAGR2 
forward 

79.1°C XhoI GCAAGG CTCGAG ATG GAG AAA 
ATT CCA GTG TCA 
 

KTEL deletion 
reverse 

76.2°C EcoRI GCAAGG  GAATTC CAG CAA CTT 
GAG AGC TTT C

 
KDEL reverse 

 
78.2°C 

 
EcoRI 

 
GCAAGG  GAATTC CAA TTC ATC 
CTT CAG CAA CTT G   

Table 2.3: AGR-2 primers. Highlighted in bold are AGR-2 codon sequences whereas in 
italics are the restriction enzyme recognition sites. 
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2.6.1.2 Hot-start Taq polymerase amplification 

 

PCR Master mix/reaction Cycling conditions 

1xPCR buffer (Qiagen) 

 1mΜ dNTPs (Promega)  

0.5mM MgCl2(Qiagen) 

0.1μM forward and reverse primers  

5% (v/v) DMSO 

1μg DNA template 

HotstarTaqTM DNA polymerase 

5units/reaction (Qiagen)  

ddH2O up to a final volume of 50 μl 

 Taq activation:95°C for 15min, 

Denaturation:95°C for 30sec, 

Annealing: 53.6°C for 30sec, 

Elongation:72°C for 1min  

Cycle to step 2 x30 times, 

72°C x 5min. 

4 °C for t∞ 

 

 

In order to ensure maximum yield of amplification for each product, different 

annealing times, varying from 50-70°C, along with elongation times between 30sec-

3min, were tried. Different concentration of MgCl2 and DMSO covering a range 

between 0.1-3mM and 1-10% (v/v) per reaction respectively, ensured maximum 

primer efficiency. 100ng of DNA template were used as initial concentration. 

 

 

2.6.1.3 PFU polymerase reaction 

The reason for trying PFU® Turbo amplification was that unlike Taq DNA 

polymerase, highly thermostable Pfu DNA polymerase possesses 3' to 5' exonuclease 

proof-reading activity that enables the polymerase to correct nucleotide-

misincorporation errors. This means that Pfu DNA polymerase-generated PCR 

fragments will have fewer errors than Taq-generated PCR inserts. All reactions 

performed in a DNA Engine DyadTM machine. 
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2.6.1.3 PFU Turbo polymerase amplification 

PCR Master mix/reaction Cycling conditions 

1x cloned PFU® buffer (Stratagene) 

 1mΜ dNTPs (Promega) 

0.5mM MgCl2 (Qiagen) 

0.1μM forward and reverse primers  

5% (v/v) DMSO 

1μg DNA template 

PFU® Turbo DNA polymerase 2.5 

units/reaction (Stratagene)  

ddH2O up to a final volume of 50 μl 

 Taq activation:95°C for 15min, 

Denaturation:95°C for 30sec, 

Annealing: 53.6°C for 30sec, 

Elongation:72°C for 1min  

Cycle to step 2 x30 times, 

72°C x 5min. 

4 °C for t∞ 

 

PfuTurbo® properties list 

• Ideal for high-fidelity amplification  

• 3'-5' exonuclease activity provides a low error rate  

• One of the most thermostable DNA polymerases known  

• Lack of extendase activity means no unwanted 3’ overhangs  

• Optimal for blunt-end PCR cloning  

• Optimum temperature near 75°C  

• 95% active after 1-hour incubation at 98°C 

 
2.6.2 Site Directed Mutagenesis 
 

 

2.6.2.1 Primer Design 

 

To mutate specific tyrosines to phenylalanines, the QuickChange mutagenesis XL kit 

(Stratagene) was employed according to the manufacturer’s instructions. Primers 

were designed according to the guidelines laid out in the QuickChangeTM Site 
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Directed Mutagenesis Kit Manual (Stratagene) (Table 2.4). Oligonucleotides were 

purchased from Sigma-Genosys, PAGE purified and reconstituded in sterile dd H2O. 

The Quick Change Site Directed mutagenesis kit was used in order to reconstitute the 

original wt form of the AGR-2 DNA and correct the mutations integrated from the 

PCR reaction, referring to simple aminoacid substitutions or in frame reconstitution 

of the gene. Starting with two antiparallel primers carrying codons for the required 

substitutions (purchased from InVitrogen), vectors containing AGR2 DNA were 

PCR-amplified by Pfu DNA polymerase according to the manufacturer’s protocol. 

The incorporation of oligonucleotide primers generates a mutated plasmid containing 

staggered nicks. 

 

Name Tm Sequence 
Forward wt AGR2 
Inframe 
 

82°C AAG TTG CTG AAG  ACT GAA TTG 
CGA ATT CTG CAG TCG ACG 
 

Reverse wt AGR2 
Inframe 
 

82°C CGT CGA CTG CAG AAT TCG CAA 
TTC AGT CTT CAG CAA CTT 
 

Forward ΔKTEL 
AGR2 Inframe 
 

 
81.9°C 

AAA GCT CTC AAG TTG CTG CGA 
ATT CTG CAG TCG ACG 
 

Reverse ΔKTEL 
AGR2 Inframe 
 

 
81.9°C 

CGT CGA CTG CAG AAT TCG CAG 
CAA CTT GAG AGC TTT 
 

Forward KDEL 
AGR2 Inframe 
 

 
82.8°C 

AAG TTG CTG AAG  GAT GAA TTG 
CGA ATT CTG CAG TCG ACG 
 

Reverse KDEL 
AGR2 Inframe 
 

 
82.8°C 

CGT CGA CTG CAG AAT TCG CAA 
TTC ATC CTT CAG CAA CTT 
 

Forward KTEL-
KAEL AGR2 
 

 
80.8°C 

CTC AAG TTG CTG AAG GCT GAA 
TTG CGA ATT CTG CAG  
 

Reverse 
KTEL-KAEL 
AGR2 
 

 
80.8°C 

CTG CAG AAT TCG CAA TTC 
AGC CTT CAG CAA CTT GAG 
 

Forward 
AGR2_AAC-AGC 

 
73.7°C 

C TA TAT AAA TCC AAG ACA AGC 
AAC AAA CCC TTG ATG ATT ATTC 
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Reverse 
AGR2_AAC-AGC 
 

 
73.7°C 

GAAT AAT CAT CAA GGG TTT GTT 
GCT TGT CTT GGA TTT ATA TAG 

Forward Aptamer 
stop 

 
84.9°C 

CAT CTG CCG ACG TGA ATT TAT 
TAT GGT CCG CCG GGG 

 
Reverse Aptamer 
stop 

 
 

84.9°C 

 
CCC CGG CGG ACC ATA ATA AAT 
TCA CGT CGG CAG ATG  
 
 

Forward Aptamer 
22Y-A 

 
89.9°C 

CTG CCG ACG ACG ATT TAT GCT 
GGT CCG CCG GGG TGA 
 

Reverse Aptamer 
22Y-A 

 
89.9°C 

TCA CCC CGG CGGACC AGC ATA 
AAT CGT CGT CGG CAG 
 

Table 2.4: Site-Directed mutagenesis primers. Muatted sequences are shown in bold. 
 

 

2.6.2.2 Site Directed mutagenesis reaction 

 

The QuickChange mutagenesis XL kit (Stratagene) was employed according to the 

manufacturer’s instructions. The 68°C step was adjusted to the size of the plasmid-

to-be amplified and the number of cycles was 16 for a single amino acid change or 

18 for multiple amino acid changes. 

 

 

2.6.2.3 DpnI digestion 

 

The product was then digested with Dpn I endonuclease, specific for methylated and 

hemimethylated DNA, hence the parental DNA template was digested (since DNA 

originating from E. coli is usually dam methylated). The nicked vector DNA carrying 

the desired mutations was proliferated in Epicurian coli XL1-Blue supercompetent 
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cells (Stratagene). Plasmid DNA was isolated (using Qiagen High Speed kit) and 

sequenced.  

 

 

2.6.3 DNA Sequencing 
 

 

2.6.3.1 Primer design 

 

Sequencing primers were designed with a length of around 20-30 bp spaced over the 

MCS of each vector and a melting temperature of around 65.8-70°C. The 

oligonucleotides were HPLC purified (Sigma-Aldrich) and reconstituted in sterile 

ddH2O (Table 2.5).  

 

 

Name Tm Sequence 5’-3’ 
Forward AcGFP-
N1 
 

63.1°C AAAATCAACGGGACTTTCCA  

Reverse AcGFP-
N1 
 

70°C GCCGCTCACGCTGAACTTGT  

Forward DsRed 
Express-N1 
 

65.8°C TTTGTTTTGGCACCAAAATCAA  

Reverse 
 DsRed Express-N1 
 

67.9°C TGAAGCGCATGAACTCCTTGAT3’  

Table 2.5: DNA sequencing primers. 
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2.6.3.2 Sequencing analysis 

 

Sequencing reaction 

20ul of each primers (10uM) 

5ul of DNA isolated by Qiagen MaxiTM kit or 

10ul DNA isolated by Qiagen MiniTM kit 

 

The DNA template along with the primers was sequenced in the Medical Research 

Council- Human Genetics Unit by experienced researchers (MRC-HGU, IGMM 

centre, University of Edinburgh). 

 

 

2.6.4 PCR purification of amplified DNA 
 

The PCR products designated to sub-cloning into different vectors were purified 

immediately after amplification using the QIAquick PCR purification kit (Qiagen) to 

ensure removal of primers, nucleotides, enzymes, mineral oil, salt and other 

impurities from DNA samples 

 

 

2.6.5 Annealing of single strand oligos for aptamer construction 
 

Single-strand Oligos (Sigma-Genosys), dissolved into nuclease free water (Promega) 

into a final concentration of 100µM, were mixed, forward and reverse oligo, and 

2μM of each was diluted in 10mM Tris-HCl, pH6.8. The mixture was heat-shocked 

at 85°C for 10min, cooled to room temperature for 1h, incubated at 37°C for 15min 

for the oligos to anneal and left at room temperature for another 10min. The 

concentration of the final annealed double-strand oligo was determined by 

spectrometry at 260nm (Digilab Hitachi).  Annealing efficiency was tested by 
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polyacrylamide gel electrophoresis and annealed oligos were digested and cloned 

into the appropriate vector, as described. 

 

 

2.7 Agarose and polyacrylamide gel electrophoresis for DNA 
 

2.7.1 Agarose gel electrophoresis of DNA fragments above 300bp 
 

50x TAE (Tris-Acetate EDTA) 6x DNA loading buffer 

2M Tris pH 6.8,  

0.1M Na2EDTA.2H2O 

 4% Acetic acid (v/v) 

Adjust pH to 8.5 

0.25% Bromophenol blue (w/v)  

0.25% Xylene cyanol (w/v) 

 15%   Ficoll 400 (w/v) 

 

TAE buffer was diluted (50x) to 1x and 1% (w/v) ultrapure agarose was added. The 

solution was heated in a microwave oven until the agarose is completely dissolved 

and left to cool down to handwarm under the hood. Ethidium Bromide EtBr was 

added to a final concentration of 5% (w/v). The solution was then poured into a 

horizontal electrophoresis gel tray with a 10-well or bigger comb inserter and left to 

solidify. When solid, the agarose gel was submerged in a horizontal electrophoresis 

tank filled in 1xTAE buffer. DNA loading buffer (6x) was added to the samples (3μl 

of site-directed mutagenesis DNA or 10μl of PCR amplified DNA) to 1x and then 

loaded onto the gel. 1kb DNA ladder was also loaded at 5μl volume. Electrophoresis 

at 100V at room temperature followed till adequate separation was achieved and then 

the bands were visualized by UV light using a CHEMI Genius2 BioImaging 

SystemTM (Syngene) and the GenesnapTM tool with an ethidium bromide filter and 

transilluminator. The images were captured with a Sony UP-D895MD. 

 

 

 

[78] 
 



Chapter 2                                                                                       Materials & Methods
   

2.7.2 Polyacrylamide gel electrophoresis of small DNA fragments 
 

 

10x TBE (Tris-Acetate EDTA) 50% polyacrylamide gel 

2M Tris pH 6.8,  

0.1M Na2EDTA.2H2O 

 4% Acetic acid (v/v) 

Adjust pH to 8.5 

50% polyacrylamide (v/v)  

50% 1xTBE (v/v) 

 300 μl Ammonium Pelsulfate (APS) 

10 μl TEMED 

 

17% polyacrylamide gel  

17% polyacrylamide (v/v)  

83% 1xTBE (v/v) 

300 μl Ammonium Pelsulfate (APS) 

10 μl TEMED 

 

Polyacrylamide gels have smaller pore sizes than agarose gels and allow precise 

separations of molecules from 10–1500bp. Due to the small size of the aptamers, the 

agarose gel was no option and for that reason a polyacrylamide gel approach was 

adopted. The 50% polyacrylamide gel was poured first and left to become solid in 

vertical glass plates. The 17% gel was poured above the 50% and 15-well comb was 

inserted and left to become solid. When solid, the gel was submerged in a vertical 

electrophoresis tank filled in 1xTBE buffer. DNA loading buffer (6x) was added to 

the samples (1μl of DNA diluted in 20μl ddH2O) to 1x and then loaded onto the gel. 

100bp DNA ladder(Biorad) was also loaded at 3μl/lane volume. Electrophoresis at 

110V at 4 °C for 6h followed till adequate separation was achieved. The gel was then 

washed in 1x TBE supplemented with 5% EtBr for 6h. The bands were visualized by 

UV light using a CHEMI Genius2 BioImaging SystemTM (Syngene) and the 

GenesnapTM tool with an ethidium bromide filter and transilluminator. The images 

were captured with a Sony UP-D895MD. 
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2.8 Restriction enzyme digestion and ligation 
 

2.8.1 Restriction enzyme digestion 
 

Single Restriction enzyme reaction Double Restriction enzyme reaction 

1xNEB/Roche buffer (1:10 v/v) 

supplemented with  

100μg/ml Bovine Serum Albumin (BSA, 

New England Biolabs) where required 

1μg of DNA  

1unit of restriction endonuclease 
 

1xNEB/Roche buffer (1:10 v/v) 

supplemented with  

100μg/ml Bovine Serum Albumin (BSA, 

New England Biolabs) where required 

2μg of DNA  

1unit of each restriction endonuclease 

 

Negative Restriction enzyme reaction  

1xNEB/Roche buffer (1:10 v/v) 

supplemented with  

100μg/ml Bovine Serum Albumin (BSA, 

New England Biolabs) where required 

1μg of DNA  

no restriction endonuclease 

 

 

Restriction enzyme digestion of the vector and the DNA-insert is required after  PCR 

amplification. The restriction endonucleases recognize specific sequences to digest. 

As far as the insert is concerned the adequate restriction enzymes were chosen 

according to the Multiple Cloning Site (MCS) of the vector to be inserted in. The 

DsRed-Express N1 and the AcGFP-N1 plasmids have an identical MCS and so the 

mature and full length wt and mutants AGR-2 fragments contained the same 

EcoRI/XhoI sites on the 5’-3’ end respectively (Table 2.6). 

Single, containing only one of the enzymes, and double, with both of the enzymes, 

reactions were performed in the vector. The single restriction enzyme reaction 

ensured the functionality of the enzyme as the linear DNA runs slower than the 
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circular when electrophorised onto a 1% agarose gel. Most of the enzymes used were 

purchased from NEB and the maximum efficiency buffer (1, 2, 3 or 4) was chosen 

according to the NEBbuffer chart (www.neb.com). When enzymes from different 

companies needed to be used, the compatibility of the buffers was compared 

according to their composition. When EcoRI (NEB) was combined with XhoI 

(Roche) the buffer from Roche was used which had the same composition as buffer 1 

from NEB. Incubation times at 37 °C varied between 1-16h. 

 

Restriction 

endonuclease 

Company Recognition site Activation 

temperature 

BamHI New England 

Biolabs  
37 °C 

BglII New England 

Biolabs  

 

37 °C 

EcoRI New England 

Biolabs  
37 °C 

EcoRV New England 

Biolabs  
37 °C 

DpnI New England 

Biolabs 
 

 

37 °C 

XhoI Roche 
 

37 °C 

 

Table 2.6: Restriction enzymes. 

 

 

2.8.2 DNA gel purification 

 

After incubation at 37°C, the entire DNA was run on a 1%, w/v, agarose gel in TAE 

buffer supplemented with 5% EtBr, after diluting it in 1x DNA loading buffer (6x). 
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Low temperature melting agarose (Sigma) was used for electrophoresis. The gel was 

then run at 100V for 1h and the bands were visualized and excised under UV light 

(Flowgen). The resulting agarose fragments containing the digested DNA were 

transferred to sterile Eppendorf 1.5ml tubes and weighed. The Gel Extraction kit 

(Qiagen) was used to extract and purify the digested DNA. 

 

 

2.8.3 Dephosphorylation of recessed 5’ends or blunt ends 
 

Dephosphorylation reaction Formula for the amount of CIAP 

needed 

1x Alkaline Phosphatase Calf  

Intestinal (CIAP) buffer (10x, Promega) 

CIAP (0.5U/pmols of ends, Promega) 

Digested DNA 

Sterile H2O up to 100μl 

 

μg of vector to be phopshorylated x 3.04 

               size of vector (Kb) 

Dephosphorylation is the essential process of removing phosphate groups from 

an organic compound (as ATP) by hydrolysis. The opposite process 

is phosphorylation.  Dephosphorylation of a DNA template, usually a vector plasmid, 

is essential when it comes to ligating a phosphorylated digested insert to a digested 

vector, as it increases the ligation ability of each other. After addition of the 

phosphatase, the reaction was incubated at a 37 °C waterbath for a time of 15min and 

then at 56 °C heated stage for another 15min. A second aliquot of the enzyme was 

added (0.5U/pmols of ends) and the incubation times at both temperatures were 

repeated. The higher temperature ensures accessibility of the recessed end. 0.5M 

EDTA, pH8.0, was used to stop the reaction. Unless processed to ligation directly the 

sample was stored at -20 °C for further application. 
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2.8.4 Ligation of DNA in the appropriate vector 
 

 

2.8.4.1 Ligation of DNA in the appropriate vector 

 

Ligation reaction 

 

Formula for the vector:insert ratio 

1x Ligation Buffer (10x Promega) 

10-100ng vector DNA 

xng insert 

10units of T4 ligase (10u/ μl , Promega)

ddH2O up to 10μ 

 

μg of vector x size of  insert (Kb)    x ratio insert 

         size pf vector (Kb)                             vector 

After digestion the vector plasmid and the DNA-insert were ready to be ligated. The 

above reaction was incubated at 4 °C in Eppendorf tubes, overnight. For each 

ligation different ratios insert:vector were applied each time, varying between 1:1 

and 5:1, according to the size of the insert when compared to the vector.  

 

 

2.8.4.2 Transformation of the ligated mixture into competent cells 

 

After ligation 1-10μl of the mixture was added to 100μl of DH5α cells or 20-50μl 

XL-Blue supercompetent cells (Stratagene) and the heat-shock transformation 

method was applied. The transformed bacteria were then plated out in LB-agar plates 

bearing the selective antibiotic for each plasmid and incubated overnight at 37°C. 
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2.9 Co-immunoprecipitation assay 
 

IP  Wash buffer A IP Wash buffer B 
1%NP40 

25mM Tris pH.7 

0.4M KCl 

Keep at 4 °C 

0.1% NP40 

 25mM Tris pH.7.5 

150mM  KCl 

 Keep at 4°C 
 
 
IP Lysis buffer 

 

Protease Inhibitor cocktail 

IP Wash Buffer A 

1M DTT (7μl per 7ml buffer),  

1 tablet protease inhibitor (per 7ml lysis 

buffer) 

  
 

Complete mini protease Inhibitor 

cocktail tablets supplied by Roche 

Cells were cultured for 24h, in a 10cm plate at 37 °C until reached 80-95% 

confluence. Twenty-four hours post-plating, the cells were rinsed twice with 10ml 

sterile ice cold 1xPBS, and harvested in 1ml sterile ice cold PBS. The eluate was 

then centrifuged at 13000rpm, 4 °C and the pellet was resuspended in IP Lysis buffer 

(500μl/10cm dish). The suspension was incubated at 4 °C for 30min on a rotary 

shaker and following centrifugation at 13000rpm, snap frozen in liquid N2 unless 

processed for co-immunoprecipitation on the same day.  30μl of Protein G Fast Flow 

beads (SantaCruz) per reaction were washed 5x in IP wash buffer B, at 4 °C with 

rotation and centrifuged at 3000rpm for 1min each time and in the final step 

resuspended in 50μl IP Wash buffer B. 500μg -1mg of protein, as measured by 

Bradford method, were incubated overnight at 4 °C with 1ml IP Buffer B plus 1M 

DTT and protease inhibitors in the presence of 50μl of beads (SantaCruz) and 2μl of 

the appropriate primary antibody. The protein plus beads-primary antibody complex 

was recovered by centrifugation for 1min at 13000rpm and washed 6x with 1ml IP 

Wash buffer B buffer on a rotary shaker. The third time wash was for 15 min instead 

of 5 min and the last centrifuge was at 13000 rpm instead of 6000rpm. The pellet was 
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resuspended in 75μl of sample buffer (5x) containing DTT. Samples were boiled at 

90 °C for 1min prior to SDS-PAGE analysis.  

 

 

2.10 Fluorescence analysis 

 
 
2.10.1 Immunofluorescence analysis 
 
 
2.10.1.1 Antibodies for fluorescent microscopy 
 
 
Antibody Specificity Type Dilution Company 
Anti-PDI PDI protein, 

ER marker 
mouse 
monoclonal 

 1:1000 Abcam 

Anti-Golgin Golgin protein, 
Golgi marker 

mouse 
monoclonal 

 1:500 Abcam 

Anti-AGR2 AGR-2 protein mouse 
monoclonal 

 1:1000 Abnova 

Anti-AGR3 AGR-3 protein mouse 
monoclonal 

 1:1000 Moravian 
Biotechnologies

Anti-HA HA epitope tag mouse 
monoclonal 

 1:1000 Sigma 

Anti-FLAG FLAG epitope 
tag 

mouse 
monoclonal 

 1:5000 Sigma 

 
Table 2.7: Primary antibodies list for immunofluorescent microscopy. 
 
 
Antibody Specificity Excitation colour 
Alexa 594 Goat anti-mouse red 
Alexa 488 Goat anti-mouse green 

 
 
Table 2.8: Secondary antibodies list. All antibodies were Alexa conjugated, Molecular 
Probes, InVitrogen. 
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2.10.1.2 Immunofluorescence analysis for endogenous proteins 
 
 
Wash buffer Fixatives 

1x PBS 

0.01% Tween-20 

4% Parafolmadehyde  (w/v) or 

100% Methanol (v/v) or 

1: 1 Methanol: Acetone (v/v) 

 

Permeabilization buffer 

1x PBS 

0.5% Triton-X100 (v/v) 

Freshly prepared each time 

 

Antibody solution 

1% Bovine Serum Albumin (w/v)  

1x PBS 

Filter sterilized 

Stored at 4°C 

Blocking solution 

3% BSA (w/v) 

1x PBS 

Filter sterilized 

Stored at 4 °C 

 

 

Cells were seeded at a density of 0.13x106 cell/ ml and plated in sterile four-

chambered slides (NUNC). Twenty-four hours post-plating the medium from the 

cells was removed and the slides were washed 2x in sterile PBS. 4% PF, 200μl/per 

chamber, was added for 15min as a fixative and 3x washes in sterile 1x PBS 

followed. Cells were also fixed in ice cold methanol or a mixture of 

methanol:acetone (1:1, v/v) for 5min, and air-dried in order to specify the optimal 

fixing method. This fixation method does not require a permeabilization step. 

Parafolmadehyde fixed cells were permeabilised in freshly prepared 0.5% (w/v) 

TritonX-100 in 1xPBS, and slides were washed 3x with 1x PBS for 10min. 

Following washes with 1x PBS, nonspecific sites were blocked for 1h with 3% (w/v) 

BSA/PBS in room temperature under shaking. After 3 washes in 1xPBS, the plastic 

chambers from each slide were removed by forceps and cells were incubated 
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overnight with the primary antibody diluted in 1% (v/v) BSA/PBS at 4 °C 

(200μl/chamber). Different antidoby dilutions were used in order to define the best 

concentration that ensured low background staining and higher epitope binding.  

Twenty-four hours post-incubation, the slides were washed 5x in 0.1% (v/v) PBS-

Tween and incubated with the secondary antibody conjugated to Alexa for 30min at 

room temperature (200μl/chamber). After the secondary antibody incubation cells 

were washed 3x in 0.1% (v/v) PBS-Tween and the cells were mounted with 

Fluorescent Mounting Media (DakoCytomation) under a 1.5mm glass coverslip 

(LabTek) 

 

 

2.10.1.3 Immunofluorescence analysis for transfected proteins 

 

Same protocol as 2.10.2.2 followed with the only modification in the transfecting 

step. Transfections were performed with the Lipofectamine reagent (InVitrogen). 

Cells were seeded at a density of 0.13x106 cell/ml and plated in sterile four-

chambered slides (NUNC). Twenty-four hours post-plating the growth media from 

the cells was removed and fresh media was added. Cells were transfected with 

1μg/ml total DNA. In co-transfections, 0.5μg/ml DNA along with 0.5μg/ml pDEST 

3.2 control DNA was added to ensure a total amount of 1μg/ml per chamber. The 

slides were then processed as described previously. 

 
 
2.10.2 Nuclear staining for fluorescent microscopy 
 
 
2.10.2.1 Epifluorescence microscopy nuclear staining 
 

DAPI or 4', 6-diamidino-2-phenylindole is a fluorescent stain that binds strongly 

to DNA. Since DAPI will pass through an intact cell membrane, it was used to stain 

fixed cells (4% parafolmadehyde, ethanol/acetone fixed). DAPI is excited 

with ultraviolet light (UV). When bound to double-stranded DNA its absorption 
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maximum is at 358nm and its emission maximum is at 461nm. This emission is 

fairly broad, and appears blue/cyan. DAPI will also bind to RNA, though it is not as 

strongly fluorescent. Its emission shifts to around 500nm when bound to RNA Apart 

from labelling cell nuclei, the most popular application of DAPI is in detection 

of mycoplasma or virus DNA in cell cultures. 

At the last step before mounting the fixed cells, DAPI stain was added to the DAKO 

Cytomation mounting media at a concentration of μl per 1ml media. No incubation 

time was required and the slides were ready for observation immediately. 

 

 

2.10.2.2 Confocal fluorescence microscopy nuclear staining 

 

TO-PRO 3 stain is a useful counterstain and dead cell indicator, with long-

wavelength red fluorescence, excites at 633nm, easily distinguished from fluorescein 

and rhodamine fluorescence.  

TOPRO 3 solution (1mM, InVitrogen) was diluted 1:1000 in 37°C pre-warmed PBS 

and  added to each chamber of the slide, at approximately 200μl per chamber. The 

slides were then incubated at a 37°C dark incubator and washed 3x in PBS-T, room 

temperature warm, each for 5min, on a vertical shaker. The PBS was then discarded 

and the slides were mounted with DAKO Cytomation mounting media. Unless 

directly processed to imaging, the slides were kept at 4°C, covered in foil to ensure 

no light conditions and fading of the signal. 

 

 

2.10.2.3 Live cell imaging nuclear staining 

 

mCherry (kanR) plasmid pBS34 (kindly provided by Dr. Lierres, University of 

Dundee) was added to the cells at the 37 °C incubator under normal Lipofectamine 

transfection conditions and cells visualised by LEICA SP5 confocal microscope. 

 

[88] 
 



Chapter 2                                                                                       Materials & Methods
   

[89] 
 

 

2.10.3 Live cell imaging analysis 
 

Cells designated to live cell imaging analysis were directly grown at 4-chamber glass 

slides (NUNC) after seeded at a density of 0.13x106 cell/ ml. Twenty-four hours 

post-plating, CO2 independent growing media (GIBCO), containing no phenol red 

was added to the cells and slides were adjusted to an inverted Leica SP-5 confocal 

microscope (Leica), equipped with a temperature controlled chamber. Distribution 

and localization of the protein of interest was exported and analysed as AVI file by 

the Leica Application Suite software. 

 

 

2.11 ELISA analysis 
 

AGR-2 and AGR-3 peptides were coated in a 96-ELISA plate in 0.1M NaHCO3 (pH 

8.6) and incubated overnight at 4 °C. Templates were washed 6x PBS-T (0.1%) in a 

final volume of 200µl/well and blocked by 4% BSA/PBS-T (w/v) for 1h on a rotary 

shaker. Primary antibodies diluted in 3% BSA/PBS-T (1:1000, v/v) were added and 

incubated at 4 °C overnight. The plate was then washed 6x PBS-T (0.1%) in a final 

volume of 200µl/well and HRP-conjugated anti-mouse secondary antibodies, diluted 

in 3% BSA/PBS-T, were added on a rotary shaker for 1h, at room temperature. 

ECL1/2 (1:1, v/v) was added (50µl/well) and emission was measured in RLU under a 

luminometer (Fluoroscan Ascent FL Labsystems). 
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3.1 Introduction 

 
3.1.1 Protein trafficking within the cell 

 
3.1.1.1 Sequences defining the localization of proteins 

 

Signal sequences play a vital role in targeting as well as in protein topogenesis by 

orienting themselves in the translocon [244], and the membrane [250, 552, 607]. 

Cleavable signals for secretory proteins were found to expose their C-terminal 

cleavage site to signal peptidase on the luminal surface of the ER membrane and the 

N-terminus towards the cytosol [217]. A major factor that determines orientation is 

the distribution of charged amino acids on either end of the hydrophobic sequence 

due to electrostatic interactions with charges at or near the translocon [217]. The 

more positively charged flanking sequence is usually found on the cytosolic side of 

the membrane in both prokaryotic and eukaryotic cells [250]. Another important 

factor which might affect protein topogenesis is the folding of N-terminal sequences, 

whereas the size of this sequence does not seem as a limiting factor [139].  

Various models were suggested to explain the protein translocation and orientation 

when it comes to ER [217, 456, 527]. Some of them are quite contradictory but they 

all come to one conclusion:  the flanking charges are vital in determining protein 

translocation and orientation. One of the most common ER retention sequence is the 

KDEL (HDEL in yeast) sequence. 

 

 

3.1.1.2 Endoplasmic Reticulum and protein trafficking  

 

In order to understand the role of AGR-2, it is essential to study the secretory 

pathway where the two different isoforms of the AGR-2 protein are involved. In the 

secretory pathway, proteins travel from the Endoplasmic Reticulum (ER) where they 

[91] 
 



Chapter 3                                                                                                     Introduction
   

are synthesised through the Golgi apparatus and then are redirected to secretion, 

plasma membrane, and towards secretory and endocytic organelles (Figure 3.1). The 

biosynthetic pathway is balanced by the opposite-way pathway that includes 

endocytosis of extracellular molecules as well as recycling of intracellular proteins 

[601]. Trafficking is being accomplished by fusion vesicles or connecting tubules. 

Most proteins are retained in the ER until they are correctly folded and assembled. 

Besides allowing post-translational modifications such as protein-folding, 

glycosylation, disulfide bond formation, proline-hydroxylation, and tyrosine 

sulfation, the secretory machinery has to fulfill another important task, namely the 

distribution of correctly folded proteins to their final destination [57]. Misfolded 

proteins are retrotranslocated to the cytosol, in a process involving ER chaperones 

and key-proteins of the import machinery, and degraded by the proteasome, most 

times by polyubiquitination [66]. Correctly folded proteins leave the ER, ‘exit sites’, 

and selectively exported by COPII vesicles to the Golgi apparatus [171] (Figure 3.1). 

Once the COPII vesicles have detached from the ER and formed vesiculotubular 

clusters (VTCs) with the microtubules, the COPII coat is replaced by the COPI coat. 

COPI vesicles are formed in the cis-Golgi compartment and mediate the formation of 

return vesicles back to the ER (Figure 3.1) through a retrograde pathway. Finally, the 

trans-Golgi network, from which cargo moves to the plasma membrane (PM) and 

through endosomes to lysosomes serves as a location for the rerouting of some 

misfolded proteins that are to be degraded [171]. Secretory proteins usually enter the 

ER post-translationally. In terms of the machinery involved, secretory transport can 

be dissected into at least four distinct steps: ER import/quality control, ER to Golgi 

transport, intra-Golgi transport/ER retrieval and post-Golgi transport [57]. Their 

translocation depends on the N-terminal signal peptide. This signal peptide is 

removed by a signal peptidase post-translationaly while the protein is exiting the ER 

[601]. If a protein contains a stop-transfer signal then translocation is halted and the 

hydrophobic regions are inserted into the membrane and join transmembrane 

domains [601].  
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Figure 3.1 : Schematic overview of the organelles of the secretory pathway. Synthesized 

proteins enter the pathway at the ER and are subjected to repeated sorting and transport 

between membrane organelles until they arrive at their designated destination. PM:plasma 

membrane, ER:endoplasmic reticulum, VTC:vesiculotubular cluster. (for detailed 

explanation consult 3.1.1.2, adapted from [171]) 

 

 

3.1.1.3 KDEL sequence as an ER-retrieval sequence 

 

The ER, as mentioned above, contains a number of resident proteins whose roles 

include: protein and lipid modification, processing of N-linked glycans, vesicle 

formation, protein sorting and transport [246]. Proteins that are transported along the 

secretory pathway are membrane proteins, soluble lysosomal/vacuolar proteins and 

secreted proteins [57, 171] as mentioned above. Soluble ER proteins include 

chaperones and components of the quality control machinery [171]. The localization 

of these proteins in the ER or the processing to the Golgi is established by certain 

retention or retrieval mechanisms involving specific sequence motifs within the 
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polypeptide chain [573]. ER-residency is achieved in two ways: (i) prevention of 

residents from entering newly forming transport vesicles and (ii) retrieval of those 

residents that escape [573]. The latter mechanism is directed by discrete retrieval 

motifs. One of the most thoroughly studied and best characterized sequence 

responsible for ER-retention is the KDEL sequence (HDEL in yeast) present in 

soluble ER-resident proteins [353, 631] in their C-terminus. It is a tetrapeptide 

sequence consisting from K-D-E-L, Lysine-Aspartic acid-Glutamic acid-Leucine, 

and recognized by specific receptors, named KDEL receptors, in post-ER 

compartments (Figure 3.2) that return the proteins to the ER. This retrograde 

transport triggers the formation of the COPI-coated vesicles mentioned above that 

transport the protein from the Golgi back to the ER [57, 171]. 

ER-retrieval sequences ensure return of proteins that have left the compartment in 

which they reside. It is noteworthy that apart from the KDEL motif, ER-residency is 

achieved by direct retention involving association and interaction of protein subunits 

into large complexes through their transmembrane or luminal domains [433, 446]. 

The aforementioned subunits escape packaging through preventing being exported 

from the ER. The ER-resident lumen proteins, known as reticuloplasmins, are 

conserved between eukaryotic cell types from plants, animals and fungi. Examples of 

these proteins include the molecular chaperones BiP, HSP and PDIs (analysed in 

chapter 1.4). Apart from the KDEL motif, many ER transmembrane proteins contain 

a dilysine motif (KKXX) at their C-terminal cytoplasmic tail that ensures ER-

retention and not ER-retrieval. 

Interestingly, plants utilize two ER-retention sequences, HDEL and KDEL. In some 

proteins, such as the SH-EP (cysteine protease) superfamily, the KDEL sequence is 

being post-translationally removed [441]. The removal of the KDEL sequence from 

SH-EP in homologous Vinus mungo cells and in heterologous SF-9 cells is so far 

unique amongst the retention sequence-bearing proteins that have been described 

[441]. Several studies  have shown partial or enhanced retention within the 

ER/nuclear envelope that usually ends up to trafficking to the endomembrane 

system, indicating that the KDEL sequence itself is not sufficient to ensure complete 
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retention within the ER [138]. However, in the above studies the exact fate of the 

retention signal was not established and the possibility of post-translational 

processing masking its effects still remains.  

 

 

3.1.1.4 The KDEL receptor mediates ER retrieval 

 

The KDEL receptor (Figure 3.2), also known as ERD2, is a Golgi/intermediate 

compartment-located integral membrane protein [231] that carries out the retrieval of 

escaped ER-proteins bearing a C-terminal KDEL sequence [83]. The receptor 

recognizes and binds to this KDEL tetrapeptide. It consists of a seven-

transmembrane domain protein with a short 12-13 amino acid tail at the C-terminus, 

orientated towards the cytosol that is responsible for the retrieval of ER-proteins 

from the Golgi complex [586]. Phosphorylation of the KDEL receptor at serine 209 

(in the consensus site KKLSL) is necessary for its function [83]. The retrieval of the 

KDEL-bearing proteins by the receptor happens through retrograde traffic mediated 

by COPI-coated transport vesicles [83] (Figure 3.1).  The receptor has high affinity 

for this tetrapeptide and after release of the protein to the ER, is recycled back to the 

Golgi for further cycles of retrograde transport. The pH difference between the ER 

and the Golgi has been proposed to be responsible for the different affinity exhibited 

by the receptor towards different kinds of proteins, enabling binding of KDEL 

proteins in the Golgi and release upon to the ER [622]. 

 
 

Figure 3.2: Structure of the KDEL receptor. This receptor is responsible for retrieval of 

KDEL-proteins back to the ER. (picture adapted from www.georgetown.edu, June 2006). 
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3.1.2 Fluorescent microscopy as a localization tool 

 
One of the most commonly used techniques to detect intracellular protein 

localization and trafficking, and the one used thoroughly throughout the whole 

project, is fluorescence microscopy. Fluorescence imaging is a useful method for 

studying the localization or concentration of molecules to subcellular loci, as it is 

non-invasive, of high sensitivity and specificity. Fluorescence occurs when light 

absorbed by a molecule is emitted after a very short period (approximately 10−8s) 

following light absorbance. Emitted light is always produced at a longer wavelength 

than absorbed (named Stokes shift) due to a small dissipation of energy during the 

excited state [175, 476]. This shift is of course crucial for the detection of 

fluorescence as it makes it possible to discriminate between the excitation and the 

emission signal. Fluorescence is gaining more and more ground over the recent 

years, resulting in many different techniques that stem from the same principle: 

emission and excitation of fluorophores when light activation occurs. 

Neither Y2H, nor MS provide data on the interaction of proteins in their native 

environment. The development of highly sophisticated equipment along with the 

wide use of fluorescent proteins in cell biology, enabled researchers to study protein 

interactions in vivo, even transient ones. Most of these methods are based on the 

excitation of a donor-fluorescent fused molecule and an acceptor-fluorescent fused 

one followed by fluorescent measurements. Fluorescense Resonance Energy Tranfer 

[406], Bioluminescence Energy Transfer [628], Fluorescence Correlation 

Spectroscopy, Fluorescence Lifetime Imaging [390] and co-localization assays are 

only very few of the techniques that fall into this category [476] (Table 3.1). 

Bioluminescent RET is similar to FRET, but in this case the candidate protein is 

fused to a bioluminescence luciferase and the potential binding partners to a GFP 

protein. When the two proteins interact, the luciferase and the GFP are brought close 

enough for resonance energy transfer to happen, and therefore the bioluminescence 

emission is shifted [628]. Both methods offer no limitations when it comes to the 

localization of the proteins, compared to the Y2H, but are dependent on the 
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orientation and conformation of the binding partners. Moreover, cell type specific 

interactions can be detected, as both systems utilize fluorescence change and this is 

feasible to any model. On the other hand, because the fluorophore/ luciferace tags are 

fused to ends of potentially interacting proteins and because resonance energy 

transfer requires distance between 10-100 Å, some interactions may not be detectable 

despite occurring because the fluorophore/luciferase do not come in close distance. It 

is also possible to test the kinetics of interaction in vivo [628]. 

 

 

3.1.2.1 Fluorescent techniques for imaging 

 

Following is a brief summary of the techniques widely used in fluorescent 

microscopy for variable studies concerning protein trafficking, secretory pathways, 

protein interactions [476] (Table 3.1) 

 

Immunofluorescence Visualization of protein distribution in fixed cells. 
Usually nonquantitative. 

  
Directly labelled 
proteins 

Visualization of protein distribution in fixed or living 
cells. Quantification is less difficult than that of 
antibody binding as epitope accessibility is not an 
issue. 

  
Time-lapse imaging 
(non-quantitative) 

Change in location of a protein in a living cell over 
time. Motion/dynamics ofvisible organelles and 
structures in living cells. 

  
Time-lapse imaging 
(quantitative) 

Change in location of a protein in a single living cell 
over time. Typically used to determine kinetics of 
transfer of a bolus of protein between organelles. 
Varying degrees of sophistication can be applied 
ranging from determination of general timescale to 
fitting mathematical models based on systems of 
differential equations 
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Fluorescence Recovery 
after Photobleaching 
(FRAP) 

Determines ability of a protein to diffuse within a 
single membrane or within cytosol, effectively a 
probe of local environment. Also commonly used to 
visualize kinetics of exchange of a protein between 
two compartments in cases where the trafficking of 
the protein cannot be effectively synchronized. The 
two compartments can be organelles of the secretory 
pathway or an organelle and cytosol. 

  
Fluorescence Resonance 
Energy Transfer 
(FRET) 

Locates particular protein–protein interactions inside 
cells. Requires a fluorescent tag on each of the 
proteins. FRET is sensitive to the exact distance 
between these fluorescent tags and will fail if they are 
too far apart. 

  
Fluorescence 
Correlation 
Spectroscopy (FCS) 

FCS can determine diffusion coefficients, degree of 
clustering of a molecule and molecular 
concentrations. It can have advantages over FRAP for 
fast-diffusing (i.e., cytosolic) proteins and when the 
fluorescent protein is a mix of fast-diffusing and slow-
diffusing species. Requires a specialized apparatus. 
Data analysis non-trivial.  

  
Fluorescence Cross-
Correlation 
Spectroscopy (FCCS) 

FCS variant used to detect complexes between two 
proteins each carrying a different fluorescent tag. 
Unlike FRET the technique is insensitive to the 
precise location of the fluorophores on the interacting 
proteins. 

  
Image Correlation 
Spectroscopy (ICS) 

Same uses as FCS but can be implemented with 
standard confocal microscope capable of rapid image 
acquisition. Can give some spatial resolution as well 
as directional information in the case of protein flow. 
However less capable than FCS of analyzing fast (i.e., 
cytoplasmic) diffusion. 

  
Image Cross-
Correlation 
Spectroscopy (ICCS) 

ICS-based technique to detect interaction between two 
proteins tagged with different fluorophores. Requires 
a confocal microscope capable of rapid simultaneous 
acquisition of two channels. Current generation 
confocal microscopes are generally capable of this. 
However specialized mathematical expertise and 
custom computer software is needed. 
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Fluorescence Lifetime 
Imaging Microscopy 

Primarily used as a sensitive technique to detect 
FRET. Requires specialized equipment that is not yet 
generally available. 

  
Total Internal 
Reflection Microscopy 
(TIRF) 

Detects events occurring very close to the cell surface 
(e.g. vesicle fusion). Can also be used to visualize 
single fluorescent molecules on or very near the cell 
surface. 

 

Table 3.1: List of different fluorescent-based techniques and applications. Right panel 

refers to the definition and the left panel explains the exact application of each technique 

(adapted after [476]). 

 

 

3.1.2.2 Directly labelled proteins 

 

Direct labelling of the target protein was used in this project to visualize different 

proteins in subcellular compartments. In this method, the cells are transfected with 

plasmids encoding the gene of interest fused with a fluorescent protein (green, 

yellow, cyan and red are the most widely used, Table 3.2).  The fused gene is the 

introduced into the cells where it is being expressed fused to the FP protein and its 

localization is detected by fluorescent microscopy using the excitation and emission 

wavelengths specific for each fluorescent probe (Table 3.2). 

Endogenous fluorescent proteins are usually found in many cnidarians [301, 535] 

including many jellyfishes and corals as energy-transfer acceptors in 

bioluminescence. FPs fluoresce in vivo upon receiving energy from either a 

luciferase-oxyluciferin excited-state complex or a Ca+2-activated phosphoprotein 

[475]. Fluorescence in these species serves reproductive and survival purposes and is 

genetically controlled. The emission and excitation wavelengths vary from colour to 

colour and depend to each protein (Table 3.2). 
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Colour Excitation Emission 

Green 395 nm 509 nm 

Red 558 nm 583 nm 

Cyan 434 nm 475 nm 

Yellow 513 nm 527 nm 

 

 

 
 

 

 
 

Table 3.2: Excitation and emission wavelengths of each of the 4 most widely used 

fluorescent proteins (information adapted from www.BDbiosciences.com) 

 

 

Although fluorescent proteins are quite useful in research, they also have drawbacks 

and features that can reduce their quality as reporter genes. For that reason most of 

the fluorescent proteins than are used in biology are developed and optimized so 

variants are being selected [43]. Each variant has different spectra of characteristics, 

leading to enhanced fluorescence emission. The insertion of different promoters to 

drive expression of the gene of interest, usually under cytomegalovirus promoter, and 

mutations to the sequence are also used to increase their efficiency and stability as 

molecular markers. The most commonly used fluorescent proteins are the Green 

Fluorescent Protein (GFP) and the Red Fluorescent Protein (RFP) along with their 

optimized variants. 

 

 

3.1.2.3 Green Fluorescent Protein 

 

The Green-Fluorescent Protein (GFP) has become an important reporter for 

monitoring gene expression and protein localization within cells [660]. Prasher and 

co-workers, 1992, were the first to clone the green fluorescent protein found in the 

medusa Aequorea Victoria [475]. The protein consists of a β-barrel with 11 anti-

parallel strands, capped at both ends, and a coaxial helix, with the chromophore 
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forming from the central helix in the internal cavity [448] (Figure 3.3). When GFP is 

expressed it yields green fluorescence when excited by ultraviolet (UV) or blue light. 

To utilize their fluorescence in molecular biology, many variants of the GFP protein 

are constructed. These variants aim to reduce GFPs disadvantages and increase its 

useful characteristics (summarized in Table 3.3). One of these variants is the AcGFP-

N1 fluorescent protein that will be used in the current project. 

 

 
 

Figure 3.3: Structure of the GFP protein. The barrel-like structure of GFP. The 

fluorophore is the one retained in the internal cavity (adapted from www.tsienslab.usbc, 

December 2005) 

 

Green  Fluorescent Protein 

Pros Cons 

Stable variant Low fluorescent intensity in blue light 

Species-independent Poor expression in some mammalian cell lines 

Non-invasively monitored Low sensitivity 

Direct measurement of 

transfection efficiency 

Lag in the development of fluorescence after protein 

synthesis 

No need of substrates or 

cofactors 
Not very high half life 

Table 3.3: Advantages and Disadvantages of the Green Fluorescent Protein (GFP) 

widely used in fluorescence microscopy. 
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The AcGFP1 variant derives from the jellyfish Aequora coerulescens and is a novel 

alternative to monomeric GFP. AcGFP1 is an engineered fluorescent mutant of the 

wild-type protein with 94% homology to enhanced-GFP, EGFP a bioengineered GFP 

with enhanced fluorescent abilities, at the amino acid level. The plasmid that 

contains this variant (obtained from BD Biosciences) features an open reading frame 

in which the coding sequence has been optimized for expression in human cells. This 

optimization increases the translational efficiency of the AcGFP1 mRNA and results 

in higher expression levels. The AcGFP1 protein is stable and can be detected 

without cofactors or substrates. The last feature makes it a valuable tool for 

transfections and immunofluorescent microscopy. The protein can be fused to the N- 

or C- terminus of the protein, characterised as AcGFP-C1 and AcGFP-N1 in respect 

to which terminus of the GFP the target gene is fused. 

 

 

3.1.2.4 DsRed and its variants 

 

Another fluorescent protein, which emits red fluorescence and that will be used 

widely, is the DsRed protein, a variant of the Anthozoan reef coral Discosoma sp. 

fluorescent protein [391]. Reef corals consist of a variety of colours. These corals 

have the ability to tolerate different intensities of light depending on the depth they 

are into [508]. Fluorescent proteins, yellow and red, of these corals have the ability to 

protect them from intense light exposure in shallow water but on the other hand, they 

enhance availability and absorption of light in deep water [508]. Anthozoa animals 

do not have bioluminescent properties unlike Aequorea victoria, suggesting that in 

Nature fluorescent proteins are not always linked to bioluminescence. 

The fluorescence excitation and emission maxima of the protein are at the 

wavelengths 558nm and 583nm, respectively which are well separable from that of 

GFP and therefore attracts great interest as an expression marker and fusion partner 

for multicolor cellular imaging [382]. DsRed, 28kDa size, is a tetramer and this 

structure is essential for the fluorochrome’s maturation [637]. It is also believed that 
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this tetrameric configuration provides the needed photoprotective character to the 

corals [637]. Each DsRed monomer has an 11-stranded α-can tertiary structure 

(Figure 3.4) similar to that of GFP. These monomers units interact with each other 

via hydrophobic and hydrophilic interactions to form a tetrameric unit [637]. The 

advantage of DsRed compared to GFP is that the first one’s fluorescent spectra is 

unaffected by pH (in the range 5–12 [33]) and its orange-red emission (wavelength 

maximum 583nm) is spectrally distant from green cellular autofluorescence. These 

properties should make DsRed a better choice as a label in some applications 

compared with GFP. However DsRed has some drawbacks including, slow 

maturation, strong oligomerization to form a tetrameric structure, and a tendency to 

aggregate which can limit its applications [33, 85, 406, 537]. Modifications of DsRed 

to improve its properties and create monomeric, faster-folding, more efficient and 

photostable variants are underway with the help of molecular evolution and genetic 

engineering and therefore many new forms of DsRed are now available [85, 537]. 

 

 

 

 

Figure 3.4: The structure of the DsRed tetramer. The X-ray crystal structure of DsRed 

was prepared using DSViewer Pro Accelrys Software (adapted from [537]). 
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3.1.3 Objectives of chapter 

 
Anterior Gradient 2 is present intracellularly in two isoforms. The full length which 

has a cleavable N-terminal signal peptide designating the protein to secretion and the 

mature form without this signal peptide. Both forms bear the same putative ER-

retention C-terminal tetrapeptide. No evidence exists whether one isoform is 

predominant compared to the other in a cancer cell. This chapter investigates the 

localization of endogenous AGR-2 in a panel of breast cancer cell lines. Moreover, 

fluorescent-tagged AGR-2wt and different mutants are examined in an attempt to 

fully characterize the distribution of the protein based on specific sequences present 

in either of the two isoforms. Co-localization data with different subcellular 

organelles and chemical fractionation of subcellular compartments are shown, further 

defining the variable localization patterns of the wild type proteins and mutants and 

therefore initiating the characterization of the protein’s function. 
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3.2 Results 
 

 

3.2.1 Localization of endogenous AGR-2 
 

3.2.1.1 Subcellular localization of endogenous AGR-2 in breast cancer panel  

 

Subcellular fractionation of endogenous AGR-2 protein was performed by the S-

PEK kit (Calbiochem) according to the manufacturer’s protocol, in order to study the 

localization of the endogenous AGR-2 in MCF-7, LCC1 and LCC9 cell lines at the 

protein level. LCC1 and LCC9 cell lines are MCF-7-derived and show different 

resistance to Tamoxifen and other antiestrogens, with the LCC9 cells being totally 

resistant to the drugs. The monoclonal antibody recognized a single band of 

approximately 20kDa. The migration of the protein onto the gel matched the 

predicted protein molecular weight (Figure 3.5). 

The AGR-2 band was present in the cytosolic (F1), cell membrane (F2) and nuclear 

fractions (F3) of all cell lines but differences in the expression levels were observed 

(Figure 3.5.A). No AGR-2 was detected in the cytoskeletal fractions (F4) in any of 

the cell lines. In MCF-7 cells, AGR-2 was expressed in higher levels in the cytosolic 

and cell membrane/organelles fraction, whereas nuclear AGR-2 was less dominant. 

On the other hand, in LCC1 cells the protein was more cytosolic and nuclear and less 

in the cell membrane/organelles fraction. In LCC9 cells, AGR-2 was highly nuclear 

and cytosolic, following the same pattern as in LCC1 cells, but with slightly more 

elevated nuclear levels. To sum up, the LCC1 and LCC9 cell panels appeared to 

express cytosolic and nuclear AGR-2 in higher levels that the MCF-7, whereas MCF-

7 showed elevated AGR-2 levels in the cytoplasm and lower levels in the nucleus 

compared to the other cell lines.  
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Figure 3.5: Intracellular localization of endogenous AGR-2 in breast cancer cell lines. 

A) MCF-7 (lanes 3 and 6) LCC1 (lanes 2 and 5) and LCC9 (lanes 1 and 4) were processed 

using fractionation methodologies into F1 (cytosolic), F2 (membrane/organelles), F3 

(nuclear), and F4 (cytoskeletal), as indicated.  The distribution of endogenous AGR-2 protein 

(~ 18 kDa) was determined by immunoblotting. B) Representative coomassie blue staining 

used as a control for fractionation.  
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Immunofluorescent data after staining for endogenous AGR-2 with rabbit polyclonal 

antibody (Moravian Biotechnologies) showed cytoplasmic distribution of the protein 

with strong perinuclear staining (Figure 3.6). No nuclear signs of AGR-2 were 

detected. The same motif was repeated in MCF-7, LCC1 and LCC9 cells. MDA-MB 

231 negative control cells had no signs of endogenous protein, as expected. 

Furthermore, immunostaining with a mouse monoclonal antibody against AGR-2 

followed similar distribution patterns in MCF-7 cells, with the only difference that 

this antibody was able to detect nuclear AGR-2 as shown by the white arrows 

(Figure 3.7). The protein was again detected in the cytoplasm with strong perinuclear 

staining. Cells grown in the absence of FCS for two days showed no change in the 

localization motives (Figure 3.7, panels D-F). Same observation was made with cells 

irradiated with 50J/m2 and left to grow for six hours before immunostained for AGR-

2 (Figure 3.7, panels G-I). Another striking difference when compared to the rabbit 

polyclonal antibody was that the monoclonal one showed a rather reticulum-like 

distribution pattern of the protein, with few granules distributed around the nucleus 

whereas the polyclonal one showed diffuse localization pattern but no signs of 

perinuclear distribution were present.  
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Figure 3.6: Intracellular localization of endogenous AGR-2 using fluorescent 

microscopy. Fluorescent images of endogenous AGR-2 in MCF-7 (panels A-C), LCC1 

(panels D-F), LCC9 (panels G-I), AGR-2 positive, breast carcinoma cells, visualized by 

fluorescence microscopy. MDA-MB 231 (panels J-L), AGR-2 negative, cells were used as a 

negative control for unspecific antibody binding. After fixation the protein was visualized 

using anti-AGR2 antibody and Alexa-conjugated secondary antibody was applied (Alexa-

594, Molecular Probes). Nuclei were visualized by DAPI. Images captured by Sony Cool 

Snap 3.2 (Anti-AGR2: panels B, E, H and K, DAPI: A, D, G and J, merge: C, F, I and L) by 

Zeiss Axionplan microscope. Same exposure times used for all images. Figure showing 

representative of 3 independent experiments. Scalebar represents 10μm. 
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Figure 3.7: Intracellular localization of endogenous AGR-2 in MCF-7 using fluorescent 

microscopy and commercial anti-AGR2 antibody. Fluorescent images of endogenous AGR-

2 in MCF-7 cells grown in the presence of FCS (panels A-C), absence of FCS (panels D-F), 

UV irradiated panels G-I) and non-UV irradiated (panels J-L). After fixation the protein was 

visualized using monoclonal anti-AGR2 antibody (Abnova) and Alexa-conjugated secondary 

antibody was applied (Alexa-549, Molecular Probes).  Nuclei were visualized by DAPI. 

Images captured by Sony Cool Snap 3.2 (Anti-AGR2: panels B, E, H and K, DAPI: A, D, G 

and J, merge: C, F, I and L) by Zeiss Axionplan microscope . Same exposure times used for 

all images.). Scalebar represents 10μm. 
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3.2.2 Localization of transfected mature and full length AGR-2 wt. 
 

3.2.2.1 Immunofluorescence verified AGR-2 localization  

 

MCF-7 (Figure 3.8), LCC1 (Figure 3.10), LCC9 (Figure 3.11) and MDA-MB 

231(Figure 3.9) cells were transfected with: 

• Mature  AGR-2wt pDEST 3.2, V-5 tagged,(Gateway) 

• Full length AGR-2wt pDEST 3.2, V-5 tagged, (Gateway) 

• pDEST 3.2 vector only (Gateway)  

Untransfected cells were also used for detecting endogenous AGR-2 and as a 

comparing control. Twenty four hours post-transfection cells were incubated with a 

rabbit polyclonal anti-AGR-2 antibody (Moravian Biotechnologies). In all the cell 

lines tested, including the AGR-2-negative MDA-MB 231 cell line (Figure 3.9), both 

full length and mature transfected cells exhibited the same localization patterns 

(Figures 3.8-3.11). The protein was detected in the cytoplasm distributed in a 

diffused pattern whereas no signs of membrane staining were present. No difference 

in proteins’ localization between the different cell lines was observed. In particular, 

cells transfected with the full length form of the protein,, showed no membrane 

staining, with most of the signal detected in the cytosolic area in all cell lines. Cells 

expressing the mature form of the protein that bears no leader sequence, excited most 

of the red light in the cytoplasm. As far as the endogenous AGR-2 is concerned, it is 

noteworthy that the pattern was the same as in the transfected ones, with the protein 

being detected in the cytoplasm and slightly in the nucleus, rather than in other cell 

compartments in LCC1 and LCC9 cels. The above data are consistent with the 

results from subcellular fractionation, which showed AGR-2 predominantly in the 

cytosolic fraction (Figure 3.5), although differences in the nuclear fraction were 

observed amongst cell lines. The cytosolic localization of AGR-2 was also confirmed 

by immunohistochemistry experiments in breast cancer tissues (kindly provided by 

R. Nenutil, Czech Republic) from ductal and lobular carcinomas (Figure 3.12). 
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Figure 3.8: Intracellular localization of transfected mature and full length AGR-2 using 

fluorescent microscopy in MCF-7. Fluorescent images of the mature (panels A-C) and full 

length (panels G-I) AGR-2pDEST-3.2 constructs. MCF-7 cells were transfected with the 

constructs and visualized by fluorescence microscopy. Minus primary antibody controls 

were included (panels D-F, J-L). Protein was visualized by Alexa-conjugated antibody 

(Alexa-594, Molecular Probes). Nuclei were visualized by DAPI. Images captured by Sony 

Cool Snap 3.2 (red:panels B, E, H and  K, DAPI panels A, D, G and J merge:panels  C, F, I 

and L) under a Zeiss microscope. Same exposure times used for all images (scalebar:10μm). 
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Figure 3.9: Intracellular localization of transfected mature and full length AGR-2 using 

fluorescent microscopy in MDA-MB 231. Fluorescent images of the mature (panels A-C) 

and full length (panels G-I) AGR-2pDEST-3.2 constructs. MDA-MB 231, AGR-2 negative, 

cells were used as a control for antibody binding. Minus primary antibody controls were 

included (panels D-F, G-I). Protein was visualized by Alexa-conjugated antibody (Alexa-

594, Molecular Probes). Nuclei were visualized by DAPI. Images captured by Sony Cool 

Snap 3.2 (red:panels B, E, H and  K, DAPI panels A, D, G and J merge:panels  C, F, I and L) 

under a Zeiss microscope. Same exposure times for all images. Scalebar represents 10µm. 
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Figure 3.10: Intracellular localization of endogenous and transfected mature/full length 

AGR-2 using fluorescent microscopy in LCC1. Fluorescent images of the endogenous 

(panels A-C) mature (panels D-F) and full length (panels G-I) AGR-2pDEST-3.2 constructs. 

Minus primary antibody controls were included (panels J-L and M-O). Protein was 

visualized by Alexa-conjugated antibody (Alexa-594). Nuclei were visualized by DAPI. 

Images captured by Sony Cool Snap 3.2 (red:panels B, E, H, K and N, DAPI panels A, D, G, 

J and M, merge:panels  C, F, I, L and O) under a Zeiss microscope. Same exposure times for 

all images. Scalebar represents 10µm. 
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Figure 3.11: Intracellular localization of endogenous and transfected mature/full length 

AGR-2 using fluorescent microscopy in LCC9. Fluorescent images of the endogenous 

(panels A-C) mature (panels D-F) and full length (panels G-I) AGR-2pDEST-3.2 constructs. 

Minus primary antibody controls were included (panels J-L and M-O). Protein was 

visualized by Alexa-conjugated antibody (Alexa-594). Nuclei were visualized by DAPI. 

Images captured by Sony Cool Snap 3.2 (red:panels B, E, H, K and N, DAPI panels A, D, G, 

J and M, merge:panels  C, F, I, L and O) under a Zeiss microscope. Same exposure times for 

all images. Scalebar represents 10µm. 
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Figure 3.12: Immunohistochemistry of breast cancer tissues. Breast cancer sections 

showing the cytosolic localization of Anterior Gradient 2. Ductal and lobular carcinoma refer 

to different types of breast cancer regarding the type of the cells affected. The black arrows 

indicate the location of the protein (kindly provided by Dr. Nenutil).  

 

 

3.2.3 Mature and full length AGR-2 fused to Green and Red Fluorescent 

vectors 
 

 

3.2.3.1 Cloning of mature and full length AGR-2 GFP/RFP 

 

AGR-2 exists in two isoforms: one full-length isoform with an N-terminal 

hydrophobic leader sequence (FL or F.l or f.l-AGR2) and a mature form with the N-

terminus removed by proteolytic processing (m-AGR2) (Figure 3.13.A). The mature 

isoform is the one capable of inhibiting p53 transactivation function and capable of 

inducing cell survival in clonogenic assays [474]. AGR-2 has been previously 

suggested to reside extracellularly as part of a secretory pathway that promotes cell 
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migration or metastasis [199, 650].  To build further on our knowledge of the AGR-2 

pathway, we examined AGR-2 subcellular localization using two approaches (i) 

RFP-tagged AGR-2 tested by confocal microscopy and (ii) subcellular chemical 

extraction methodologies into cytosolic, membrane/organelle, nuclear, and 

cytoskeletal fractions.  To study the different localization of AGR-2 due  to the 

leader sequence as well as the role of its KTEL sequence as a potential ER-retention 

sequence, a number of fluorescent-conjugated constructs were cloned (Figure 3.13):  

1. Full length AGR-2wt in pAcGFP-N1. This fuses the fluorescent protein to the 

C-terminus of full length AGR-2. Includes the AGR-2 signal sequence and 

the KTEL C-terminal tetrapeptide. 

2. Mature AGR-2wt in p pAcGFP -N1. This fuses the fluorescent protein to the 

C-terminus of mature AGR-2. Does not include the AGR-2 signal sequence 

but only the KTEL tetrapeptide. 

3. Full length AGR-2ΔKTEL in pAcGFP-N1. This fuses the fluorescent protein to 

the C-terminus of full length AGR-2 minus the last four amino acids that 

make up the putative ER retention sequence. Still includes the signal 

sequence. 

4. Mature AGR-2ΔKTEL in pAcGFP-N1This fuses the fluorescent protein to the 

C-terminus of mature AGR-2 minus the KTEL tetrapeptide. Does not include 

the AGR-2 signal sequence. 

5. Full length AGR-2 KDEL in pAcGFP-N1. This fuses the fluorescent protein 

to the C-terminus of full length AGR-2 but bears the C-terminal KDEL ER-

retention sequence instead of KTEL. Still includes the AGR-2 signal 

sequence. 

6. Mature AGR-2 KDEL in pAcGFP-N1. This fuses the fluorescent protein to 

the C-terminus of mature AGR-2 but bears the C-terminal KDEL ER-

retention sequence instead of KTEL. Still includes the AGR-2 signal 

sequence. 

The same constructs will be cloned to the DsRed Express-N1 vector in order to be 

fused to a red fluorescent protein, for co-localization experiments (Figure 3.13). 
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Figure 3.13: Representative diagram of the clones fused to green or red fluorescent 

protein. A) Detailed amino acid composition of AGR-2. B) Different mutants of the wt 

protein (BI). Mutation of the KTEL sequence (BIII) as well as complete deletion of the 

sequence (BII) are shown. The GFP/RFP fusion tags are integrated in the C-terminus of the 

constructs. Leader sequence shown in blue and KTEL in yellow. Mutant KDEL sequence is 

depicted in orange. 

 

The full length and mature AGR-2 fused to GFP or RFP were tested by microscopy 

(fl. and m. respectively). The full length constructs, that contain the leader sequence, 

were all granular-shaped and distributed within the cytoplasm (Figure 3.15, panels 

A-C). Full length wt protein showed intense granular appearance (Figure 3.15 panel 

A) but within the whole cytoplasm whereas the fl.KDEL RFP mutant had intense 

[117] 
 



Chapter 3                                                                                                             Results
   

perinuclear granular appearance (Figure 3.15 panel B). The fl.ΔKTEL RFP mutant had 

the exact same granular appearance as the previously described constructs but with a 

more diffused pattern (Figure 3.15 panel C) when compared to the wt and KDEL 

ones. As far as the mature protein is concerned (Figure 3.15 panels D-F), the wt form 

was highly nuclear and also distributed in a diffused way within the cytoplasm with 

only a few granules detected (Figure 3.15 panel D). The m.KDEL RFP mutant was 

also nuclear and cytosolic but more granules were detected compared to the wt one 

(Figure 3.15 panel E). The m.ΔKTEL mutant had no signs of nuclear allocation and 

was distributed within the cytoplasm (Figure 3.15 panel F). This last mutant was 

highly unstable, as the fluorescent signal bleached after a short time and when that 

was not the case, it emitted very low fluorescence when compared to the AcGFP-N1 

empty vector control (Figure 3.14). AcGFP-N1 (Figure 3.14 panels D-F) and DsRed-

N1 (Figure 3.14 panels A-C) empty vector transfected cells were included in the 

experiment and showed non-specific distribution as they were detected everywhere 

within the cells. 

  
 

Figure 3.14: Subcellular distribution of pAcGFP-N1 and DsRed Express-N1. MCF-7 

cells were single transfected with pAcGFP-N1 (panels D-F) and DsRed Express-N1 (panels 

A-C) and analysed by microscopy. DAPI (panels A and D). Images visualized by Zeiss 

Axionplan microscope and captured by a photometric CoolSnap HQ camera. Figure showing 

representative of 5 independent experiments. Scalebar represents 10µm. 
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Figure 3.15: Intracellular localization of mature and full length AGR-2 GFP/RFP using 

fluorescent microscopy Merge images of MCF-7 carcinoma cells transfected with full 

length  (panels A-C) or mature (panels D-F) AGR-2wt RFP/GFP constructs and visualized 

by fluorescence microscopy. KDEL (panels B and E) and KTEL deletion (ΔKTEL) (panels C 

and F) fluorescent mutants of both isoforms are also depicted. Small images included in 

white frames of each photo show the localization of each construct without DAPI staining. 

Images visualized by Zeiss Axionplan microscope and captured with the photometric 

CoolSnap HQ camera. Same exposure times applied for all images. Figure showing 

representative of 5 independent experiments. Nuclei were visualized by DAPI. Scalebar 

represents 10µm. 
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3.2.3.2 Co-localization of the mature and full length AGR-2 RFP constructs with ER 

and Golgi 

 

The transfection of the “inactive” full length  AGR-2wt RFP, that bears the KTEL 

sequence, expression vector results in largely cytosolic RFP-protein expression, 

which in turn co-localizes to a relatively high degree with the endoplasmic-reticulum 

marker protein PDI (Figure 3.16-3.17 panels A-D). DAPI along with brightfield 

microscopy independently verified this co-localization (Figure, 3.16-3.17 panels A-

D). Quantitation of Fl AGR-2wt RFP revealed that ~33% of cells showed essentially 

complete, 100%,  co-localization of AGR-2 with the endoplasmic-reticulum (Figure 

3.22 panel B first column), whilst ~67% of cells showed less that 100% AGR-2 co-

staining with the endoplasmic-reticulum (Figure 3.22 panel A). These results indicate 

that this isoform is not apparently expressed extracellularly and that it is largely an 

ER- localized isoform.  Moreover, this form was not strictly co-localized to the ER 

indicating the dynamic nature of the protein, as it was also detected in the cytoplasm 

of transfected cells. Co-staining for the Golgi compartment showed no clear sign of 

co-localization (Figure 3.18 panels A-D). 

The transfection of full length AGR-2 KDEL RFP containing the point mutation in 

the C-terminal domain, exhibited a more pronounced co-staining with the 

endoplasmic-reticulum (Figure 3.16-3.17 panels E-H) totally consistent to the 

presence of the KDEL ER-retention sequence which is typical of many of the ER-

resident proteins. Quantitation revealed that approximately 79% of cells exhibited 

complete ER localization and 21% of cells exhibited less than 100% ER localization 

(Figure 3.22 panel B second column) so there was higher co-localization rate when 

compared to the wt RFP isoform that has the KTEL sequence (Figure 3.22 panel B 

first column). Brightfield was consistent to nuclear localization data (Figure 3.16-

3.17 panels A).Thus, mutation of the KTEL sequence also resulted in ER 

sequestration of the protein and no evidence was seen of extracellular or plasma 

membrane localization (Figure 3.16-3.17 panels E-H). The divergence of the highly 

conserved KTEL sequence of AGR-2 away from the canonical KDEL endoplasmic-

[120] 
 



Chapter 3                                                                                                             Results
   

reticulum retention sequence presumably lowers the affinity of AGR-2 for the 

endoplasmic-reticulum receptor protein and allows AGR-2 to exit the endoplasmic-

reticulum at a higher rate.  Again, no Golgi co-localization was detected, although 

these two compartments show high affinity to each other and collaborate in the 

secretory pathway (Figure 3.18 panels E-H). Transfection of the deletion mutant full 

length AGR-2ΔKTEL RFP resulted in a less distinct co-staining with the endoplasmic 

reticulum, (Figure 3.16-3.17 panels I-L) although a percentage of 37% of the cells 

exhibited total co-localization (Figure 3.22 panel B third column). Interestingly 63% 

of the cells showed less that 100% co-localization (Figure 3.22 panel B third column) 

to the ER. These non-co-localization levels for the full length AGR-2ΔKTEL RFP were 

much lower than the KDEL mutant and a bit less than wt construct, as expected, due 

to the absence of the KTEL sequence (Figure 3.22 panel B). No Golgi co-staining 

was again observed (Figure 3.18 panels I-L).  

The transfection of the “active” mature AGR-2wt RFP expression vector results in a 

qualitatively different distribution than the full-length isoform of AGR-2, although 

extracellular or plasma membrane expression was again not observed. Mature AGR-

2wt RFP exhibited both nuclear and diffuse cytosolic expression (Figure 3.19 panels 

A-D) with only relatively small amounts of co-localization with the endoplasmic-

reticulum compartment (Figure 3.19 panels A-D). Interestingly, the protein was 

excluded from the nucleoli of the cells. Co-localization percentages varied amongst 

cells, so to enable graphical representation and grouping the 10% rate was chosen as 

a reference point for all graphs. Quantitation revealed that approximately 34% of 

cells showed nuclear and cytosolic expression with no endoplasmic-reticulum 

localization, whilst 66% of cells exhibited nuclear and cytosolic distribution but with 

less than 10% of granular endoplasmic-reticulum co-localization (Figure 3.22 panel 

A first column).   

Similar to the full-length AGR-2KDEL RFP mutant, the transfection of the mature 

AGR-2KDEL RFP expression vector resulted in increased retention of AGR-2 in the 

endoplasmic reticulum (Figure 3.19 panels E-F) but qualitatively different 

distribution than the full-length isoform of AGR-2 (Figure 3.16-3.17 panels E-H), 

[121] 
 



Chapter 3                                                                                                             Results
   

although extracellular expression was again not observed. Mature AGR-2KDEL RFP 

exhibited little nuclear and diffuse cytosolic expression (Figure 3.19 panels E-F). The 

expression of mature AGR-2KDEL RFP was confined predominantly to granular 

endoplasmic reticulum with 43% of cells showing more than 10% endoplasmic 

reticulum co-localization while the rest of the cells had less that 10% co-localization 

rate (Figure 3.22 panel A second column). Nevertheless, all the cells had distinct 

granules within the cytoplasm which were more in number and density that in the wt 

form of the protein (Figure 3.19 panels A-D). Together, these data indicate that the 

N-terminal leader sequence of AGR-2 shifts the equilibrium of AGR-2 towards the 

ER whilst the C-terminal sequence is required for entry of AGR-2 into nuclear pools.  

Interestingly, the mature AGR-2 ΔKTEL GFP mutant was characterised by total 

absence of granules within the cytoplasm and all the cells showed diffused cytosolic 

distribution as well as dimly nuclear localization of the protein (Figure 3.19 panels I-

L). It is worth mentioning, that this construct behaved in a rather unstable way and 

was bleached after a few exposures under the microscope whereas the GFP vector 

was highly steady and durable even after very long exposures (Figure 3.21 A-H. No 

Golgi co-staining was observed in none of the mature constructs (Figure 3.20 panels 

I-P). Control AcGFP-N1 (Figure 3.21 panels I-P) and DsRed-N1 (Figure 3.22 panels 

A-H) empty vector transfections were performed as well for every localization 

marker tested (Figure 3.21, ER: panels A-D and I-L, Golgi: panels E-H and M-P). 

Both FPs showed non-selective distribution patterns and were detected everywhere 

in the cells, including the nucleoli, although very few DsRed-transfected cells 

excluded the protein from the nucleoli but these were not more that 5% of all 

population (representative photo shown in Figure 3.22 panel B). 
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Figure 3.16: Intracellular localization of full-length AGR-2 RFP in respect to the 

endoplasmic reticulum. MCF-7 cells were transfected with the indicated vector expressing 

full-length AGR-2wt RFP (panels A-D), full-length RFP-tagged AGR-2 containing a 

mutation in the C-terminal KTEL motif (AGR-2T173D) (panels E-H) or full-length RFP-

tagged AGR-2 with no KTEL sequence (ΔKTEL) (panels I-L). After fixation of cells, the 

endoplasmic reticulum was visualized using an anti-PDI-specific antibody. The brightfields 

are shown in panels A , E and I; AGR-2 localization is highlighted in panels B, F and J; PDI 

expression is depicted in panels C, G and K, and the extent of co-localization of AGR-2 and 

PDI was determined by merging the respective images (D, H and L) using a Leica SP5 

confocal microscope. Figure is representative of at least 5 independent experiments.  
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Figure 3.17: Intracellular localization of full-length AGR-2 RFP in respect to nuclear 

markers and ER. MCF-7 cells were transfected with the indicated vector expressing full-

length AGR-2wt RFP (panels A-D), full-length RFP-tagged AGR-2 containing a mutation in 

the C-terminal KTEL motif (AGR-2T173D) (panels E-H) or full-length RFP-tagged AGR-2 

with no KTEL sequence (ΔKTEL)(panels I-L). After fixation of cells, the endoplasmic 

reticulum was visualized using an anti-PDI-specific antibody. DAPI is shown in panels A, E 

and F, AGR-2 localization is highlighted in panels B, F and J; PDI expression is depicted in 

panels C, G and K, and the extent of co-localization of AGR-2 and PDI was determined by 

merging the respective images (D, H and L) using a Zeiss microscope equipped with spectral 

separation filters. Figure is representative of at least 5 independent experiments. Scalebar 

represents 10µm. 
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Figure 3.18: Intracellular localization of full-length AGR-2 RFP in respect to the Golgi 

compartment. MCF-7 cells were transfected with the indicated vector expressing full-length 

AGR-2wt RFP (panels A-D), full-length RFP-tagged AGR-2 containing a mutation in the C-

terminal KTEL motif (AGR-2T173D) (panels E-H) or full-length RFP-tagged AGR-2 with no 

KTEL sequence (ΔKTEL) (panels I-L). After fixation of cells, the Golgi compartment was 

visualized using an anti-Golgin-specific antibody. The brightfields are shown in panels A , E 

and I; AGR-2 localization is highlighted in panels B, F and J; Golgin expression is depicted 

in panels C, G and K, and the extent of co-localization of AGR-2 and Golgin was determined 

by merging the respective images (D, H and L) using a Leica SP5 confocal microscope. 

Figure is representative of at least 5 independent experiments.  
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Figure 3.19: Intracellular localization of mature AGR-2 RFP in respect to the 

endoplasmic reticulum. MCF-7 cells were transfected with the indicated vector expressing 

mature RFP-tagged AGR-2wt (panel s A-D), mature AGR-2 RFP containing a mutation in 

the C-terminal KTEL motif (AGR2T173D) (panel s E-H), or mature GFP-tagged AGR-2 

without the C-terminal KTEL tetrapeptide (ΔKTEL) (panels I-L). After fixation of cells, the 

endoplasmic reticulum was visualized using an anti-PDI-specific antibody (C, G, and K). 

The extent of co-localization of AGR-2 and PDI was determined by merging the respective 

images (D, H, and L) using a Leica confocal microscope. Figure is representative of at least 

5 independent experiments.  
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Figure 3.20: Intracellular localization of mature AGR-2 RFP in respect to the Golgi 

compartment. MCF-7 cells were transfected with the indicated vector expressing mature 

RFP-tagged AGR-2wt (panels A-D), mature AGR-2 RFP containing a mutation in the C-

terminal KTEL motif (AGR2T173D) (panel s E-H), or mature GFP-tagged AGR-2 without the 

C-terminal KTEL tetrapeptide (ΔKTEL) (panels I-L). After fixation of cells, the Golgi was 

visualized using an anti-Golgin-specific antibody (C, G, and K). The extent of co-

localization of AGR-2 and PDI was determined by merging the respective images (D, H, and 

L) using a Leica confocal microscope. Figure is representative of at least 5 independent 

experiments.  
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Figure 3.21: Intracellular localization AcGFP-N1 and DsRed-N1 control vectors. MCF-7 

cells were transfected with the indicated vector DsRed-N1 (panels A-H) or AcGFP-N1 

(panels I-P) expressing only the fluorescent protein without any additional proteins fused to 

its C-terminus. After fixation of cells, the endoplasmic reticulum was visualized by anti-PDI-

specific antibodies (panels C and K) and the Golgi using an anti-Golgin-specific antibody 

(panels G and O). Images taken by a Leica SP5 confocal microscope. Figure is 

representative of at least 5 independent experiments. 
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Figure 3.22: Graphical representation of the co-localization extent of each mature or 

full length RFP/GFP construct, wt KDEL and ΔKTEL. MCF-7 cells transfected with 

each of the constructs and blotted against the ER, were tested for co-staining rate. Co-

localization rate defined by the LEICA SP5 Application Suite in a total of 1000 nuclei.  
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3.2.3.3 Mitochondrial localization of the full length AGR-2wt and ΔKTEL fluorescent 

clones 

 

To further investigate whether the full length wt and ΔKTEL AGR-2 RFP clones were 

co-localized with other organelles apart from the endoplasmic reticulum and the 

Golgi compartment, the mitochondria network was tested (Figure 3.23 panels A-H). 

The full length AGR-2KDEL RFP mutant was not tested because it showed almost 

total co-localization with the ER (Figure 3.22 B second column, Figure 3.16 panels 

E-F).  Mitotracker Green is a green fluorescent dye that stains the mitochondria of 

the cells. Mitochondria, in MCF-7 cells, are distributed around the nucleus in a 

string-alike reticulum and usually take up most of the cytoplasm. The wt RFP form 

of the full length protein did not co-localize with the mitochondria and interestingly 

it showed a rather peri-mitochondrial distribution (Figure 3.23 panels A-D). The 

same pattern was followed by the KTEL deletion RFP mutant (Figure 3.23 panels A-

D). The protein was detected around and on the top of mitochondria, on an anterior-

posterior orientation axis, but no co-localization was observed. Control DsRed-N1 

vector-only transfected cells emitted red fluorescence in the nucleus and within the 

cytoplasm and small co-staining with the mitochondria was observed, with only a 

few co-localization areas stained in yellow, as expected by a non-specific FP (Figure 

3.23 panels I-L). 
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Figure 3.23: Intracellular localization of full-length AGR-2 RFP in respect to the 

mitochondria network. MCF-7 cells transfected with full-length AGR-2wt RFP (panels A-

D), full-length RFP-tagged AGR-2 without the C-terminal KTEL motif (ΔKTEL) (panels E-H) 

or DsRed-N1 vector control (panels I-L). Before fixation, Mitotracker Green was added to 

the cells to visualize mitochondria (panels B, F and J). Brightfields are shown in panels A, E 

and I; AGR-2 RFP localization is highlighted in panels C, G and K; Mitotracker is depicted 

in panels B, F and J, and the extent of co-localization of AGR-2 and Mitotracker was 

determined by merging the respective images (D, H and L) using a Leica SP5 confocal 

microscope. Figure is representative of at least 3 independent experiments.  
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3.2.3.4 Subcellular fractionation of the fluorescent constructs 

 

We next complemented the confocal microscopy by examining the localization of the 

endogenous AGR-2 and transfected AGR-2 RFP using subcellular chemical 

extraction methodologies in order to determine whether (i) the C-terminus of AGR-2 

permits nuclear entry of the AGR-2 isoform and (ii) endogenous AGR-2 can enter 

the nucleus. Two different exposures are shown for quantification purposes (Figure 

3.24 right and left panels). In more detail, mature AGR-2wt RFP resulted in a 

relatively different distribution when compared to the endogenous protein, with 

AGR-2wt RFP highly expressed in the F1 cytosolic and F3 nuclear fractions when 

compared to the F2 cell membrane and organelles fraction (Figure 3.24 A). The 

mutation to KDEL resulted in confinement of the mature AGR-2KDEL RFP protein 

to the cytosolic and membrane fractions and lower expression in the nuclear F3 

(Figure 3.24 B). These data again are relatively consistent with the microscopy 

(Figure 3.19 panels A-H), which indicated that the mature-AGR-2wt RFP can be 

diffuse cytosolic and nuclear, but mutation of the KTEL to KDEL shifts the 

equilibrium to a more confined compartmentalization outside the nucleus although 

nuclear localization is still present but in much lower levels than in the wt form of 

the protein (Figure 3.19 panels E-H). This difference was quantified and depicted in 

Figure 3.25. As a control, the endogenous AGR-2 protein appears as only one band, 

at ~18kDa, and detected in three fractions: the F1 cytosolic, the F2 

membrane/organelles and the F3 nuclear fractions (Figure 3.24 panels A-C bottom 

lane) resembling the siatridution of the mature AGR-2wt RFP protein. Total deletion 

of the KTEL sequence resulted in strictly cytosolic localization but in very low levels 

(Figure 3.24 C), further supporting the fluorescent microscopy data, which suggested 

a rather unstable cytosolic form of the protein (Figure 3.19 panels I-L).  

The transfection of RFP-tagged full length AGR-2wt resulted in a distribution into 

the cytosolic, membrane/organellar fraction, nuclear, and cytoskeletal fractions 

(Figure 3.24 A). The full length AGR-2wt RFP when compared to the mature form 

of the protein showed higher organelles/membrane F2 expression levels (Figure 3.24 
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A), further supporting the fluorescent microscopy data that the full length isoform 

strongly co-localizes to the endoplasmic reticulum (Figure 3.22 A-B first columns). 

The mutation to KDEL resulted in confinement of the full-length AGR-2 RFP 

protein to the cytosolic and membrane/organelles fractions (Figure 3.24 B). These 

data are relatively consistent with the microscopy, which indicated that mutation of 

the KTEL to KDEL shifts the equilibrium to a more confined compartmentalization 

(Figure 3.22 B). This full length KDEL RFP mutant had much higher cytosolic and 

membrane distribution that the equivalent mature one which is presumably due to the 

presence of the leader sequence that supposed to designate the protein to secretion 

(Figure 3.24 B). The full length AGR-2wt RFP followed the same patterns when it 

came to the first three fractions with very strong presence of the protein in F2 fraction 

which is the one representing the cell membrane and organelles extract (Figure 3.24 

A). The full length deletion mutant AGR-2ΔKTEL RFP showed lower expression 

levels in F1 cytosolic and F2 membrane/organelles fractions when compared to the 

full length wt and KDEL mutant, as expected (Figure 3.24 C). This mutant is the one 

that has the lowest co-localization rate to the endoplasmic reticulum (Figure 3.22 B 

third column) and, as shown by Western blotting here, the lowest expression levels in 

the cytosolic and membrane/organelles fraction compared to the wt and KDEL RFP 

mutants (Figure 3.24 A-C). 
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Figure 3.24: Intracellular localization of AGR-2 RFP isoforms using chemical fraction. 

MCF-7 cells were transfected with the indicated vector expressing mature or full length 

AGR-2wt RFP (panel A), mature/full-length AGR-2 RFP containing a mutation in the C-

terminal KTEL motif (AGR2T173D) (panel B), mature/full length GFP/RFP-tagged AGR-2 

without the C-terminal KTEL tetrapeptide (ΔKTEL) (panel C) respectively. The cells were 

processed using fractionation methodologies into F1 (cytosolic), F2 (membrane/organelles), 

F3 (nuclear), and F4 (cytoskeletal) as indicated. The distribution of the RFP-tagged AGR-2 

isoform (top section, ~ 50 kDa) or endogenous AGR-2 protein (bottom section, ~ 18 kDa) 

was determined by immunoblotting. Different exposure times are depicted. Figure is 

representative of 3 independent experiments.  
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Figure 3.25: Quantitation of RFP-tagged mature AGR-2wt and mature AGR-2 KDEL 

isoforms distribution into nuclear and cytosolic fractions. 

 

 

3.2.4 Localization of wt/KDEL and ΔKTEL AGR-2 RFP constructs in an 

AGR2-negative cell line 
 

To further characterize the distribution differences between the mature and full 

length wt-KDEL and ΔKTEL RFP constructs, MDA-MB 231 breast cancer cells were 

used. This cell line is Estrogen Receptor α /AGR2-negative and is normally used as a 

negative control. MCF-7 cells have high levels of endogenous AGR-2 and so the 

pathways that the protein participates are active. On the other hand, MDA-MB 231 

do not have endogenous protein and are useful in investigating the localization 

differences of the mutants in a cell system deficient in AGR-2. 

Interestingly, mature AGR-2wt RFP was detected in the cytosolic, nuclear and 

cytoskeleton fraction (Figure 3.26 B). No membrane/organelle distribution was 

observed. AGR-2 was highly expressed in the nuclear fraction and also detected in 

the cytoskeleton but in much lower levels. Mutation of the KTEL sequence to KDEL 
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shifted the equilibrium to the cytosolic and membrane/organelles fractions although 

nuclear localization was still retained (Figure 3.26 B). Interestingly, the expression 

levels of the mature AGR-2KDEL RFP protein in the membrane and organelles 

fraction was induced and reached similar levels to the cytosolic and nuclear 

expression of the protein, when compared to the equivalent wt form.  Deletion of the 

KTEL sequence in the C-terminus restored the localization patterns to the cytosolic 

and nuclear fractions and interestingly the cytosolic distribution of this mutant was 

relatively more intense when compared to the wt protein patterns (Figure 3.26 B), 

whereas nuclear AGR-2 was expressed in a much lesser extent when the KTEL 

sequence was deleted.  

As far as the full length constructs is concerned, the full length AGR-2wt RFP was 

distributed in the first three fractions and was more intense in the cytosolic and 

nuclear fraction (Figure 3.26 C). Moreover, the membrane/organelles fraction 

showed relatively higher AGR-2 expression levels when compared to the mature wt 

that had undetectable protein levels (Figure 3.26 B and C). However, the full length 

isoform had lower nuclear AGR-2wt RFP that the mature one. The cytoskeleton 

fraction also had low but detectable levels of AGR-2. Mutation of the KTEL 

sequence to KDEL induced the protein’s expression levels in all fractions and 

especially in the membrane/organelles fraction (Figure 3.26 C). The cytosolic and 

nuclear levels were elevated as well compared to the wt form of the full length 

isoform. The induction of full length AGR-2 RFP after KDEL mutation, resembled 

the pattern observed when the mature AGR-2wt RFP was mutated to KDEL in the 

same cell line, where the same mutation caused elevation of AGR-2 levels in all the 

fractions apart from the cytoskeleton one (Figure 3.26 B and C).  Deletion of the last 

four KTEL amino acids resulted in total loss of the protein from the nuclear fraction 

and further engaged it to the cytosolic and membrane fractions (Figure 3.26 C). The 

membrane/organelles fraction had much higher protein levels when compared to the 

wt form. Control untransfected and vector only samples showed no signs of the 

protein, as expected (Figure 3.26 A). 
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Figure 3.26: Intracellular localization of AGR-2 isoforms using chemical fraction in an 

AGR-2 negative cell line. MDA-MB 231 cells were transfected with the indicated vector 

expressing full-length AGR-2wt RFP, full-length AGR-2 RFP containing a mutation in the 

C-terminal KTEL motif (AGR2T173D), full length RFP-tagged AGR-2  without the C-terminal 

KTEL tetrapeptide (ΔKTEL) (panel C) and mature AGR-2 RFP, mature AGR-2 RFP 

containing a mutation in the C-terminal KTEL motif (AGR2T173D)/ mature GFP-tagged 

AGR-2 without the C-terminal KTEL tetrapeptide (ΔKTEL) (panel B). Control vector AcGFP-

N1 and DsRed-N1 transfections were included in the experiment (panel A). The cells were 

processed using fractionation methodologies into F1 (cytosolic), F2 (membrane/organelles), 

F3 (nuclear), and F4 (cytoskeletal) as indicated. The distribution of the RFP-tagged AGR2 

isoform (top section, ~ 50 kDa) was determined by immunoblotting.  
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3.2.5 Mature and Full length AGR-2KAEL RFP 
 

Since the last four amino acids are essential to AGR-2 activity [474] and also the 

KTEL sequence plays an important role in maintaining nuclear localization we 

further mutated this sequence to KAEL. This substitution was chosen in order to 

further define the role of the threonine, T, which was the one mutated to aspartic 

acid, D, and affected the full length protein’s localization towards the endoplasmic 

reticulum (Figure 3.22 B). A neutral mutation of this threonine to alanine will assist 

in determining the importance of this amino acid to localization of the protein. Site-

directed mutagenesis on the mature and the full length AGR-2wt RFP that bears the 

KTEL sequence was applied. Subcellular fractionation of different cellular 

compartments revealed that presence of the KAEL mutated sequence highly induced 

the expression of mature AGR-2KAEL RFP mutant in the cytoplasm whereas 

reduced it in the membrane/organelles and nuclear fractions, when compared to the 

AGR-2wt RFP construct (Figure 3.27 A). Nuclear reduction was much stronger 

compared to the organellar one. As far as the full length AGR-2 is concerned, 

presence of the KAEL sequence did not significantly alter the distribution of the 

protein in the cytosolic and membrane/organelles fraction (Figure 3.27 B). On the 

other hand, the nuclear fraction was again affected, with the KAEL mutant’s 

expression levels being reduced compared to the wt control (Figure 3.27 A). What is 

more, KAEL presence in the C-terminus of the mature and the full length form of the 

protein as well, lead to increase of AGR-2 in the cytoskeleton fraction F4. 

Endogenous AGR-2 control expression levels remained unaltered in all the samples 

(Figure 3.27 A and B). 

To further evaluate the KAEL mutant, fluorescent microscopy was performed 

(Figure 3.28). ER and Golgi markers were used to test for co-staining (Figure 3.28 

panels C/G and K/O, respectively). Mature AGR-2KAEL RFP was again nuclear 

with some granules distributed within the cytosol but very low endoplasmic 

reticulum co-localization was observed. Only a few granules co-stained with the anti-

PDI marker with less than 5% co-localization rate (Figure 3.28 panels E-H). The full 
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length AGR-2KAEL RFP vector had granular appearance and distributed within the 

cytosol but under a perinuclear pattern. The mutant was localized around the 

endoplasmic reticulum in a spherical way and some co-staining was detected (Figure 

3.28 panels A-D). Neither mature nor full length AGR-2KAEL RFP mutants co-

localized with the Golgi marker (Figure 3.28 panels I-P). Interestingly, the full length 

AGR-2KAEL RFP vector followed a characteristic distribution pattern around and 

adjacent to the Golgi compartment (Figure 3.28 panels I-L). 
 

 
Figure 3.27: Intracellular localization of mature and full length AGR-2 RFP KAEL 

mutants by chemical fraction. MCF-7 cells were transfected with vectors expressing full-

length AGR2wt RFP /Fl AGR-2 RFP containing a mutation in the C-terminal KTEL motif 

(AGR2T173A) (panel B) or mature AGR-2wt/mAGR-2 RFP containing a mutation in the C-

terminal KTEL motif (AGR2T173A) (panel A). The cells were processed using fractionation 

methodologies into F1 (cytosolic), F2 (membrane/organelles), F3 (nuclear), and F4 

(cytoskeletal) as indicated. The distribution of the RFP-tagged AGR2 isoform (top section, 

~50 kDa) or endogenous AGR-2 protein (bottom section, ~ 18 kDa) was determined by 

immunoblotting.  

[139] 
 



Chapter 3                                                                                                             Results
   

[140] 
 

 
 

Figure 3.28: Intracellular localization of of mature and full length AGR-2KAEL RFP 

mutants by confocal microscopy. MCF-7 cells were transfected with the indicated vector 

expressing full length RFP-tagged AGR-2 containing a mutation in the C-terminal KTEL 

motif (AGR2T173A) (panel A-D and I-L) or mature AGR-2 RFP with the same mutation in the 

C-terminal KTEL motif (AGR2T173A) (panel E-H and M-P). After fixation of cells, the 

endoplasmic reticulum was visualized using an anti-PDI-specific antibody (panels C and G) 

whereas the Golgi compartment by an anti-Golgin-specific antibody (panels K and O). The 

extent of co-localization of AGR-2 and PDI was determined by merging the respective 

images (D, H, L and P) using a Leica confocal microscope.  
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3.3 Discussion 

 

 

MCF7-derived cells show different AGR-2 distribution    

ocalization studies are a useful tool when it comes to defining the role of many 

ooperate toward a common physiological function. The position of a protein, most 

 

3.3.1 MCF-7 and 
 

L

proteins. Proteins must be localized in the same subcellular compartment to 

c

of times, determine its role, as transcription factors are distributed in the nucleus 

[368], secretory proteins in the cytoplasm, transporters in  the cytoplasm as well, 

receptors in the cell membrane and so on, although the equilibrium is highly dynamic 

and changes according to environmental or not conditions. There are no studies up to 

present that suggest a principal form of the protein within the cell and the antibodies 

used recognise both forms, full length and mature as well. Since there is no way to 

discriminate between these two forms, the staining pattern observed is a combination 

of these both, cytoplasmic, perinuclear and nuclear. Endogenous AGR-2 in MCF-7 

cells was distributed in a diffuse cytoplasmic way totally coherent to immunostaining 

data from cancer tissues [199](IH data presented here, Dr Nenutil) that showed the 

protein to be present in the cytoplasm (Figure 3.6). Monocolonal antibody 

immunostaining, detected the protein in the cytoplasm as well as in the perinuclear 

space and some signal was emitted from the nucleus as well (Figure 3.7). Subcellular 

fractionation of different cellular compartments (Figure 3.5) showed expression of 

the protein predominantly in the cytosol, less in membrane/organelles fraction and 

traces of the protein detected in the nuclear fraction coherent to the microscopy data. 

MCF7-derived cell lines that show different resistance to Tamoxifen and ICI 182,780 

have the same distribution patterns (Figure 3.6) but different expression levels of the 

protein in each compartment (Figure 3.5). LCC9 cells, which are totally resistant to

Tamoxifen and the steroidal anti-oestrogen ICI 182,780 [75], show high nuclear 

levels of AGR-2 but the exact mechanism conferring this resistant phenotype is yet 
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unclear as many molecular mechanisms that vary between these cell lines are 

undefined. Interestingly, these data were consistent with high total protein expression 

levels and estrogen-independence in the LCC9, as performed by a separate group  

although Tamoxifen treatment induced AGR-2 expression [270]. The anti-oestrogen 

ICI 182/780 disrupts ERα shuttling from the nuclei to the cytoplasm by blocking its 

nuclear uptake [133]. It is proposed that these cells prevent ICI 182/780-induced 

effect on ER turnover or even alter events downstream the ER thereby bypassing 

effects on receptor turnover [75]. Interestingly, LCC9 have elevated PgR protein 

expression levels when grown without estrogenic supplementations although the ER 

levels remain unchanged compared to the MCF-7 cells. In addition, other 

considerable variations in gene expression including p21, p27, cyclin A, cyclin D1, 

cyclin E and CDK4 and other genes implicated in tumourigenesis and regulation of 

oestrogen and anti-oestrogen cell cycle, were observed after SNP (Single Nucleotide 

Polymorphisms) and CGH (Comparative Genome Hybridization) analysis between 

LCC9 and MCF-7 [295], suggesting that AGR-2 might belong to the same category 

of differentially expressed genes and affect Tamoxifen resistance. LCCI on the other 

hand, have essentially comparable ER and PgR levels when compared to the parental 

MCF-7 cell line [75]. In our studies LCC1 showed intermediate nuclear expression 

levels of the protein comparable to MCF-7 (Figure 3.5) although studies have shown 

that the protein is elevated in LCCI cells as well [270]. Amplification or deletion of 

gene copies, alterations in transcriptional and translational regulation may contribute 

to altered protein production. Protein function or rate of degradation may be altered 

by changes in post-translational modifications. Alterations in the levels and activity 

of cellular proteins may be responsible for the development of tamoxifen or anti-

oestrogen resistance. AGR-2 is a strong candidate protein for this resistance, since it 

was found to be associated with patient cell survival and response to anti-oestrogens 

while at the same time our data have supported that the protein is localized in 

different compartments and show variable expression levels in cell lines that have 

different response to anti-cancer drugs, consistent to previous studies [270]. 

Moreover, the protein is overexpressed in ER+ cancers which are the ones that have 
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better clinical outcome compared to ER- ones and is upregulated by Tamoxifen [270] 

but downregulated by aromatase inhibitors [374]. MCF7-derived cell lines that have 

different resistance to anti-oestrogens and show different AGR-2 localization 

patterns are an ideal system to start exploring the mechanisms conferring resistance 

and lead the way to a targeted therapy with better clinical outcome. Of course, more 

studies need to be conducted to further elucidate anti-oestrogen resistance and AGR-

2 expression. 

 

 

3.3.2 Endoplasmic reticulum retention is predominantly controlled by 

e N-terminal leader sequence in the full length AGR-2 RFP 

teins should 

e secreted or incorporated into a cytoplasmic membrane. Signal sequences have 

th
 

Presence of a cleavable signal sequence, at position A20-R21, in AGR-2 leads the 

protein to secretion [3]. In general, signal sequences define whether pro

b

common features in their sequences but lack in primary structural homology [119]. 

Nonetheless, they share common properties including a positively charged N-

terminal region (usually Lysine or Arginine but Histidine is sometimes an option, 

AGR-2 has Lysine3) that is not essential for signal sequence function but improves 

its efficiency [479], a hydrophobic core of 10 amino acids which often ends with a 

turn-forming residue, and a 6-8 amino acid-long, less hydrophobic (but usually 

uncharged) region that includes the cleavage site information [71, 603] (Figure 3.29). 

KTEL sequence, on the other hand, is implicated to endoplasmic reticulum retention. 

It is known that variants of the KDEL motif also work to keep proteins ER resident. 

A large study of 24 possible variants is listed as the Prosite motif for the ER 

localization of soluble proteins [KRHQSA]-[DENQ]-E-L; [274] and can be found 

online at www.expasy.org. However, there are several human proteins that are ER-

located and contain variants of the KDEL motif that do not fit the Prosite motif such 

as ERp18 and ERp27 [14, 15]. Hence, it is possible that other motifs might also work 

as ER-retrieval signals. Bioinformatics approach identified motifs found on soluble 
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human proteins that enter the secretory pathway, i.e., motifs that might function in a 

natural system to ER-designate human proteins [483].  Based on the initial screen of 

AXDEL, AKXEL, AKDXL, and AKDEX variants, the bioinformatics analysis was 

restricted to human proteins that contained the motif XX[DE][FLM] at their extreme 

C terminus. Proteins containing these motifs were identified using Protein Prospector 

[98] and their sequences were analyzed by BLAST searches, SignalP [48] which 

predicts the signal peptide cleavage site, and PSORT II [265] which defines features 

such as polarity, hydrophobicity etc, to confirm that the sequence was the full-length 

protein, contained an N-terminal ER signal sequence, and that it was not predicted to 

be a transmembrane protein. This analysis identified 113 proteins that had 63 KDEL-

like variants at their C-termini. In the same study the 37 KDEL-like variants ending 

in L that came out of the bioinformatics screen and had not previously been analyzed 

were made in the reporter construct, and the subcellular localization of the transiently 

transfected constructs was determined by immunofluorescence microscopy. The 

results revealed that 15 of these motifs resulted in efficient ER localization (>80% of 

HeLa cells showing ER localization), whereas many others resulted in at least partial 

ER localization. AGR-2 was also identified in this screen as a representative KTEL-

motif protein [483] and will be further analysed below. 

Pilot studies involving the AGR-2 gene fused to a C-terminal Green Fluorescent 

Protein  showed that the fusion protein is secreted from HeLa cells [364].  Moreover, 

the gene is found to be upregulated in many secreting organs such as oesophagus, 

liver, breast and placenta, not to mention the secretory epithelial cells of the prostate 

gland [650]. The KTEL sequence is also characteristic of many of the proteins that 

belong to the thierodoxin superfamily to which AGR-2 is proposed to belong [468]. 

In our cell system, the leader sequence combined with the KTEL motif ensured a 

granular distribution of the protein fused to red fluorescent marker within the cytosol 

and a courteous percentage of endoplasmic reticulum co-localization whereas no cell 

membrane staining was observed (Figures 3.16, 3.17 and 3.22). These data are totally 

coherent to a study by Raykhel and co-workers that identified AGR-2 in a screen of 

200 proteins with KDEL-like motives [483]. In this study AGR-2 was found to be 
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ER-co localized in 80% of HeLa cells tested whereas Golgi co-localization was 

observed in 20% of cells. In our cell system no Golgi co-localization was observed 

(Figure 3.18). Proteins to be secreted also pass from the endoplasmic reticulum, so it 

is possible that the leader sequence plays a role in this staining pattern, as it leads the 

protein to secretion after ER-passing through, although no secretion was detected in 

MCF-7.  In the same study the protein was found to interact with all three ERD 

receptors ERD21, ERD22 and ERD23 but the interaction was stronger with the 

ERD21 receptor which appeared to be less a specialist as it bound to most of KDEL-

like motives [483]. However, as a generalization, KDEL-like motifs are conserved 

between human and the African clawed frog (Xenopus laevis), which also has three 

KDEL receptors, as 83% of proteins would use the same human receptor most 

efficiently. This is also the fact with the KTEL sequence of AGR-2, which is 

conserved in human mouse and frog further supporting the essentiality and 

importance of it. In AGR-2 null cells transfected wt protein was distributed in the 

cytosol and nucleus whereas traces of the protein were detected in the 

membrane/organelles fraction (Figure 3.26). This pattern can be explained by the fact 

that different cell lines show different distribution of proteins depending on which 

pathways are activated and where this protein is needed. 

Endoplasmic reticulum entrapment was further enhanced by mutation of the last four 

KTEL amino acids in the extreme C-terminus of the protein to the most commonly 

found KDEL endoplasmic reticulum-retention sequence, typical of mammalian 

proteins that reside in the endoplasmic reticulum [355, 521]. This motif interacts with 

KDEL receptors localized in the intermediate compartment and Golgi apparatus, and 

especially ERD21. Such binding triggers conformational change to the receptor and 

leads to retrieval back to the ER via a coat protein I–dependent pathway [171]. When 

this KTEL to KDEL mutation was made to the full length form of AGR-2 RFP the 

outcome was remarkable endoplasmic reticulum retention from a percentage of 33% 

observed in the wt protein to 80% of this KDEL mutant, suggesting that the KDEL 

sequence is much stronger and determinative when it comes to endoplasmic 

reticulum entrapment than the KTEL one (Figure 3.25). This particular KTEL 

[145] 
 



Chapter 3                                                                                                       Discussion 

sequence can be implicated in partial endoplasmic reticulum-retention, as suggested 

by studies in a viral glucoprotein that is temporarily trapped in the endoplasmic 

reticulum [597], so it is possible that AGR-2 remains in the endoplasmic reticulum 

for some time and then released to enter the secretory pathway, but when KTEL is 

mutated to KDEL then the protein is trapped in the endoplasmic reticulum and not 

being processed. Similar cases involving non-ER resident proteins have been 

described, such as lysozyme in which the presence of the KDEL tetrapeptide at the 

carboxyl-terminus ensured endoplasmic reticulum retention and prevented secretion 

[423]. In the AGR-2 negative cell line, presence of the KDEL tetrapeptide in the C-

terminus of the protein promoted membrane/organelles distribution as expected 

(Figure 3.26). 

Deletion of the KTEL sequence did not have tremendous effects on endoplasmic 

reticulum affinity and the percentage of cells having 100% ER-co-localization was 

similar to the wt form of the RFP-tagged protein that had this C-terminal sequence, 

indicating that the presence of the leader sequence is alone sufficient to ensure a 

certain extent of ER co-localization. The aforementioned effects were also observed 

by Raykhel and colleagues in HeLa and Cos cells [483]. In their study many of the 

proteins that had KDEL-like motives were tagged and tested my 

immunofluorescence either with the putative ER-retention motif present or by 

insertion of a stop codon right before it. Interestingly, AGR-2 was amongst the ones 

that did not require the presence of the KTEL sequence for endoplasmic reticulum 

localization, which can be explained by the fact that these studies were performed 

with the full length form of the protein designated to secretion due to the presence of 

the signal sequence. Therefore, the KTEL sequence is not essential to ER-retention 

and the N-terminal signal sequence is the one that targets the protein to enter the ER. 

On the other hand, in some cases deletion of the carboxyl-terminal retention 

sequence of ER-resident proteins, either viral-plant-mammalian, results in 

redistribution of the protein intracellularly and leads to secretion, as studies in ER-

resident proteins have revealed [423, 442, 515]. This mechanism of action involves 

deficient binding of the protein to the KDEL receptors and therefore failure to be 
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recycled back to the endoplasmic reticulum via the COPI and II retrograde vesicle-

mediated pathway [442, 515, 576]. 

Substitution of the last threonine with alanine did not alter the localization of the 

protein. Threonine is a slightly polar amino acid that is phosphorylated in order to 

facilitate signal transduction process whereas alanine is a rather neutral amino acid, 

non-hydrophobic, non-polar and non-reactive which does not play important roles in 

protein function [58]. For the aforementioned properties alanine is the most 

commonly used amino acid in substitutions, where the effect of another amino acid is 

to be determined without  further affecting the protein’s structure and function by 

selecting a polar or hydrophobic or rather reactive amino acid. In MCF-7 cells, this 

construct did not show significantly different localization patterns when compared to 

the full length wt protein (Figures 3.27and 3.28). The full length AGR-2 KAEL RFP 

had granular appearance distributed around the endoplasmic reticulum with some co-

staining but did not reached 100% co-localization rate as the KDEL one. The 

distribution pattern strongly resembled the one observed in the wild type form of the 

protein (Figure 3.28). Further supporting these data, subcellular fractionation 

experiments came to verify that this mutant have analogous expression levels in the 

cytosolic and membrane/organelles fraction to the wt protein (Figure 3.27). On the 

other hand, more protein was expressed in the cytoskeleton fraction suggesting 

enhance mobility of the mutant. Our findings were also supported by literature, since 

the KAEL sequence was described to be able of maintaining endoplasmic reticulum 

localization after studies with methionine sulfoxide reductases [311]. Reductases that 

had a typical secretory signal peptide and the putative ER-retention KAEL sequence 

were detected in the endoplasmic reticulum while others that had no secretory signal 

peptide but only the KAEL tetrapeptide in their C-terminus were distributed in the 

cytosol. On the other hand, mutant proteins with the typical secretory peptide in their 

N-terminus and deletion of the KAEL sequence in their C-terminus were not 

localized in the endoplasmic reticulum. These data demonstrated that ER residency is 

partially dependent on the tetrapeptide KAEL which can act as a putative ER-
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retention signal but the presence of a signal peptide is still required to define and 

support endoplasmic reticulum localization. 

 

 
 

Figure 3.29: Representative diagram of hydrophobic amino acids. These amino acids 

have side-chains that do not like to reside in an aqueous (i.e. water) environment. For th

 is worth mentioning that when it came to full length constructs, some nuclear 

xpression was detected by immunoblotting whereas no nuclear staining was present 

is 

reason, one generally finds these amino acids buried within the hydrophobic core of the 

protein, or within the lipid portion of the membrane (adapted after www.russell.embl-

heidelberg.de). 

 

 

It

e

in microscopic studies (Figures 3.17 and 3.24). This can be due to the close 

proximity of the endoplasmic reticulum with the nuclear membrane and therefore the 

possibility of some bleed through between these two fractions during isolation should 

be taken into account. Differences in expression levels in the nuclear fraction 

between the wt protein and the mutants can be explained by the fact that every 

construct shows different co-staining rate to the endoplasmic reticulum and this can 

lead to variable bleed through detection after fractionation. A second reason might be 

the presence of the protein in the nuclear membrane and therefore isolation in the 
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equivalent fraction. Especially the wild type and KAEL constructs show elevated 

nuclear distribution whereas the KDEL and ΔKTEL constructs do not. Since the KTEL 

tetrapeptide is essential in maintaining nuclear localization of the mature form, as 

later described, there is no reason why this ability could be totally vanished in the 

full length isoform. Maybe KTEL maintains part of it nuclear retention properties but 

the signal peptide is the one that plays the leading role for the localization pattern of 

the full length isoform. Another possible reason might be the presence of the red 

fluorescent protein which is quite big in size, 28kDa, and can affect solubility of the 

constructs which is then detected after fractionation that is based on these properties 

and not during microscopy that does not include any solubility parameters. It is 

common in literature for some tags to affect solubility of the protein under study with 

a lot of fusion tags such as GST (Glutatheione-S-Transferase), SUMO (Small 

Ubiquitin MOdifier), T7PK (phage T7 Protein Kinase) and a lot more to act in favour 

of it [179]. Green Fluorescent Protein is amongst the tags that affect solubility 

depending on which terminus the GFP is fused [162]. It has been previously shown 

that proteins prone to mis-folding and aggregation can arrest GFP folding when 

fused at the C-terminus [471, 605]. However, when the soluble protein is fused at the 

N-terminus, this would be translated first and perhaps increase the solubility of the 

downstream protein domain folding intermediates, increasing their half lives prior to 

irreversible aggregation. This would allow greater reversibility in the individual steps 

along the folding pathway and increase the probability that the protein would 

eventually reach the lowest free energy native conformation. Especially DsRed, 

which is the chromophore used in our case, is accused of poor solubility [59] when 

existed in wild type form whereas new variants, including the one used in our 

experiments,  have reduced net charge near the N-terminus and thus higher solubility 

leading to less tendency to aggregate, although the problem is not yet fully 

overcome. Therefore, solubility problems may arise, affect fused protein’s solubility 

and detected after fractionation experiments. 
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3.3.3 Nuclear distribution of the full length RFP isoform is controlled by 

uclear distribution was also observed in the AGR-2 negative cell line (Figure 3.26). 

the KTEL sequence in the AGR-2 negative cell line 

 
N

Since these cells do not have endogenous AGR-2 there is a high possibility that the 

secretory-transportation pathway for this protein is deficient. Deficient secretory 

mechanism means that the leader sequence might no longer be as important as in the 

AGR-2 positive cell lines. As analysed below, KTEL plays a role in the nuclear 

maintenance of the mature wt isoform and absence of it depletes the protein from the 

nucleus (Figure 3.24) of MCF-7 cells. Substitution with the KDEL sequence elevated 

the endoplasmic reticulum retention rate but did not eliminate the protein from the 

nucleus in MCF-7 (Figure 3.24). It can be proposed that similar patterns are followed 

in the MDA-MB 231 cells; a less ‘active’ and deficient leader sequence combined 

with a KTEL sequence that might retain its ability to control nuclear distribution can 

lead the full length wild type isoform to be present in the nucleus. Similarly, the full 

length KDEL one is present in the nucleus but also elevated in the organelles fraction 

due to the KDEL sequence and last but not least the ΔKTEL one totally absent from 

the nucleus since no KTEL sequence is present to control nuclear retention. What is 

suggested here is that the leader sequence is not totally inactive since if that was 

happening then the localization patterns between the mature and the full length 

isoform would be identical, which is not the case here (Figure 3.26). Therefore, it is 

recommended that the signal peptide still has some effect in orientating the protein to 

the membrane/organelles but it is the KTEL sequence that plays the leading role for 

the localization patterns and defines the expression levels in the nucleus and the 

membrane/organelles fraction. Of course, all the aforementioned reasons, RFP 

solubility problems--endoplasmic reticulum and nuclear proximity--nuclear 

membrane localization, explaining full length AGR-2 nuclear presence in the MCF-7 

cells can also be valid for the MDA-MB 231 ones. In conclusion, the leader sequence 

and the KTEL sequence still play a very important role in determining the protein’s 
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localization even in AGR-2 deficient cells and therefore the equilibrium can be easily 

disrupted and manipulated. 

 

 

3.3.4 Nuclear retention of the mature AGR-2wt RFP is controlled by the 

C-terminal KTEL sequence 

 
On the other hand, the mature form of the protein fused to red fluorescent marker, 

was mainly nuclear and diffuse cytoplasmic (Figures 3.19, 3.20, 3.22 and 3.24). The 

mature form of the protein was distributed within the whole nucleus but was 

excluded from the nucleoli. Absence of the signal peptide was therefore sufficient to 

disrupt ER-retention and shift the equilibrium towards the nucleus. Moreover, no 

serious endoplasmic reticulum co-staining was observed although some granules 

were detected in the cytoplasm but exhibited less that 10% co-localization rate 

(Figure 3.25). Same patterns were followed when it came to Golgi co-staining, with 

the protein having no signs of co-localization (Figure 3.20). All the cells tested 

showed nuclear distribution and variations existed only in the cytosolic staining 

pattern with most cells, 66% of total population, having granules but less than 10% 

co-localization with the endoplasmic reticulum and even less cells showing diffuse 

cytosolic allocation with no granules at all (Figure 3.25). In the AGR-2 negative 

cells, the mature wild type protein was highly expressed in the nuclear fraction and 

only traces in the cytosol which can be due to the absence of the signal sequence that 

exports the protein from the nucleus and equally distributes it to the cytosol, 

membrane/organelles and nuclear fraction, as shown by the full length isoform in the 

same cells (3.26). Interestingly, the mature form of AGR-2 is the one that acts as a 

p53 inhibitor [474]so the finding that this form is nuclear can explain this inhibitory 

action, based on the fact that both proteins have the same topology. Other proteins 

have also been listed as p53 inhibitors when localised in the nucleus, with the most 

fully characterised mdm-2 [107, 413].  Mdm-2 must localize to the nucleus to bind 

p53, and repress p53-mediated transactivating and apoptotic activities [477] although 

[151] 
 



Chapter 3                                                                                                       Discussion 

the final p53 degradation happens in the cytoplasm [570]. When mdm-2 is 

sequestrated in the cytoplasm by an inhibitor such as PTEN, its p53 binding and 

inhibitory functions are repressed [393, 654]. On the other hand, p53 activation also 

happens in the nucleus as in the case of the PML, a nuclear phosphoprotein that acts 

as a tumour suppressor [201] and stimulates p53 activity by recruiting it to nuclear 

foci, termed as PML nuclear bodies [180, 558, 614]. Certain tumours constitutively 

accumulate wild-type p53, which is functionally inactive because it is sequestered in 

the cytoplasm [411, 449]. In addition, treatment of human primary cells with 

Leptomycin B, a drug that specifically blocks nuclear export, induces the 

relocalization of p53 into punctate subnuclear structures, reminiscent of the so-called 

nuclear bodies (NBs) [339] where mdm-2 and p53 co-localize and therefore interact. 

In conclusion, inhibition or activation of p53 is highly dependent on the localization 

of the proteins implicated in the interaction and so mature AGR-2, the one that 

inhibits p53, is mainly localized in the same compartment where the tumour 

suppressor acts,  making the interaction possible to happen. 

Mutation of the last four amino acids to KDEL, enhanced the percentage of granules 

detected in the cytoplasm and having more than 10% co-localization rate with the 

endoplasmic reticulum (Figure 3.25). ER-retention was expected since KDEL 

ensures efficient residency in this compartment and also reduced the protein’s 

expression levels in the nucleus, while at the same time induced cell 

membrane/organelles expression levels (Figure 3.24). This reduction can be 

explained by the fact that more protein is exported from the nucleus, since the 

presence of the KDEL sequence leads the protein to the endoplasmic reticulum, but 

the KDEL tetrapeptide alone is not sufficient to totally deplete AGR-2 from the 

nucleus. In AGR-2 negative cell line, the equilibrium was shifted from nuclear 

localization of the wild type protein to enhanced distribution of the KDEL mutant in 

the cytosol and membrane/ organelles fraction, further supporting the role of the 

KDEL endoplasmic reticulum-retention sequence (Figure 3.26). Interestingly, 

nuclear expression levels remained unchanged when compared to the wild type 

construct. 
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Substitution of the last threonine to alanine reduced nuclear expression levels in 

MCF-7 cells, but no induction in the cytosolic and membrane/organelles fraction was 

observed, since the KAEL sequence is not alone sufficient to lead the protein to any 

other compartments as it requires the presence of a leader signal sequence, either 

secretory or targeting it to mitochondria and other cellular compartments [311]. 

Studies with methionine sulfoxide reductases revealed that absence of a signal 

sequence leads the protein to the cytosol, even in the presence of the KAEL sequence 

[311] consistent to our data. On the other hand, the cytoskeleton fraction showed 

elevated expression levels of the mutant, so it is possible that this sequence induces 

association to the cytoskeleton and promotes protein transportation, although more 

experiments need to be done to refine this observation. 

Deletion of the last four amino acids remarkably disrupted the equilibrium and the 

protein could only be detected in the cytosol (Figure 3.24). No nuclear nor organellar 

expression was detected. In the AGR-2 negative cell line, the construct was again 

present in elevated levels in the cytosol and very little in the nucleus which might be 

a GFP artefact or maybe the GFP protein is too big to be exported from the nucleus 

(Figure 3.26). On supporting these data, deletion of the last ten aminoacids, including 

KTEL, leads to attenuation of the inhibitory action on p53 [474] which can be 

explained by the finding that this deletion mutant is no longer localized to the 

nucleus where it can interact with p53. Moreover, no endoplasmic reticulum nor 

Golgi co-staining was observed (Figures 3.19 and 3,20), since there is neither KTEL 

nor signal peptide to lead the protein these compartments as it happens with the full 

length form of AGR-2. What is more, GFP is accused of being unstable and 

sometimes folding of the fluorescent protein may interfere with the fused protein 

properties [286, 600]. In addition, GFP exhibits slow or incomplete fluorescence 

maturation which can explain why this AGR2- ΔKTEL GFP is so sensitive and 

bleaches after a very short exposure on its excitation wavelength. Many Anthozoa 

GFP-like proteins also form non-specific, high molecular weight aggregates both in 

vitro and in vivo that are toxic to cells and this can reduce the target protein’s 

expression levels [636] and also interfere with the fluorescent signal which can, in 
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our case, explain why this AGR-2 construct is detected in the nucleus along with the 

cytosol by microscopy and only in the cytoplasm by subcellular fractionation 

experiments (Figures 3.19 and 3.24, respectively). Aggregation-accumulation 

happens due to the presence of hydrophobic pockets within the fluorescent protein 

[636] and this state can be interrupted by treating with detergents or other agents, as 

in the case of isolation of different sub-cellular compartments. All these fluorescent 

proteins are being subjected to molecular engineering in order to minimize their 

limitations and acquire the desired properties  but drawbacks still exist [405].  

 

 

3.3.5 Endogenous AGR-2 is a dynamic equilibrium between the two 

isoforms 
 

If the localization patterns of the two distinct forms of AGR-2, full length and 

mature, are combined, the result is the staining pattern supported by immunostaining 

with the monoclonal anti-AGR2 antibody, which showed diffuse cytoplasmic, 

perinuclear and nuclear distribution of the endogenous protein (Figure 3.7).  Nuclear 

and diffuse cytoplasmic distribution is identical to the mature AGR-2wt RFP protein, 

whereas perinuclear staining is similar to the full length AGR-2wt RFP isoform. This 

distribution pattern was also supported by fractionation experiments, isolating 

endogenous AGR-2 in the cytosol, membrane/organelles and nuclear fraction fo 

MCF-7 cells (Figure 3.24). This pattern was expected, since the antibody recognizes 

both forms of the protein, whose only difference is the presence of the N-terminal 

leader sequence. Small differences in the staining pattern between the polyclonal and 

the monoclonal anti-AGR-2 antibodies (Figures 3.6 and 3.7) can be explained by 

different epitope recognition, as well as the possibility of a masked epitope 

recognized by any of those antibodies. Of course polyclonal antibodies also have 

issues when it comes to specificity of binding that therefore affects efficiency. 
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3.3.6 Conclusions of chapter 
 

In conclusion, results presented in this chapter demonstrated that AGR-2 follows 

diverse distribution patterns in breast cancer cells that have different resistance to 

tamoxifen and other anti-estrogens. The exact sequences essential for each 

localization were defined by fluorescent-tagged AGR-2. The KTEL tetrapeptide in 

the C-terminal of the protein ensured nuclear retention in the absence of the N-

terminal signal peptide that acts in a predominant way when present in the protein 

and designated the protein to the cytosol maintaining partial ER co-localization even 

in the absence of this KTEL tetrapeptide. This co-localization was enhanced by 

mutating the KTEL to KDEL. On the other hand, the minimum domain required for 

nuclear residency was narrowed down to KXEL, since total deletion of this 

tetrapeptide lead to nuclear exclusion, always in the absence of the leader peptide, 

whereas substitution of the KTEL with KDEL or KAEL was not sufficient to inhibit 

nuclear localization. Absence of the leader sequence and process to the mature form 

of the protein causes nuclear localization accompanied with diffuse cytosolic pattern. 

It is under these non-ER localizing conditions (i.e. cytosolic or nuclear localizations) 

which correlate with the protein’s ability to inhibit p53 [474]. Deletion of the last 

four KTEL amino acids shifts the equilibrium to a less nuclear and more cytosolic 

pattern even in AGR-2 negative cells. Together, our data with previous experiments 

[474], provide a correlation between mature AGR-2 nuclear localization and the 

ability to inhibit p53-dependent transcription.  
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4.1 Introduction 

 
4.1.1 Mitochondria and energy sufficiency 

 
Mitochondria are the energy plants of the cells, as they produce most of the energy it 

needs, generate endogenous reactive oxygen species and participate in apoptosis via 

the mitochondrial permeability transition pore which consists of anti- and pro- 

apoptotic Bcl-2 and Bax family members, respectively. Mitochondria are transported 

to regions where ATP consumption is high and they disperse when the ratio of 

ADP/ATP increases [28, 29, 462]. Interestingly, in neuronal processes 1/3 of the 

mitochondria are in constant motion whereas the rest are stationary [202, 416] and 

ultrastructural studies showed the formation of cross-bridges between the 

mitochondria and microtubules [50, 256] or intermediate filaments [256]. 

These organelles play an important role in cancer, as cancer cells rely heavily on 

glycolysis and energy production, the so called Warburg effect, as it was firstly 

described by Warburg in 1930. This effect can be summarised in the observation that 

cancer cells even in the presence of sufficient oxygen levels undergo glycolysis to 

synthesize the required ATP for their metabolic activity [108]. Glycolysis consists of 

glucose catabolism into excessive lactic acid by consuming oxygen. During this 

process they upregulate glucose transporters as well as other enzymes of glycolysis 

[463]. A possible mechanism that contributes to the Warburg effect involves 

mutations in the mtDNA. mtDNA is a supercoiled, double stranded circular DNA 

molecule that codes for 13 of the 87 respiratory chain subunits, 12S and 16S rRNA 

and 22tRNAs required for mitochondrial protein synthesis [88]. Cancer cells often 

accumulate defects of the mitochondrial genome leading to deficient mitochondrial 

respiration and ATP production [72]. Mitochondrial defects fall into two categories 

(i) one associated with germline mutations in the mitochondrial genome that creates 

genetic predisposition to cancer development and (ii) one involving acquired 

mutations that exhibit oxidative phosphorylation, increased production of reactive 
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oxygen species (ROS) and thus uncontrolled cell proliferation and metastasis [72]. 

mtDNA often bears mutations in various types of cancer such as prostate cancer 

[105],  breast cancer [656], gastric cancer [651], neck, bladder, head cancer [200] 

and leukaemia [88, 89]. Several factors contribute to the high mutation rate and 

vulnerability of the mitochondrial genome, such as weak DNA repair capacity, lack 

of protective histones, low percentage of introns in the genome, close proximity to 

the electron transport chain that creates superoxide radicals and therefore higher 

genomic instability leading to biologicaly relevant mutations and affecting the 

metabolic pathway of the cell, which struggles to meet its energy requirements [89]. 

Nevertheless the biological impact of each mutation may be variable because each 

cell has more than one mitochondria and therefore mutant mtDNA may coexist with 

wt mtDNA, a state called heteroplasmy, but the total proportion of mutant DNA is 

the one that determines cell fate and behaviour. Germline mutations, insertions or 

deletions, are more common in syndromes such as Leber’s hereditary optic 

neuropathy, maternally inherited diabetes mellitus and Leigh’s syndrome, whereas 

somatic mutations are more commonly linked to cancer [88]. Another mechanism 

contributing to Warbug effect is the adaptation of cancer cells to hypoxic 

environment [212]. Hypoxia is a situation that characterizes most of cancer 

malignacies and is associated with low percentage of oxygen in the tissue 

environment. If that is the case, then cancer cells are forced to use the glycolytic 

pathway for ATP production [212]. 

In the last decade of the twentieth century it was discovered that the mitochondria 

from cancer cells are often resistant to the induction of mitochondrial outer 

membrane permeabilization (MOMP) which is a process that mediates apoptosis 

[228, 648] through the intrinsic apoptotic pathway (thoroughly described in chapter 

1.2.1.2). MOMP is a quite complicated and multifactorial phenomenon that 

implicates a lot of different components. Amongst them are pro-apoptotic proteins 

such as the Bcl-2 protein [111, 643], proteins of the permeability transition pore 

complex [74] whose primary role is regulate oxidative phosphorylation and utilize it 

for energy production [233], transcription factors such as the tumour suppressor p53 
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protein [409] and mitochondrial lipids as well [233]. This process leads to release of 

proteins that are normally localized between the inner and the outer membrane of the 

mitochondria, such as cytochrome c [220]. Inhibition of MOMP results in disabled 

apoptosis and therefore tumour progression. The mechanistic link between MOMP 

and aerobic glycolysis awaits further elucidation.  

 

 

4.1.2 Mitochondrial and cytoskeleton 
 

Mitochondria are not static organelles but they undergo frequent changes in their 

shape and position depending on the cell type, cell cycle and the organism. They can 

be spherical due to fusions or fragmentation of their membrane or elongated after 

interaction with cytoskeletal filaments. Interactions between mitochondria and the 

cytoskeleton are essential to their normal function as well as for localization of the 

organelles to their sites of action within the cell when required. Cytoskeleton 

participates in mitochondrial respiratory activity, fusion, fission and inheritance as 

well as ensuring localization of mitochondria into the right position in cells, such as 

where energy requirements are higher, where reactive oxygen species are generated, 

where calcium homeostasis takes place and of course where apoptosis is happening. 

On the other hand, mitochondria in turn, utilize cytoskeleton to be assembled 

correctly, to control their movement and anchorage within a cell. High energy 

demanding cells, such as neurons, are characterized by rapid mitochondrial 

movement towards their axons by interaction of the mitochondria with the dynamic  

+end of microtubules [630] towards the axons and retrograde movement towards the 

opposite direction [257]. Moreover, during mitosis in yeast, mitochondria appear to 

attach to the spindle pole bodies and move to the cellular ends during spindle 

elongation [630]. Chada and Hollenbeck recently found that placing a nerve growth 

factor, NGF, coated bead on the axon of a chick neuron, results in TrkA-mediated 

accumulation of mitochondria in this site and that agents that inhibit actin 

polymerization halt this accumulation [97]. 
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Mitochondria co-localize with intermediate filaments, IFs, which are part of the 

cytoskeletal system of the cell. Several evidence that associate mitochondria to IFs 

exist in various cell types and organisms [156, 165, 419]. Treatments with drugs that 

disrupt microtubules or intermediate filaments cause redistribution of mitochondria 

[564] and change the organization of the cellular organelles as well [165]. 

Interestingly, in muscle cells, silencing of desmin, IF protein, leads to disassembly of 

the mitochondria as well as respiratory dysfunction  [402]. The same observations 

were made by knock-out mice that had no intermediate filament desmin and showed 

no mitochondria motility [363, 402]. On the other hand, overproduction of Bcl-2 

when combined with total deletion of desmin, restores mitochondrial function and 

capacity and corrects cardiomyopathy in des-/- mice suggesting a potential 

mechanism through which cells deficient in cytoskeleton components may overcome 

this problem, restore mitochondrial function and escape cell death [618]. 

When it comes to microtubules, another component of the cytoskeleton, it is 

noteworthy that mitochondria can use cytoskeleton-based mechanisms for movement 

that are distinct from the mechanism for force generation by kinesins and dyneins 

along cytoskeletal tracks [630]. Studies in fission yeast showed that mitochondrial 

movement is microtubule-dependent and destabilization of the last causes 

mitochondrial disassembly and other morphological defects [629, 630]. In the same 

model organism, polymerization and depolymerization of microtubules plays a key 

role in mitochondrial localization and behaviour during interphase and  a protein 

called Mmd1p links mitochondria to microtubules and stabilizes the last in yeast 

[616], but no evidence for such protein exist in mammalian cells so far. It is 

noteworthy that spindle aster microtubules have also been implicated with 

mitochondria as well as other structures such as ER, microbodies, lipids, vacuoles 

movement during mitosis in yeast and Drosophila [11, 465] ensuring equal 

distribution of the mitochondria and other structures to the daughter cells.  

Attachment of cellular organelles to the growing ends of microtubules has also been 

observed in mammalian cells, sometimes associated with the ER [575] and others 

associated with phagosomes [61, 219, 469] and of course chromosomal movement 
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during cell division. Interestingly, in different phases of their movement, 

phagosomes exhibit altered preference for microtubules, with the early phagosomes 

attached to the plus end of the microtubules whereas the late did not [61]. It is 

noteworthy that cells deficient in microtubules or actin filaments fail to maintain 

mitochondrial mobility and correct docking [416]. 

As far as the actin is concerned, experiments in plants [528, 595], neurons [322] and 

budding yeast shed light to the interaction between mitochondria and actin and of 

course implications in the apoptotic pathway. In these cells, mitochondria exhibit 

track-dependent short-distance movement along F-actin, polymerized actin, and 

immobilization of the organelle to the cell cortex. In yeast, mitochondria bind to 

actin bundles and undergo both anterograde and retrograde movement [189].  During 

cell division, this interaction requires the presence of several proteins, called Mmms 

or Mdms in yeast that affect the maintenance of mitochondrial morphology or 

mitochondrial distribution and morphology,  that organize the complex and deletion 

of any of these proteins result in mitochondrial mislocalization and malfunction [251, 

394]. Experiments in Jurkat cells revealed that gelsolin, a Ca2+ actin regulatory 

protein and a substrate for caspase-3  that is mainly localized in the cytosol [321], is 

also present in the mitochondria and inhibit apoptosis by blocking cytochrome c 

release [322]. The mechanism of inhibition resembles the one observed by anti-

apoptotic Bcl-2 family members in terms of a product cleaved by caspase-3 and 

capable of stimulating cell death [109, 534]. Gelsolin acts through blocking 

cytochrome c release and also regulates the mitochondrial permeability transition 

pore [322] along with the voltage dependent Ca2+ ion channel [208].  Surprisingly, 

there is no evidence for a direct role of myosin in actin-based mitochondrial 

movement in any animal cells or fungi [189, 257]. 

All the above suggest a dynamic system that plays a role in mitochondria localization 

and distribution and is under the strong influence of different components of the 

cytoskeleton which can act synergistically or substitunionally in the presence of 

drug-induced inhibition. The factors and conditions regulating these interactions are 

difficult to be determined and examined in in vivo systems. 
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4.1.3 Mitochondria and cell death 
 

During apoptosis mitochondria undergo two major alterations. The first one refers to 

the permeabilization of the outer mitochondrial membrane due to huge accumulation 

of Ca+2 and is highly regulated by pro-apoptotic Bcl-2 family members. The second 

refers to the loss of the electrochemical gradient, normally present across the inner 

mitochondrial membrane, an effect called ‘membrane depolarization’, sometimes 

mediated by the permeability transition pore. The whole process is known as the 

intrinsic apoptotic pathway or mitochondrial pathway or Bcl-regulated pathway. Bcl-

2 family members interact with mitochondria either constitutively or on induction of 

apoptosis and have a impact on the outer mitochondrial membrane (OMM) [643]. 

 
 

Figure 4.1:  Diagram depicting intrinsic and extrinsic pathways of apoptosis. Details on 

both pathways can be found in sections 1.2.1/1.2.1.2/4.1.3. The Bcl-2 family regulates the 

intrinsic pathway and can modulate the extrinsic pathway when cleavage of BID 

communicates between the two pathways. FAS/TNFR3: cell surface death receptors, BH3-

only proteins: Bim/Puma, APAF1: apoptosis protease-activating factor 1, dotted line shows 

activation whereas red T line indicates inhibition.  (Adapted from [643]) 
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The number and shape of mitochondria is tightly regulated by a dynamic equilibrium 

between mitochondrial fission and fusion process, which in turns is regulated by 

several mitochondrial proteins [291]. These mammalian mitochondria-shaping 

proteins include the large nuclearly-encoding mitochondrial transmembrane GTPases 

mitofusins Mfn1 and Mfn2 [104, 494], the optic atrophy protein Opa1 [514] of the 

inner mitochondrial membrane, dynamin-related protein Drp1 [204, 545] of the outer 

mitochondrial membrane and hFis 1 which regulates mitochondrial fission [641].  

Mitochondrial shape is a result of dynamic alterations between fusion and fission 

events that lead from rod-globular to tubular shape and vice versa [252].  Both 

processes are necessary to ensure appropriate distribution of the mitochondria during 

mitosis and have distinct roles in apoptosis. Disturbance of the equilibrium leads to 

abnormally-shaped mitochondria such as elongated, clustered [545] or fragmented 

ones (summarised in Figure 4.2) [291]. As already mentioned previously (Chapter 

1.2.1.2), mitochondria are the main component of the intrinsic apoptotic pathway and 

Bcl-2 family of pro-apoptotic and anti-apoptotic proteins is a key player in this 

process as they regulate the outer mitochondria membrane integrity and function 

[234, 310, 444] (summarised in Figure 4.1). In this chapter the relation of AGR-3 

with mitochondrial proteins will be investigated and for that reason each family 

member should be analysed in more detail here. The Bcl-2 family can be divided into 

three different groups based on Bcl-2 homology (BH) domains and function [6, 306], 

(i)The anti-apoptotic members, such as Bcl-2 and Bcl-xL, that typically have BH1 

through BH4 domains,  [337]: (ii) the pro-apoptotic family members with BH1, BH2 

and BH3 domains, such as Bax and Bak, and those (iii) pro-apoptotic family 

members with only BH3 domains, such as Bad, Bid, Puma and Bim [6, 589]. Briefly, 

the mitochondrial apoptotic cascade includes the membrane-permeability transition 

pore, which is regulated by all the above Bcl-2 family members through the 

composition of the voltage-dependent anion cells (VDAC, also called mitochondrial 

porin channel) [534] and adenine nucleotide translocator (ATN). The last two 

proteins are components of the permeability transition pore in the outer and inner 

side of the pore respectively. Studies by Narita and co-workers supported that pro-
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apoptotic Bax and Bak accelerated the opening of the VDAC which is then 

permeable to cytochrome c, whereas anti-apoptotic Bcl-xL closes the pore by binding 

directly to VDAC [427, 534],  and also that Bax and VDAC form a large pore [534]. 

BH3-only proteins can directly activate pro-apoptotic Bax/Bax or act indirectly via 

binding and neutralising of pro-apoptotic Bcl-2 which prevents mitochondria 

permeabilization through Bax/Bak inhibition (Figure 4.1). Once activated, Bax and 

Bak, promote cytochrome c release and mitochondrial fission, which leads to the 

activation of APAF1 into an apoptosome and activates caspase-9 to activate caspase-

3. Caspases in turn cleave a series of substrates, activate DNases and orchestrate the 

destruction of the cell. The extrinsic pathway can detour the mitochondrial step and 

activate caspase-8 directly, which leads to caspase-3 activation and cell death [643]. 

Recent data also support that Bcl-2 inhibition is not sufficient to induce apoptosis 

and that Bid/Bim-mediated activation of Bax/Bak is required. 

 

 
 

Figure 4.2: Correlation between mitochondrial morphology and apoptotic sensibility. 

Blocking of mitochondrial fission by knockdown (RNAi) of Fis1 or Drp1 expression induces 

mitochondrial fusion. HeLa cells with the elongated and interconnected mitochondria show 

apoptosis resistance. Fis1 RNAi cells show stronger anti-apoptotic phenotype than Drp1 

RNAi cells. Elongated mitochondria in the Fis1 RNAi cells inhibit both Bax translocation to 
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mitochondria and cytochrome c release from mitochondria. Elongated mitochondria, 

however, in the cells depleted of Drp1 inhibit cytochrome c release but not Bax 

translocation. In contrast to hFis1 and Drp1 RNAi cells, Opa1 RNAi cells having fragmented 

mitochondria are more sensitive to apoptosis induced by various stimuli compared to the 

control cells. Fragmented mitochondria in the cells promote both Bax translocation and 

cytochrome c release. In the cells depleted of both hFis1 and Opa1, despite of mitochondria 

are extensively fragmented, the cells show apoptosis resistance (adapted from [291]). 

 

 

4.1.4 Mitochondria and p53 
 

p53 mediates apoptosis primarily via the mitochondrial pathway by stimulating 

transcription of various mitochondria-anchored pro-apoptotic genes like Puma, Bax, 

Bid, that participate in mitochondrial cell death, in response to various exogenous or 

endogenous stimuli. p53 can also mediate trans-repression of anti-apoptotic genes 

such as Bcl-2. Various stimuli such as DNA damaging agents, UV irradiation, γ-

irradiation, hypoxia, chemotherapeutics, ROS agents, RNA interference  and growth 

factor deprivation can cause p53 mitochondrial translocation [401, 511, 651]. This 

translocation is rapid and happens in less that 1h, preceding early dysfunctional 

changes in the mitochondrial membrane potential. Mitochondrial p53 stimulates a 

series of events including cytochrome c release, change in the membrane potential 

and pro-caspase-3 activation. The majority of p53 is localized to the membranous 

mitochondrial compartment whereas a fraction is found in complex with the 

mitochondrial import motor mtHsp70 [383]. Anti-apoptotic regulators such as Bcl-2 

and Bcl-xL specifically block stress-induced p53 translocation and therefore 

apoptosis, but interestingly do not halt nuclear p53 induction and cell cycle arrest 

suggesting a regulatory feedback loop in the organellar level [383]. p53 directly 

forms inhibitory complexes with the Bcl-xL/2 via its DNA-binding domain [401] and 

these interactions terminate in the permeabilization of the outer mitochondrial 

membrane and therefore cytochrome c release and activation of effector caspases. 

The ability of Bcl-xL/2 to block p53-mediated cytochrome c release parallels that 
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[166] 
 

seen with Bax and Bid from isolated mitochondria [140]. In p53 null cells, total 

mitochondrial p53 expression was capable of triggering post-mitochondrial caspase 

cascade and lead to apoptosis in comparable levels as with the nuclear p53 [383].The 

above data are consistent with the observation by Ding and co-workers, who showed 

that p53 protein from cell-free post-nuclear extracts directly activates caspase-3 

through an unknown mechanism, provided that cell-free extracts are derived from 

irradiated tumours [142]. This result is a clear biochemical evidence of an inducible, 

transcription-independent pro-apoptotic function of p53. Of note, these extracts 

contained mitochondria and therefore could have been the source of the p53-

dependent effect [142]. Interestingly, it was also found that mitochondrial p53 

translocation apart from triggering caspase-3 activation cascade, it also triggers a 

second slower transcription-dependent p53 death wave that includes p53-target gene 

induction and a further increase in active caspase-3 levels [177]. p53  mitochondrial 

translocation has been observed in various tissues such as testis, thymus [401], 

spleen in vivo [177] which are also radiosensitive organs and in primary cells 

cultures including human mammary epithelial [65], dermal fibroblasts and skin 

keratinocytes. On the other hand, p53 mitochondrial translocation does not occur in 

p53-independent apoptotic pathway nor p53-mediated cell cycle arrest [383]. 

The precise signal on p53 for its mitochondrial translocation is yet undefined. A 

translocation motif within the p53 amino-acid sequence has not been found and 

phosphorylation/acetylation modifications of p53 are not determinants for 

mitochondria translocation [428]. Studies on the Arg/Pro codon 72 variants proposed 

that mdm-2-mediated polyubiquitylation of p53 mediates nuclear export and 

mitochondrial translocation, but this area is has not been fully characterised yet 

[157]. 
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4.1.5 Objectives of chapter 

 
AGR-3 is the second member of the AGR family studied in terms of localization and 

function. Not much evidence exists regarding the distribution and the exact role of 

the protein in cancer although few data suggest the endosomal residency of the 

protein [5]. As far as the function is concerned, AGR-3 was found to enhance colony 

survival, but not much is known regarding the exact mechanism of action [270]. 

Characterization of newly-generated antibodies along with immunofluorescent 

microscopy and chemical fractionation in the cellular level will aid in studying the 

localization of the endogenous protein in MCF-7 cells. Small interference RNA 

technology will elucidate the role of the protein and also a series of other proteins 

will be tested for any quantative expression differences after AGR-3 depletion. 
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4.2 Results 
 

4.2.1 Evaluation of AGR-3 antibodies 
 

Anti-AGR-3 mouse monoclonal antibodies (Moravian Biotechnologies) were tested 

by ELISA for epitope recognition. Peptides representing the full length AGR-3 and 

AGR-2 proteins (Figure 4.3, kindly provided by Dr. Murray) were bound to an 

ELISA 96-well plate and incubated overnight with each of the four antibodies, 

termed as 1.2, 2.2, 3.1, 4.1 (Figure 4.4).  
 

 
 

Figure 4.3: Diagram of peptides used in epitope mapping of anti-AGR3 antibodies. 

Peptides 1-16 represent AGR-2 a.a composition whereas peptides 17-31 correspond to AGR-

3. Black arrows indicate the peptide recognised by the two AGR3-specific antibodies, 1.2 

and 2.2. Underlined sequences are the exact epitope recognised when the overlapping 

sequences of adjacent peptides are excluded (shown in blue).  
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Figure 4.4: Representative ELISA diagram of epitope mapping. Anti-AGR3 antibodies , 

termed 1.2, 2.2 and 4.1, were tested by ELISA for efficient binding to peptides representing 

AGR-2 and AGR-3 full length proteins.  

 

 

The 1.2 antibody bound strongly and repetitively to peptide 26 (Figure 4.4, red label) 

but not to peptide number 27 nor 25 which have some overlapping peptides with 26 

(Figure 4.3 indicated in blue letters, Figure 4.4,), further narrowing down epitope 

mapping for this antibody to: knlsp (Figure 4.3, underlined). The second antibody 

tested, 2.2, strongly recognised epitope 23 of the AGR-3 peptides (Figure 4.4, blue 

label). Again no strong binding was observed with partially overlapping peptides 24 

and 22, further defying the exact sequence of recognition to: lkkvf (Figure 4.3, 

underlined). The 3.1 antibody showed no specific binding as this antibody recognised 

a lot of epitopes without overlapping sequences and totally different to each other as 

well as giving contradictory and non-repetitive results throughout multiple 

experiments (Figure 4.4) and for that reason was not included in the study. The last 
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antibody tested, 4.1, was consistent in identifying peptides 2, 6, 7, 9 and 10 which 

represent AGR-2 sequence as well as to AGR-3 peptides number 21, 22, 25 and 26, 

behaving like a polyclonal antibody,  although RLU were much lower to the 1.2 and 

2.2 antibodies (up to 30x more than 4.1, Figure 4.4, green label). Since the two 

proteins share high homology, this antibody cannot be used for accurate experiments.  

To further characterize their binding affinity and specificity to AGR-3 and not be 

restricted to only one evaluation method, the same four antibodies were tested for in 

vivo recognition of endogenous AGR-3 (Figure 4.5) in MCF-7 cells that have 

endogenous AGR-2 and AGR-3. Lysates were pulled down with each of the 

antibodies and then immunoblotted against AGR-3 (antibodies 1.2, 2.2 and 4.1 

depicted in Figure 4.5 A, C and D, respectively) and AGR-2 (Figure 4.5 B).  The 

antibodies used for pulling down endogenous protein included a monoclonal anti-

AGR-2 antibody (Figure 4.5 lanes A2, B2, C3 and D2), antibodies 1.2, 2.2, 3.1 and 

4.1 anti-AGR-3 ones (Figure 4.5). The anti-AGR-3 ones were not able of pulling 

down endogenous AGR-3 from MCF-7 cells. The 1.2 antibody recognised the 

protein in total lysate before immunoprecipitation but after pulling down with the 

same antibody, no AGR-3 signal was detected (Figure 4.5 A lane 1 and 3 

respectively). The other two antibodies, 2.2 and 3.1 were unable to recognise 

endogenous AGR-3 neither in crude lysate nor after precipitation with themselves. 

Only the 4.1 antibody pulled down a protein of 20kDa, which was positive when 

tested by the AGR-2 antibody (Figure 4.5 D lanes 1 and 3). As verified before, by 

ELISA, this antibody is able to recognize AGR-2 epitopes as well as AGR-3 ones 

(Figure 4.4, green label), which explains why after immunoprecipitation with the 

monoclonal anti AGR-2 antibody, the 4.1 detects the right 20kDa size band of AGR-

2 (Figure 4.5 D lanes 1 and 2). Control co-immunoprecipitation experiments with the 

anti-AGR-2 monoclonal antibody, ensured efficient experiment conditions regarding 

solutions, temperature and beads’ concentration. The monoclonal anti-AGR-2 

detected AGR-2 in lysate before and after co-immunoprecipitation by the same 

antibody, as expected (Figure 4.5 B lanes 1 and 2). Negative-lysate control pull 

downs were performed to test for unspecific binding of the antibodies to the beads 
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and potential interference with the results (Figure 4.5 A lane 7 and C lane 1). Light 

chain and heavy chain of the antibodies was detected at ~54 and ~305kDa, 

respectively (Figure 4.5 A, B, C and D). 

 

 
 

Figure 4.5: Anti-AGR3 antibodies do not IP endogenous AGR-3. Endogenous AGR-3 

protein from MCF-7 cells was pulled-down with a series of antibodies including monoclonal 

anti-AGR-2 (Lanes A2/B2/C3/D2), 1.2 anti-AGR3 (lanes A3/B3/C4/D3), 2.2 anti-AGR3 

(lanes A4/B4/C5/D4), 3.1 anti-AGR3 (lanes A5/B5/C6/D5) and 4.1 anti-AGR2 (lanes A6/ 

B6/C7/D6). Lysates were immunoblotted with a monoclonal anti-AGR-2 antibody (panel 

B1-B6) and AGR-3 with the same 1.2 (lanes A1-A6), 2.2 (lanes C1-C7), and 4.1antibodies 

(lanes D1-D6) against AGR-3. Beads only and total cell lysate pre-IP were used as controls. 
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The last step of evaluation involved immunofluorescence testing for endogenous 

AGR-3 in MCF-7 cells. The first antibody tested was 1.2 and it gave a string-like 

pattern around the nucleus resembling the endoplasmic reticulum but with thicker 

and more extensive structures within the cytoplasm and not strictly around the 

nucleus (Figure 4.6 panels A-C and Figure 4.8 panels D-F). Comparing these string-

like structures with MCF-7 fluorescent images presented in the literature, resulted in 

the conclusion that this pattern strongly resembled mitochondrial staining. Apart 

from this reticulum-like staining, this antibody also showed signs of low diffused 

cytoplasmic AGR-3 expression (Figures 4.6 panels A-C and 4.8 panels D-F). This 

observation concerning mitochondrial detection was further characterised in Chapter 

4.2.2. The second antibody, termed as 2.2, gave a totally different pattern resembling 

cell membrane staining, with signal detected in the boundaries of the cells and 

(Figure 4.6 panels D-F), which was also separately determined by brightfield 

microscopy in a confocal Leica microscope and (Figure 4.7 panels A-I). The third 

antibody, 3.1, gave no positive results at all which was totally expected as the 

antibody does not recognise any AGR-3 epitopes, as determined by ELISA and co-

immunoprecipitation (data not shown). Last but not least, the 4.1 antibody, gave a 

rather peculiar model which resembled the 1.2 string-like staining (Figures 4.6 panels 

A-C and 4.8 panels D-F) and the monoclonal anti-AGR2 antibody diffused staining 

within the cytoplasm (Figure 4.8 panels A-C). This staining pattern was thought to be 

a combination between diffused cytoplasmic and string-like reticulum accompanied 

by small granules within the cytoplasm (Figures 4.6 panels G-I and 4.8 panels G-I) 

consistent with to the ELISA data which characterised the 4.1 antibody as a 

polyclonal-like one, due to its multi-epitope recognition (Figure 4.4, green label). 
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Figure 4.6: Intracellular localization of endogenous AGR-3 in MCF-7 using fluorescent 

microscopy. After fixation the protein was visualized using 1.2 (panels A-C) 2.2 (panels D-

F) and 4.1 anti-AGR3 (panels G-I) antibodies and Alexa-conjugated secondary antibody was 

applied (Alexa-549, Molecular Probes).  Nuclei were visualized by DAPI. Images captured 

by Sony Cool Snap 3.2 (Anti-AGR3: panels B, E and H, DAPI: A, D and G, merge: C, F and 

I) by Zeiss Axionplan microscope. Same exposure times used for all images. Figure showing 

representative of at least 4 independent experiments. Scalebar represents 10μm. 
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Figure 4.7: Membrane staining of endogenous AGR-3 in MCF-7 using fluorescent 

microscopy. After fixation the protein was visualized using 2.2 anti-AGR3 (panels A-I) 

antibody and Alexa-conjugated secondary antibody was applied (Alexa-488, Molecular 

Probes).  Nuclei were visualized by DAPI. Images visualised by concfocal Leica SP5 

microscope (Anti-AGR3: panels B, E and H, Brightfield: A, D and G, merge: C, F and I) . 

Same exposure times used for all images excited under the 488nm laser. Brightfield was 

each time adjusted to achieve high resolution of cells’ boundaries.  Figure showing 

representative of at least 4 independent experiments 
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Figure 4.8: Comparison between AGR-2 and AGR-3 localization by microscopy. After 

fixation the protein was visualized using anti-AGR2 monoclonal antibody (panels A-C) 1.2 

anti-AGR3 (panels D-F) and 4.1 anti-AGR3 (panels G-I) antibodies. Alexa-conjugated 

secondary antibody was applied (Alexa-549, Molecular Probes).  Nuclei were visualized by 

DAPI. Images captured by Sony Cool Snap 3.2 camera (Anti-AGR3: panels B, E and H, 

DAPI: A, D and G, merge: C, F and I) by Zeiss Axionplan microscope . Same exposure 

times used for all images. Figure showing representative of at least 4 independent 

experiments (scalebar:10μm). 
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To sum up, of all four antibodies tested, only 1.2 and 2.2 antibodies can be used for 

further applications. Immunoblotting experiments favoured the 1.2 antibody against 

all the others when it comes to AGR-3 recognition in cell lysates (Figure 4.5 A lane 

1) but before immunoprecipitation, as well as in immunofluorescence. The 2.2 

antibody failed to detect endogenous AGR-3 protein from cell lysate (Figure 4.5 C 

lanes 1 and 5) and was only efficient in immunofluorescent experiments, where it 

recognized cell-membrane AGR-3 (Figures 4.6 panels D-F and 4.7 panels A-I). 

Interestingly, the recognition epitope for this antibody is not the leader sequence of 

the protein, as it would be expected for this staining pattern (Figure 4.3). The third 

antibody, 3.1, was totally inadequate for either immunoblotting or 

immunofluorescent experiments, and therefore its used was discontinued. The last 

antibody, 4.1, was behaving as a polyclonal one and recognised AGR-2 along with 

AGR-3 epitopes (Figure 4.4 green label), whereas in IF experiments it gave a 

combined pattern of monoclonal anti-AGR2 and 1.2 anti-AGR3 antibodies (Figures 

4.6 panels G-I and 4.8 panels G-I) patetrns. This antibody’s recognition epitopes 

shared some identical peptide sequences, which explains these multi-binding 

properties of the antibody but will not be further analysed in this thesis. 

 

 

4.2.2 Localization of endogenous AGR-3 in MCF-7 breast cancer cell 

lines 
 

 

4.2.2.1. Endogenous AGR-3 under normal conditions 

 

Endogenous AGR-3 expression was tested in the MCF- cell line, since this is the one 

used throughout the whole project. MCF-7 cells were found positive for AGR-3 and 

were used to study the localization of the protein. To elucidate the exact position of 

the protein within the cell, subcellular fractionation experiments along with 

fluorescent microscopy studies were performed.  Four different fractions were 
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isolated, representing proteins of the cytoplasm, cell membrane and organelles, 

nucleus and cytoskeleton, respectively. Interestingly, AGR-3 was detected in the F1 

cytoplasmic and F2 cell membrane and organelles fraction, in the MCF-7 cell line 

(Figure 4.9 A). No nuclear nor cytoskeleton localization was observed. MDA-MB 

231 breast cancer cells which are ER-negative were tested for AGR-3 expression and 

found negative. In immunofluorescence experiments the 1.2 antibody gave a 

repetitive string-like pattern along with some diffused cytoplasmic staining on the 

same MCF-7 cells (Figure 4.9 B). The 1.2 antibody is therefore consistent in 

detecting cytoplasmic and organellar AGR-3. 

 

 
 

Figure 4.9: Intracellular localization of  endogenous AGR-3 by chemical fraction and 

immunofluorescence. A) MCF-7 and MDA-MB 231 negative control cells were tested for 

endogenous AGR-3 and analysed by fractionation methodologies into F1 (cytosolic), F2 

(membrane/organelles), F3 (nuclear), and F4 (cytoskeletal) as indicated. The distribution of 

endogenous AGR-3 (~ 19 kDa) was determined by immunoblotting with the 1.2 anti-AGR3-

specific antibody. B) Immunofluorescence of the same cells with the same anti-AGR3-

specific antibody and Alexa 488 secondary antibody. Images visualised by Zeiss Axionplan 

and captured by Sony CoolSnap HQ camera. A:DAPI, B:anti-AGR3, C:Merge. Figures A 

and B are representative of at least 3 independent experiments (scalebar:10μm).  
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4.2.2.2 Endogenous AGR-3 after irradiation 

 

Since AGR-2 was found to be induced by UV and act as a p53 inhibitor [474] and 

also AGR-2 and AGR-3 were both found to be upregulated in breast cancer [199] 

and belong to the same family [199, 468] , the effects of UV in AGR-3 expression 

levels were tested (Figure 4.10 A). MCF-7 cells were irradiated and analysed by IF 

after six hours. In order to define the right dose that would allow visible results in 

AGR-3 localization patterns, three different doses were used, 10, 50 and 150 J/m2 

(Figure 4.10 B). No translocation of the protein was observed in neither of these 

doses although in the highest dose applied the fluorescent signal aggregated in some 

cells. AGR-3 was still detected in this string-like cytosolic reticulum and also 

distributed in a diffused pattern within the cytoplasm of the cells, but this reticulum 

was not as extended as in the non-UV control and looked rather disrupted and 

condensed, due to UV damage (Figure 4.10 B, panels B, E, H, and K). The presence 

of condensed apoptotic nuclei was enhanced as irradiation doses were increased, as 

expected. In order to ensure that the expression levels of the protein remained the 

same, immunoblotting analysis followed after chemical fractionation (Figure 4.10 

A). Interestingly, AGR-3 was detected in the cytoplasm and cell 

membrane/organelles fractions in untreated cells as well as cells treated with 50J/m2, 

an intermediate dose applied, causing not too much cell death but sufficient to induce 

cellular response. No nuclear, nor cytoskeleton localization shift was observed, after 

UV damage. The ratio between cytoplasmic and cell membrane/organelles AGR-3 

was unchanged, with cytoplasmic AGR-3 being expressed in higher levels compared 

to the membrane/organellar expression levels (Figure 4.10 A).  
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Figure 4.10: UV irradiation does not alter endogenous AGR-3 localization in MCF-7 

cells. A) MCF-7 were irradiated at 50J/ m2 and 6h post-UV analysed by using chemical 

fractionation methodologies into F1 (cytosolic), F2 (membrane/organelles), F3 (nuclear), and 

F4 (cytoskeletal) as indicated. The distribution of endogenous AGR-3 (~ 19 kDa) was 

determined by the 1.2 anti-AGR3-specific antibody. B) Immunofluorescence of the same 

cells irradiated with different doses of UV starting from 10J/m2 (panels D-F), 50J/m2 (panels 

G-I and 150J/m2 (panels J-L) and incubated with the same 1.2 anti-AGR3-specific antibody 

and Alexa-488 secondary antibody. Images visualised by Zeiss Axionplan and captured by 

Sony CoolSnap HQ camera. A, D, G, and J:DAPI, B, E, H and K:anti-AGR3, C, F, I and 

L:Merge. Figures A and B are representative of 3 independent experiments (scalebar:10μm).  
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4.2.3 Mitochondrial co-localization of AGR-3 in MCF-7 cells 
 

The first observations for AGR-3 localization regarding the 1.2 antibody resulted in a 

string-like pattern around the nucleus (Figure 4.6 panels A-C). This specific pattern 

resembled the mitochondria pattern within a cell, so further studies were performed 

to determine co-localization of AGR-3 and mitochondria. Mitotracker Red 

(Molecular Probes, Invitrogen) was used as a mitochondrial marker along with anti-

Golgin and anti-PDI antibodies staining the Golgi compartment and ER, 

respectively. As expected, AGR-3 was strongly co-localized with the mitochondria 

(Figure 4.11 A) and the co-localization rate, as determined by Leica software Leica 

Application Suite, LAS AF, varied between 85-100% (data not shown). AGR-3 

covers most of Mitotracker’s signal with only a few red-only (indicated by white 

arrows) or green-only areas that represent non-colocalization areas. Brightfield 

microscopy determined the boundaries of the nucleus and the cell. Minus 

primary/+secondary antibody controls were used in all the experiments to determine 

unspecific binding (data not shown). As far as the ER and Golgi are concerned, 

AGR-3 did not co-localize with any of those markers (data not shown). After 

confirming co-localization of AGR-3 with the mitochondrial by microscopy, 

chemical extraction of mitochondria versus cytoplasm was applied (Figure 4.11 B). 

As expected, endogenous AGR-3 was detected in high levels in the mitochondrial 

fraction as well as in the cytoplasmic fraction (Figure 4.11 B upper panel) consistent 

with the microscopy data. Efficient mitochondria isolation was tested by an anti-

cytochrome c antibody (Figure 4.11 B lower panel) which is mitochondrial under 

non-stress conditions. MCF-7 cells have an extended cytoplasm, representing 80% of 

total cell volume. Therefore, the cytoplasmic fraction should contain a lot of protein 

and equal µg of cytoplasm and mitochondria, where AGR-3 mainly resides, both 

contain high levels of the protein.  
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Figure 4.11: Endogenous AGR-3 co-localizes with the mitochondria. A) MCF-7 cells 

were incubated with Mitotracker Red and after fixation blotted against AGR-3 with the 1.2 

anti-AGR3-specific antibody. Alexa488 secondary was used to visualize the protein. 

Brightfields are shown in panels A , E and I; AGR-3 localization is highlighted in panels C, 

G and K, mitochondria are depicted in panels B, F and J and the extent of co-localization of 

AGR-3 and Mitotracker Red was determined by merging the respective images (D, H and L) 

using a Leica SP5 confocal microscope. Panel I-L is a higher magnification of panel E-H. 

Figure is representative of at least 5 independent experiments. B) Cytosolic and 

mitochondrial distribution of endogenous AGR-3 (lane 1-2, upper panel) in MCF-7 using the 

1.2 anti-AGR3-specific antibody. Anti-cytochrome c (16kDa) was used a mitochondrial 

fraction marker (lane 2, bottom panel). L: White arrows indicate non-colocalization areas. 
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4.2.4 Anterior Gradient 2 and Anterior Gradient 3 co-localization 

 

Co-staining for endogenous AGR-2 and AGR-3 simultaneously was beyond reach as 

both antibodies derived from immunized mice. As shown in Figure 4.12 I, the two 

proteins exhibit quite distinct localization patterns and the possibility of them being 

in the same compartment is not high. To further characterize the localization of 

AGR-3 as well as compare it to that of AGR-2, MCF-7 cells were transfected with 

either full length or mature AGR-2 RFP (Figure 4.12 II panels B and F respectively) 

and co-staining for endogenous AGR-3 was applied by the 2.2 or 1.2 antibody 

(Figure 4.12 II panels E-H and A-D) respectively. When it came to studying full 

length AGR-2wt RFP and endogenous AGR-3, the 2.2 antibody was used (Figure 

4.12 II panels A-D). As already mentioned, this antibody recognised cell membrane 

AGR-3 and it was considered as more adequate since full length AGR-2wt is the one 

that supposed to be secreted although AGR-2wt RFP did not show any signs of 

secretion so far. No co-localization between the two proteins was observed (Figure 

4.12 II panel D). Full length AGR-2wt RFP showed the same granular appearance 

within the cytoplasm, as several times before, and AGR-3 was detected in the cell 

membrane of the cell. When it came to mature AGR-2wt RFP and endogenous AGR-

3 the 1.2 antibody was used because it is the one that recognises mitochondrial and 

cytoplasmic AGR-3 and mature AGR-2wt RFP is the one distributed in a diffused 

way within the cytoplasm apart from the nucleus. Mature AGR-2wt RFP was nuclear 

and diffused cytoplasmic, whereas AGR-3 was detected in this string-like reticulum, 

that represents the mitochondria, and in the cytoplasm where it was not distributed in 

a diffused way, like AGR-2wt RFP does, but followed a granular pattern (Figure 

4.12 II panels E-H). Therefore, no colocalization of the proteins was observed 

(Figure 4.12 II panel H) in either case. 
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Figure 4.12: Endogenous AGR-3 do not co-localize with AGR-2. I) Endogenous AGR-2 

(panels A-C) and AGR-3 (panels D-F) in MCF-7 cells. Anti-AGR-2 monoclonal and anti-

AGR-3 1.2 antibodies were used. Alexa 594 secondary was used to visualize the protein. 

Images visualised by Zeiss Axionplan and captured by Sony CoolSnap HQ camera. DAPI: 

panels A and D, anti-AGR2: panel B, anti-AGR3:panel E and Merge: panels C and F  

(scalebar:10μm). II) MCF-7 cells were transfected with the indicated vector expressing full-

length AGR-2wt RFP (panels A-D) or mature AGR-2wt RFP. Endogenous AGR-3 was 

detected by the 1.2 or 2.2 anti-AGR3-specific antibody (panels E-H and A-D respectively). 

Brightfields are shown in panels A and E, AGR-3 localization is highlighted in panels C and 

G, full length AGR-2wt RFP is depicted in panels B, mature AGR-2wt RFP in panel F and 

the extent of co-localization of AGR-3 and AGR-2 RFP constructs was determined by 

merging the respective images (panels D and H ) using a Leica SP5 confocal microscope. 

Figures are representative of at least 3 independent experiments.  
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 4.2.5 AGR-3 silencing and implications of mitochondria 
 

In order to study the role of AGR-3, siRNA to the protein was applied and the 

expression levels of a series of proteins were tested. MCF-7 cells were transfected 

with siRNA unspecific control and siRNA specific to a unique AGR-3 sequence. 

Untransfected controls were also included in the experiment (Figures 4.13 and 4.14). 

siRNA was applied and the cells were harvested every day, at the same time, during 

a five-day time course. Since AGR-3 was found to be a mitochondria-localized 

protein in MCF-7 cells, a series of mitochondrial apoptotic or survival markers were 

tested. anti-Bax, anti-Bax6A7 and anti-Beclin1 anti-antibodies were used (as 

indicated on the right-hand margin of figures 4.13-4.14). AGR-3 expression levels 

are depicted in the first from top panel of each figure. Interestingly, when AGR-3 

was silenced no alterations in Bcl-2 and Bid expression levels were detected (data 

not shown). On the other hand, after 48h and 72h of AGR-3 silencing, total Bax 

levels were particularly increased but returned to normal levels after 96h of AGR-3 

depletion (Figure 4.13 second panel from bottom). In this case, ‘normal’ is defined as 

the expression levels observed at t0. What is more, after 48h of AGR-3 silencing, a 

decrease in Beclin-1 autophagy-marker protein was detected in cells that had the 

protein depleted but not in the untransfected and si-control transfected cells. Same 

reduction was detected at 72h and 96h post-depletion (Figure 4.13 third panel from 

bottom). Untransfected cells and cells transfected with control siRNA had 

significantly higher expression levels of Beclin-1 after 48h, indicating the induction 

of autophagy. At t0, no Beclin-1 protein was detected in neither of the samples, due 

to low levels of autophagy in a newly-split cell population (data not shown).  

Interestingly, Bax6A7 conformational change, characteristic of apoptosis, was 

observed when AGR-3 was depleted (Figure 4.14 A second panel from bottom). 

When mitochondria are undergoing apoptosis, then Bax changes conformation and 

the 6A7 epitope is exposed in the outer mitochondrial membrane, enabling the 

antibody to detect it. Twenty-four hours after AGR-3 silencing Bax conformational 

change is slightly detected and this effect is further induced after 48h and even more 
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after 72h. Interestingly, after 72h untransfected and siRNA control transfected cells 

also show elevated levels of Bax conformational change, but this is expected due to 

normal levels of apoptotic death occurring in cells growing in the same media and 

being overconfluent for long. Moreover, apoptotic cells are released in the media and 

toxic substances can further affect the remaining cells viability. In that case again 

AGR-3 siRNA shows the strongest band when compared to the other two 

untransfected and transfected with sicontrol cells which can be explained by the 

synergistic effect of AGR-3 depletion and the above stress conditions. It is worth 

mentioning that siRNA for AGR-3 is pretty effective and total depletion of the 

protein is observed after 48h, although in 24h most of the protein is silenced. 

 

 
 

Figure 4.13: AGR-3 silencing is followed by Beclin-1 depletion. MCF-7 cells  untreated or 

treated with siRNA against AGR-3 or control siRNA for 48-72 and 96 hours. Lysates were 

immunoblotted to determine changes in AGR-3/ Beclin-1/ Bax levels. β-actin was used as a 

loading control. Figure is representative of 2 independent experiments. 
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Figure 4.14: AGR-3 silencing is followed by Bax conformational change. MCF-7 cells 

were left untreated or treated with siRNA against AGR-3 or control siRNA, siCon, for 0-24-

48-72 and 96 hours. Lysates were immunoblotted to determine changes in AGR-3 levels (A 

and B), conformationally changed Bax levels, Bax 6A7, (A and B). β-actin was used as a 

loading control for total protein levels. Figure showing is representative of 2 independent 

experiments. 

 

It is worth mentioning that differences in the timepoints where siRNA efficiently 

depleted the AGR-3 protein were observed and this can be due to cell ‘age’. siRNA 

applied in cells of early passages was more efficient in shorter timepoints (Figure 

4.14 first panel from top) whereas cells grown for longer needed more time to totaly 

deplete the protein from their pool (Figure 4.13 first panel from top). 
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4.3 Discussion 
 

 

4.3.1 Monoclonal antibodies vary in ability detecting AGR-3 
 

After characterising a series of mouse antibodies (Moravian Biotechnologies, Czech 

Republic) generated to identify the AGR-3 protein a lot of interesting data were 

obtained. The 1.2 antibody when used in immunoblotting identified cytoplasmic and 

cell membrane/organelles fraction AGR-3 (Figure 4.9) and when used in 

immunofluoresence experiment gave a string-like pattern which was totally co-

localized with the mitochondria in MCF-7 cells (Figure 4.11). On the other hand, the 

2.2 antibody which recognizes a different epitope to the 1.2 antibody, is totally 

inappropriate for immunoblotting, as no detection of AGR-3 was observed (Figure 

4.5) whereas in immunofluorescence experiments gives a cell membrane-specific 

staining pattern (Figures 4.6 and 4.7). The 3.1 antibody is totally inefficient in 

immunoblotting as well as immunofluorescence applications. Last but not least, the 

4.1 antibody is the one that recognises both AGR-2 and AGR-3 epitopes and gives a 

mixed pattern of mitochondria-like, due to AGR-3 epitopes, and cytoplasmic, due to 

AGR-2 epitopes, staining when applied in immunofluorescence, acting as a 

polyclonal instead of a monoclonal one (Figures 4.4 and 4.8). A possible reason 

explaining the finding that two monoclonal antibodies, 1.2 and 2.2, give such 

different patterns when applied in immunofluoresence experiments might be the 

presence of a hidden epitope when the protein is in its native form, such as in 

microscopy studies where no denaturating step is involved, whereas this epitope is 

exposed after heating at 95°C for western analysis and co-immunoprecipitation 

experiments. It is worth mentioning that the different staining of the two antibodies, 

1.2 and 2.2, could have been explained if the 2.2 antibody recognised an epitope in 

the leader sequence of AGR-3 which is supposed to be secreted and therefore 

detected in the cell membrane, but this is not the case here. Moreover, a possible 

reason might be the phosphorylation of the 2.2 recognition epitope when the protein 
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is in its native form and therefore the detection of a cell membrane-specific 

localization after microscopic observation.  

 

 

4.3.2 AGR-3 is a mitochondrial protein implicated in cell death 
 

 

4.3.2.1 AGR-3 depletion promotes Bax conformational change 

 

In HeLa and Cos cells AGR-3 was found to be retained in the endoplasmic reticulum 

when the putative KDEL-like motif is present whereas this equilibrium was shifted 

to the Golgi compartment after deleting these last four aminoacids [483]. The same 

study also revealed that AGR-3 was ER-localized in 60% of cells tested, Golgi and 

ER mixed in 30% of cells and Golgi-only in 10% of cells tested. After the discovery 

that AGR-3 co-localizes with the mitochondria in MCF-7 cells, we next wondered 

whether AGR-3 silencing affects the pro-apoptotic or anti-apoptotic mitochondrial 

proteins. AGR-3 inhibition had no effect on the expression levels of Bid, Bcl-2, but 

changed the conformation of Bax and led to the N-terminal 6A7 epitope exposure, as 

detected by the anti-Bax 6A7 conformation-specific antibody [271, 272] (Figure 

4.14). Bax is an apoptosis-promoting protein that normally resides in the cytoplasm 

of healthy cells but under specific apoptotic stimuli it translocates to the 

mitochondrial membrane [221, 565], where it oligomerizes and forms pores that 

enable cytochrome c and other pro-apoptotic factors release [176]. Coincident with 

activation and translocation to the outer mitochondrial membrane, Bax undergoes a 

conformation change that exposes the 6A7 epitope and induces oligomerization [271, 

272, 473]. When AGR-3 is totally depleted, then total Bax levels are increased and 

this epitope, indicative of apoptosis, is being exposed (Figure 4.14). Interestingly, no 

Bid induction is observed after AGR-3 silencing (data not shown). Bid is a pro-

apoptotic Bcl-2 family member that is processed after proteolytic cleavage and 

triggers Bax conformational change [140, 178]. When tBid (truncated Bid) activates 
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Bax, then Bax translocates to the outer mitochondrial membrane where it 

oligomerizes and the apoptotic cascade is initiated [639]. Since there is no alteration 

on Bid levels but only on Bax, it is suggested that AGR-3 acts downstream Bid and 

upstream Bax in the apoptotic cascade. Studies have suggested that tBid alone is not 

sufficient to induce Bax translocation and that Bax-lipid interactions are sometimes 

essential to promote activation [639], so maybe something similar applies to AGR-3 

and Bid with AGR-3 inhibiting Bid to activate Bax and so when AGR-3 is absent 

Bid is free to interact with Bax. Goping and co-workers have previously dissected 

how changes at the Bax N- and C- termini affect the ability of the protein to target to 

intracellular membranes [221]. They concluded that the C-terminal Bax -helix is a 

signal-anchor required for membrane targeting and insertion but elements at the N-

terminus are key-players to regulating this process. Deletion of the N-terminal 20 

amino acids of Bax (encompassing the 6A7 epitope) stimulated Bax targeting to 

mitochondrial membranes in vitro and increased its pro-apoptotic activity in vivo 

[221]. In the same study it was suggested that exposure of the 6A7 epitope occurs 

when the N-terminus is released from some inhibitory interaction with the rest of the 

protein that may mask the C-terminal targeting sequence or a site of interaction with 

another protein. Bax activation happens in a series of steps including Bax-lipid 

interaction, 6A7 epitope exposure that is not essential for Bax membrane insertion 

[639] and tBid as a potential triggering factor for Bax membrane insertion, indicating 

the multiple levels of regulation and control for this procedure. A possible candidate 

for Bax regulation might be AGR-3 which can act by a different pathway from the 

Bid one, promoting epitope exposure but not affecting Bid levels. Apoptosis and its 

characteristic pathways are very complex and allow multiple crosstalk and control 

mechanisms amongst them, so further experiments need to be performed in order to 

establish the exact AGR-3 function. Our data showing activation of apoptotic Bax 

when AGR-3 is silenced are consistent to its ability to enhance colony formation and 

induce cell survival in breast cancer panels [270], suggesting an anti-apoptotic role 

for the protein. 
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4.3.2.2 AGR-3 silencing induces an autophagy-marker’s expression levels 

 

 Another interesting but puzzling finding was that AGR-3 silencing negatively 

affects Beclin-1 expression (Figure 4.13). Beclin-1, a mammalian ortholog of Apg6, 

was first identified as a Bcl-2 interacting protein [360] and was the first mammalian 

autophagy gene discovered [359]. MCF-7 cells are devoid of caspase-3 activity and a 

lot of studies have revealed that autophagy plays an important role when it comes to 

cell death in this particular cell line [634, 635]. Beclin-1 along with Atg 7 protein are 

key player in this cell death process [2, 13]. Akar and coworkers discovered that 

silencing of Bcl-2 induces autophagic cell death in MCF-7 cells as proven by GFP-

LC3 II induction and lead to Atg5 and Beclin-1 increase [13]. A possible explanation 

can be that AGR-3 acts in an opposite way of that of Bcl-2 and act in favour of 

autophagy, therefore when silenced caspase-dependent cell death is being induced as 

it can also happen with other molecules that favour one type of cell death instead of 

another [516]. No LC-3 cleavage was observed in our experiments (data not shown) 

but this can be due to difficulty detecting native LC3 in cells. For that reason the 

generation of an MCF-7 LC3-GFP stable cell line would be really useful. Another 

interesting explanation that can be taken into account is that some molecules, such as 

fenretinide, do not strictly stimulate an apoptotic response but are capable of 

inducing autophagy when the apoptotic pathway is deregulated [187]. Caspase 

deficiency is a form of deregulated apoptotic pathway, so there is the possibility that 

AGR-3 under these conditions only, can promote autophagy but more cell lines 

should be tested to further characterize this observation. Another possible 

explanation might be that AGR-3 is not alone sufficient to totally inhibit apoptosis in 

favour of autophagy in caspase-3 deficient cells, and that can explain why when 

silenced neither apoptosis is being highly induced nor autophagy is totally reduced. 

Moreover, studies have revealed that reduction or total loss of Beclin-1 expression 

abrogates the autophagic response of MCF-7 cells to DNA damage, allowing cells to 

die by apoptosis [2]. Although DNA damage was not the case here, maybe AGR-3 

loss leads to Beclin-1 reduction and this cascade triggers mitochondrial apoptosis 
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that is detected by Bax conformational change. Or perhaps and opposite mechanism 

involving AGR-3 inhibition of Bax translocation and increase of autophagosomes 

formation is valid here, as in the case of cathepsins and Bid inhibition by drugs [341, 

626], so when AGR-3 is present no Bax translocation occurs. Calpain, a calcium-

dependent cysteine protease, is another example of a molecule that disrupts the 

equilibrium between autophagy and apoptosis and favours one type of cell death of 

the other. Indeed, when calpain is inhibited it induces Bax activation, cytochrome c 

release, PARP cleavage and reduces Beclin-1 expression in oridonin-induced L929 

cells [112]. The above studies suggested that inhibition of autophagy increased the 

apoptotic response and vice versa, indicating a rather antagonistic relationship, which 

can also be the case in our studies and suggesting AGR-3 as a molecular switch 

between the two processes. Paradoxically, later studies revealed that Beclin-1 

contains a conserved BH3 domain and interacts with Bcl-2/Bcl-xL suggesting a role 

in initiating apoptosis [438, 533] or even helps loading mitochondria to 

autophagosomes [166, 333, 438]. All the above observations reveal a multi-tasking 

Beclin-1 molecule which is involved in autophagy as well as apoptosis depending on 

the stress conditions or cell type and therefore a similar role for AGR-3, which 

upregulates Beclin-1, can be proposed. Also one has to consider that in some cases 

autophagy act as a means of delaying apoptosis or prolonging survival in non-

invasive breast tumour cells [2], so absence of AGR-3/ Beclin-1 weakens autophagy 

and no apoptosis delay happens which therefore leads to Bax translocation and 

initiation of apoptosis. The boundaries between Type I and II cell death have never 

been completely clear and perhaps do not exist due to intrinsic factors among 

different cell types and the crosstalk among organelles within each type. Apoptosis 

can begin with autophagy, autophagy can end with apoptosis, and blockage of 

caspase activity can cause a cell to default to Type II cell death from Type I [367]. 

Experiments are underway to verify the exact mechanism of AGR-3 function in 

terms of cell death. 
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4.3.3 Conclusions of chapter 

 
The results in this chapter demonstrated the significance of monoclonal antibodies 

into detecting variable epitopes that can give totally different staining patterns. 

Indeed, the protein was detected in the mitochondria and cell membrane by two 

different antibodies. Mitochondrial AGR-3 was the one targeted with siRNA and 

depleted from cells in an attempt to detect differences in other mitochondrial 

proteins. Interestingly, AGR-3 silencing was followed by reduction in Beclin-1 

expression levels and increase in conformationaly-changed Bax expression levels, 

suggesting a role in autophagy and apoptosis equilibrium.  This is distinct from the 

localization of AGR-2 and highlights the distinct roles of AGR-2 and AGR-3 in 

reducing the activity of pro-apoptotic pathways. These data also suggest that the 

AGR-2 and AGR-3 proteins (+ associated pathway) might represent anti-cancer drug 

targets for re-activating pro-apoptotic pathways in cancers. 
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5.1 Introduction  

 

5.1.1 Combinatorial application of nucleic acid-based agents  

 

Cancer development is a multi-step processes which at its core involves clonal 

evolution under natural selection resulting in the survival of cells with an enhanced 

capacity to evade normal growth control.  The core genetic outline of the cancer cell 

is being developed and involves universal perturbation in sets of signal transduction 

pathways regulated by well-studied proteins such as RAS, WNT, ARF, BRCA, Bcl-

2,  TGF-β, p16, and p53 as well as small signalling molecules such as TGF-B, TNF, 

and interferons [245].  This had led to drug-discovery programmes in each of these 

areas concerning molecular-targeted smart cancer drugs.  

The progress made in cancer biology, genetics and biotechnology has led to a major 

evolution in cancer drug design and development, from non-specific, cytotoxic 

agents to specific, molecular-targeted smart cancer drugs [283]. These agents are 

characterised by improved selectivity for cancer versus normal cells and are 

associated with better anti-tumor effectiveness and lower toxicity [551]. The new 

generation of anti-cancer drugs requires low concentrations and minimizes unwanted 

side effects. The strategy behind antisense therapy is the development of specific 

therapeutic agents that aim to correct the mutations and abnormal expression of 

oncogenes by decreasing gene expression, inducing degradation of target mRNA and 

causing premature termination of transcription [283]. A fascinating class of anti-

cancer drugs include antisense oligonucleotides (ASOs) or small interfering RNAs 

(siRNAs) which are able to specifically down-regulate the expression of the target 

genes. These small molecules are specific for a range of proteins including inhibitors 

of apoptosis, cell cycle and growth promoting protein kinases, de-acetylases that 

modify the transcription programme of a cell, and enzyme machines that regulate 

protein degradation like the proteasome.  The combination of nucleic acid-based 
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agents with conventional chemotherapeutic drugs have shown synergistic inhibitory 

effects in terms of cell proliferation, tumour growth,  induction of cell cycle arrest 

and apoptosis [632]. These two strategies (ASOs and siRNAs) will help to improve 

current therapeutic regimens. In addition, the combination of targeted drugs with 

common chemotherapeutic agents might be able to make resistant cells again 

sensitive towards a chemotherapeutic agent. Another rapidly emerging field of 

research concerning the development of highly specific anti-cancer drugs is focused 

on small peptides that bind to the target and affect its activity, in a negative or a 

positive way. 

 

 

5.1.2 Aptamers as novel anti-cancer drugs 
 

In 1990, Robertson and Joyce invented new techniques on the mutation, 

amplification and selection of Tetrahymena RNA enzymes in vitro that cleaved DNA 

or RNA with high efficiency in an attempt to discover RNAs with novel catalytic 

function [492]. At the same time, Tuerk and Gold isolated high affinity nucleic acid 

ligands by a procedure based on multiple cycles of ligand selection from a pool of 

variants and then amplification of the ones that bound to the T4 DNA polymerase 

[592]. Multiple round of selection exponentially enriched the pool and the strongest 

candidates that bound to the DNA polymerase were further characterised. Amongst 

them was the wt sequence of the bacteriophage mRNA and a similar sequence 

differed at four positions. The technique used could yield high-affinity ligands for 

any protein that binds nucleic acids as part of its function and then these ligands 

could be developed and modified for any other target [592]. Independently, a third 

group identified small RNA molecules that bound to specific targets at the same time 

and they were the ones that termed these molecules as aptamers [172]. They used 

small RNA molecules that interacted with targets that mimicked metabolic cofactors 

and after iterative rounds of selection, mutated the final candidates to map the exact 

region of interaction. In the early 90s was therefore, the initiation of the systematic 
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evolution of ligands by exponential enrichment (SELEX) or in vitro selection for 

production of oligonucleotide aptamers with high affinity toward target molecules 

(Figure 5.1). 

Aptamers, from the latin word “aptus”=bind and the Greek word “meros”=particles, 

posses highly selective molecular recognition properties and can target specific key 

molecules inside or outside a diseased cell [172]. They were first described in viruses 

and particularly in pathways that regulate HIV-1 replication [129]. Aptamers can be 

RNA or DNA  ligands [172, 186, 492, 592]. Aptamers can be fused to several 

molecules useful for upstream application such as microscopy, chromatography, 

electrophoresis, without affecting their affinity to the target [305]. The susceptibility 

of the aptamers to various modifications makes them a valuable tool for 

biotechnology, drug therapy, diagnostics, target validation, genetic screening and 

purification processes [478]. Their functional asset that distinguishes them from the 

widely used antibodies is the fact that aptamers distinct between closely related but 

non-identical members of a protein family, or between different functional or 

conformational states of the same protein [44]. They also present a highly stable 3-

dimensional structure that ensures efficient and tight binding to their targets along 

with resistance to nuclease degradation [283]. They are characterised by high 

stability despite of the environment, lack of immunogenicity [181] and a smaller size 

which makes them more efficient to penetrating tumors and then removed by 

circulating blood (Table 5.1).  

The first approved aptamer with therapeutic function was the anti-human VEGF 

aptamer (VEGF: vascular endothelial grow factor) first tested in rhesus monkeys 

[591]. The PEGylated form of this aptamer was called Pegaptanib and used as the 

medicinal active component of the newly developed drug for the treatment of wet 

age related macular degeneration. The pharmaceutical product Macugen1 

(pegaptanib sodium injection) from Pfizer Inc./OSI Pharmaceuticals was approved in 

December 2004 (USA) and January 2006 (Europe) [101, 371]. Other examples of 

applied aptamers in clinical field are summarized in Table 5.2. 
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Antibodies 
 

Aptamers 

Antibodies often suffer variations 

from batch to batch 

Smaller size and chemically synthesized without 
batch variation 
 

Production requires the use of 
animals 
 

In vitro production, rapidly, reproducibly and 

accurately with no animals or cell lines involved 

Labelling can cause reduction or 

loss in affinity 
Can be labelled without affecting their affinity 
 

Cross-reactivity in other species High specificity within species 

Manipulation only under 

physiological conditions 

Selection conditions can be manipulated, 
temperature, pH, buffer, etc. 
 

Limited to molecules that produce 

an immunoresponse 

Able to bind with drugs or toxic substances or 
targets with low immunogenicity 
 

No live cell applicability Highly efficient for live cell applications and 
study  of interactions [186] 

Sensitive to temperature and 

humidity changes 

Storage and transport can be done at room 

temperature 

 

Limited applicability only as 

detection probes 

Can be used as detection probes, inhibitors or 

regulators of protein function or even competitors 

[79] 
 

Table 5.1: Advantages of aptamers over antibodies [172, 375, 560] 
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Target Aptamer/assay Field of application Reference 

 

VEGF  RNA aptamer Therapy, wet age 
related 
macula degeneration 
 

[44, 371]  

Thrombin DNA aptamer (thrombin 
inhibitor ARC-138) 
 

Therapy, anticoagulant [434] 

Factor IXa RNA aptamer (factor 
IXa inhibitor) and its 
antidote REG1 

Therapy, anticoagulant [161, 434]  

Abrin toxin DNA aptamer 
 

Medicine [569] 

 

 

 

 

 

 

 

 

 
 

 
Table 5.2:Examples of applied aptamers (adapted after [560]). 
 
 
 

The identification of active compounds is succeeded through specialized and highly 

sophisticated cycles of selection and amplification which require encoding strategies 

for the resolution of the molecules. Approaches thoroughly used are based in 

displaying peptides, proteins or antibody fragments on phage or cell surfaces, which 

convert the amino acids sequence into genetic information that can be amplified in 

vivo. Most aptamers are capable of regulating the biological function of the 

compound molecules, are excellent candidates for drugs or drug leads. Two general 

types of experimental procedures have been applied, one designed to find peptide-

based ligands in vitro (phage display), the other tailored to identify protein to protein 

interaction in vivo (two hybrid analysis). 
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5.1.2.1 SELEX isolation of aptamers 

 

SELEX stands for Systematic Evolution of Ligands by EXponential enrichment. 

First described in 1990 [172, 592], this method refers to isolation of nucleic acid 

ligands by exponential enrichment of a potential target pool. 

The SELEX procedure conscists of iterative cycles of in vitro selection and 

enzymatic amplification of nucleic acids that drives the selection towards relatively 

few, but optimized structural motifs for binding [224]. By these iterative cycles of 

selection and purification the initial random olignucleotide pool is narrowed down to 

a minimum group of ligand oligonucleotides that show high specificity and affinity 

for the target. The binding complexes are the partitioned from unbound and weakly 

bound oligonucleotides. This is one of the crucial steps towards the selection of 

highly specific and efficient aptamers. Target bounds are amplified by PCR (in the 

case of DNA) or RT-PCR (in case of RNA). This ds DNA is then transformed to a 

new oligonucleotide enriched pool that is used for binding to the target in a new 

SELEX round. After the last round the selected oligonucleotides are cloned and 

sequenced and then tested for their affinity and specificity in binding assays. The 

region required for binding can be reduced by mutation and truncation experiments 

[560]. Several techniques were evolved from SELEX and can be used in the 

generation of aptamers such as photoSELEX, capillary electrophoresis SELEX, 

blended SELEX, genomic SELEX that vary in applicability but they all offer high 

specificity and quality aptamers . 

Various molecules can be used as targets for an aptamer selection. The smallest 

molecular target so far used for an aptamer selection is ethanolamine, a simple 

structured molecule (C2 chain) with two functional groups (–OH, –NH2) [381] 

widely used in cosmetic industry but also associated with Schizophrenia [264] and 

Alzheimer disease as well as characterised as a carcinogenic substance. Other targets 

can be Neomycin [606], T4 DNA polymerase [592], ATP [513], cAMP [317], 

African trypanosomes [259], amino acids [376], Zn+2 [117], NAD/FAD [79], 

Shephadex [556], coA [512], interferonγ [329] and a lot more. 
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Figure 5.1: SELEX technique for aptamer isolation. For details of this technique refer to 

text 5.1.2. 

 

 

5.1.3 Peptide aptamers 
 

Peptide aptamers were developed after nucleic acid aptamers and are combinatorial 

protein reagents that bind to target proteins with high specificity and strong affinity. 

Aptamers can interfere with the function of their associated intracellular targets and 

also probe for regulatory networks within cells [32, 68, 123, 127, 283]. The design of 

peptide aptamers is inspired directly from the structure of immunoglobulins or T cell 

receptors, where variable peptidic loops are displayed by constant framework regions 

[32] (Figure 5.2). Peptide aptamers are most commonly used as disrupters of protein 

interactions due to their ability to bind to a region of the target protein and disrupt the 

scaffold that would otherwise mediate protein-protein interaction [127]. They also 
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aid to validating therapeutic targets at the intracellular level but also have therapeutic 

potential, both as lead structures for drug design and also as a basis for the 

development of protein drugs [263]. The most widely used expression system for 

combinatorial protein libraries has been the filamentous bacteriophage M13. Briefly, 

a phage library is added to a plastic dish coated with a protein target and unbound 

phages are washed away. Binding particles are eluted, amplified and added back to 

the dish. Significant enrichment of binding molecules is achieved by multiple rounds 

of this experimental sequence [123]. 

 

 
 

Figure 5.2: Recognition protein molecules. Three major classes of constrained recognition 

protein molecules are depicted: immunoglobulin G (IgG), T cell receptor (TCR) and peptide 

aptamer. Black lines represent constant framework or scaffold residues. Blue lines represent 

variable peptidic regions. Red dotted lines represent disulfide bonds. Major distinguishing 

features of peptide aptamers include the much smaller size and the absence of requirement of 

disulfide bonds to ensure structural constraint of the variable region, as opposed to IgG and 

TCR molecules (image adapted from [32]) 

 

 

Peptide aptamers belong to the most popular methods used to validate targets as they 

act upon protein expression levels in cellular or animal models. Aptamers along with 

other specific ligands such as chemical or biotherapeutic molecules, do not affect 
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Chapter 5                                                                                                     Introduction 

protein expression levels but aim at inhibiting protein function unlike gene knockouts 

that abolish expression, antisense or RNA interference methods that reduce 

expression to various extents and also overexpression of target proteins either 

constitutively or in an inducible fashion [32]. For example, a range of peptide 

aptamers have been generated to CDK [35, 191],  p300 [147] and a lot of other 

proteins.  

 

 

5.1.4 Aptamers to Anterior Gradient 2 
 

Two sets of peptide-aptamers were identified from a 12-mer peptide combinatorial 

library that can interact with the AGR-2 protein [424]. One of them was chosen and 

passed through four rounds of selection and alanine scan, substitution mutagenesis of 

every single aminoacid to alanine to identify the minimum number of aminoacids 

required for efficient binding to AGR-2, narrowed it down to six in number 

consisting a bioactive hexapeptide PTTIYY core consensus site [424].  Given the 

likelihood that AGR-2 contains a peptide-binding groove, Murray and colleagues 

further evaluated whether a mutant derivative of the hexapeptide (PTTIYY) 

consensus sequence with altered binding to AGR-2 could be generated.  Substitution 

scan mutagenesis at each position (1-6) of the hexapeptide core identified the class of 

amino acid residues that were tolerated as AGR2-binding peptides. Especially 

notable from the mutagenesis scan is that the double hydrophobic residues YY are 

required for AGR2-binding [424]. Accordingly, AGR-2 binding directly to a series 

of peptides containing the core PTTIYY sequence was attenuated when the C-

terminal Y was mutated to an alanine [424]. Such peptides containing the PTTIYY 

motif can be used to affinity purify the AGR-2 protein from crude lysates [52]. 

Based on this data, a bioactive AGR2-binding peptide containing the PTTIYY core 

was cloned into AcGFP expression vector for creating an AcGFP fusion scaffold to 

analyze effects of the peptide on the AGR-2 pathway in cells, analysed in this thesis. 

GFP scaffolds have been utilized in monitoring localization of the binding 
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interaction, detecting functional activity, expression levels and quality of  the 

aptamer by analysing fluorescent signals of different intensity [1, 458]. 

 

 

5.1.5 Objectives of chapter 
 

As described above, novel technologies for identifying potential anti-cancer drugs 

have utilised the generation of small molecules interfering with the function of target 

genes. AGR-2 is now known to reside in the nucleus and behave as a p53 inhibitor, 

attenuating p53 phosphorylation at Ser15.  In this chapter siRNA molecules and novel 

peptide-aptamers against AGR-2 were evaluated to determine whether inhibition of 

AGR-2 has any effect on stimulation of the p53 pathway. If so, this would hold 

promise for targeting AGR-2 as a drug target for stimulating the p53 pathway in 

cancers.   
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5.2 Results  
 

 

5.2 .1 Cloning of Peptide Aptamers  
 

5.2.1.1 Conventional cloning 

 

Three peptides, 60bp in length, identified to bind AGR-2 by phage display library 

[424], were cloned in order to define their role in the AGR-2 pathway. The wt 

aptamer has high affinity to AGR-2 whereas the Y-A substitution aptamer less and 

the premature stop aptamer even less when compared to the other two (data 

confirmed by ELISA, Dr. Murray). These peptides can serve as potential inhibitors 

or activators of AGR-2 and therefore affect p53 or other genes of the tumour 

suppression pathway. 60bp oligos were cloned into a GFP or RFP vector and co-

localization along with co-immunoprecipitation experiments determined their 

binding affinity to AGR-2. The first vector tested was the EGFP-C3 vector (4.2kb, 

Clontech). 

 Forward and reverse oligo were annealed to form a double-strand oligo which was 

inserted into the appropriate EGFP-C3 vector, by conventional cloning techniques 

including digestion-ligation-bacterial expression. Due to the small size of the oligos 

compared to the EGFP-C3 vector (70-fold smaller) certain problems appeared during 

the cloning process. PCR product formation was optimized by adjusting the cycling 

parameters, including the cycle number and primer annealing temperature but no 

positive results were obtained. A different strategy was then chosen˙ Different 

restriction sites were integrated at the end of the oligos and different vectors were 

used for cloning. Each step of the cloning procedure (annealing, restriction digest, 

dephosphorylation, ligation) was tested for its effectiveness, by electrophoresis, and 

different molar ratios of vector: insert were tried each time, varying from 1:1 to 1:10. 

Again, no positive clones were found after sequencing analysis. A major problem 

faced throughout the whole process was the high amount of colonies, present in the 
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digested and dephosphorylated vector, either in the presence or absence of T4 DNA 

ligase, indicating insufficient digestion of the vector. The vector was gel purified 

(Qiagen) to eliminate traces of uncut plasmid, but the problem persisted.  

 

 

5.2.1.2 Sequential cloning 

 

Since neither of the above mentioned strategies was fruitful, a third method was 

adopted. The whole GFP gene was amplified with the oligo sequence on its C-

terminus as a tag. After the amplification, the whole gene was cloned into a AcGFP-

vector, which was previously digested to exclude the GFP gene (613-1329). This 

method was adopted because of the size of the insert (750bp) compared to the vector. 

The AcGFP-C1 vector was PCR amplified with a first set of primers that annealed to 

the N-terminus of the GFP gene and included the AgeI restriction site, unique and at 

the very start of the GFP gene, and the reverse primer annealed to the 18-first base 

pairs of the MCS region and included the first 21 base pairs of the aptamer wt 

(PTTIYY core). The 750bp DNA fragment amplified included the GFP gene along 

with the first 18 bases of the MCS and the first 21 bases of the aptamer sequence 

which were integrated as an extra sequence, as a tag. This fragment was PCR-

purified (Qiagen) and a second round of PCR followed with the same forward 

primer, AgeI site and GFP sequence, but a different reverse one. This time the 

reverse primer included the rest of the aptamer wt sequence, including 12bp of the 

already amplified aptamer sequence which served as a recognition site for annealing, 

and an EcoRI restriction site for the MCS. The AcGFP-C1 vector was cut with AgeI 

and EcoRI. AgeI cuts in the beginning of the GFP gene and EcoRI in the MCS. After 

amplification the GFP-aptamer wt fragment and the AcGFP-C1 vector were digested 

with the two restriction endonucleases, purified (Qiagen Gel Purification kit) and 

ligated to the GFP-aptamer as described in Materials and Methods. Positive clones 

were isolated from E.coli cells and sequence analysis verified the correct ones used 

for further experiments. 
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5.2.1.3 Site-directed mutagenesis of the GFP-Aptamer wt 

 

In order to test the effect of the GFP-Aptamer wt, containing the PTTIYY core, to 

the AGR-2 activity and the specificity of the interaction, negative controls were 

essential to the studies. For that reason, GFP-Aptamer mutants were created by site-

directed mutagenesis, following the manufacturer’s protocol (Stratagene). The first 

Y-A mutation was selected because ELISA experiments had shown that a single 

mutation from Lysine to Alanine at position 22 of the aptamer had significantly less 

binding affinity to AGR-2 (Dr Euan Murray). The premature stop aptamer mutant 

did not contain the whole core and had even less binding affinity to AGR-2. 

Therefore, the three negative controls included (i) GFP alone with no fusion peptide 

cloned; (ii) GFP vector containing the bioactive PTTIYY sequence but containing a 

stop codon before the PTTIYY peptide start which produces a GFP control protein 

(termed as GFP-aptamer premature stop), and (iii) GFP containing the bioactive 

AGR2-binding peptide but with the single attenuating point mutation, PTTIYA 

(termed as GFP-aptamer Y-A) 

 

 

5.2.2 Localization of the Aptamers in MCF-7 cells. 
 

In order to study the localization of the AcGFP-C1 Aptamer wt/Y-A/stop mutants, 

the aptamers were transfected in MCF-7 cells and subcellular fractionation 

experiments were performed. Monoclonal anti-GFP antibody was used to detect the 

aptamer. All the aptamers were detected in the cytoplasmic fraction (Figure 5.3 A) 

although expression levels were not similar between the aptamers. The GFP-Apt stop 

had the lowest expression levels (Figure 5.3). The AcGFP-C1 vector was also 

detected in the aforementioned fractions. Coomassie Blue stain verified the 

fractionation efficiency and equal loading of each fraction (Figure 5.3 B). 

Fluorescent microscopy showed the GFP-Aptamers (wt/stop/22Y-A) in the 

cytoplasm (Figure 5.1 I-III) and no co-localization with ER and Golgi markers was 
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observed (data not shown). Interestingly, a lot of nuclei transfected with the wt or the 

mutants, showed a distinguished pyknotic shape. GFP-artificial nuclear staining was 

observed in all the aptamer-transfected cells along with the GFP-control transfected 

ones (Figure 5.5), although no GFP was detected in the nucleus after chemical 

fractionation. The reason for characterising it as artificial is discussed thouroughly in 

section 5.3.1. 

 

 
 

Figure 5.3: GFP-Aptamers are localized in the cytoplasm of MCF-7 cells. A) MCF-7 

cells transfected with each of the GFP-Aptamers, wt/premature stop mutant/ 22Y-A. 

Untransfected and GFP-vector controls were included. The cells were processed using 

fractionation methodologies into F1 (cytosolic), F2 (membrane/organelles), F3 (nuclear), and 

F4 (cytoskeletal) as indicated. The distribution of the GFP-tagged aptamers ( ~ 30 kDa) was 

determined by immunoblotting. B) Representative Coomassie blue stain as fractionation 

control *: histones as defined by MS.  Figure is representative of 3 independent experiments.  
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Figure 5.4: Intracellular localization GFP-Aptamers in MCF-7 cells by fluorescent 

microscopy. MCF-7 cells were transfected with the indicated vector expressing GFP-

Aptamer wt (panels IA-IF)/Y-A (panels IIA-IIF)/stop(panels IIIA-IIIF). DAPI staining 

shows the location of the nucleus (panels I,II,III A and I, II, III D), FITC depicts the 

localization of each aptamer (I, II, III B and I, II, III E) and merge images are shown in 

panels I, II, III C and I, II, IIIF. Images visualized by Zeiss Axionplan microscope and 

captured with the photometric CoolSnap HQ camera. Same exposure times applied for all 

images. Figure is representative of at least 3 independent experiments (scalebar:10μm). 
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Figure 5.5: Intracellular localization of GFP-vector control in MCF-7 cells by 

fluorescent microscopy MCF-7 cells were transfected with the indicated vector 

expressing GFP (panels A-F). DAPI staining shows the location of the nucleus (panels A and 

D), FITC depicts the localization of each aptamer (B and E) and merge images are shown in 

panels C and F. Images visualized by Zeiss Axionplan microscope and captured with the 

photometric CoolSnap HQ camera. Same exposure times applied for all images. Figure is 

representative of at least 3 independent experiments  

 

 

5.2.3 Aptamers induce the formation of pyknotic nuclei  
 

Quantative studies, counting the number of aptamer-transfected pyknotic nuclei 

(Figure 5.6) against the total number of transfected cells revealed that the GFP-

aptamerwt stimulated the formation of pyknotic nuclei the most. A total of 1000 

nuclei per chamber in randomly chosen fields were counted under a Zeiss 
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epifluorescent microscope (Figure 5.7). The GFP-Aptamer wt had very high levels of 

pyknotic nuclei, reaching a percentage of 75% of total cell population (Figure 5.7 B, 

blue label). The GFP-Aptamerstop and the GFP-Aptamer Y-A had less pyknotic nuclei 

percentage when compared to the GFP-Aptamer wt, (Figure 5.7 B, orange and purple 

labels respectively). The GFP-Aptamer stop was shown to be a little less drastic than 

the GFP-Aptamer Y-A and 55% of abnormal nuclei against 58%, respectively. 

Interestingly, the AcGFP-C1 vector only samples had also high levels of pyknotic 

nuclei, indicating the toxicity of the GFP (Figure 5.7 B, green label). Nevertheless, 

the pyknotic nuclei observed in the GFP control were lower than the GFP-Aptamerwt 

ones and of equal levels to the GFP-aptamer Y-A/stop which were used as an 

unspecific binding control, as expected.   

Moreover, live cell imaging further supported the initial observations made in fixed 

cells. MCF-7 GFP-Aptamer wt -transfected cells were monitored for V days at a 10-

minutes interval base (data not shown). The m-cherry vector was used as a nuclear 

marker (kindly provided by Dr David Lierres, Dundee). Several fields were screened. 

In most occasions, cells transfected with the GFP-Aptamer wt started to show signs 

of condensed nuclei after day I and cell death occurred on day II-III. 

 

 
 

Figure 5.6: Aptamers induce the formation of pyknotic nuclei in MCF-7. Representative 

figure of pyknotic nuclei induced by GFP-Aptamer compared to normal ones, white 
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arrowhead, is shown. DAPI staining shows the location of the nucleus (panels A and D), 

FITC depicts the localization of each aptamer (panels B and E) and merge images are shown 

in panels C and F. Images visualized by Zeiss Axionplan microscope and captured with the 

photometric CoolSnap HQ camera. Same exposure times applied for all images. Figure is 

representative of at least 3 independent experiments  

 

 
 

Figure 5.7: Quantative studies on pyknotic nuclei induction after GFP-Aptamer 

expression. A) Cartoon of GFP-Aptamers wt/truncated and 22 Y-A mutants and their 

affinity to AGR-2. B) Quantative analysis of pyknotic nuclei in MCF-7 cells after each 

aptamer’s transfection. The percentage of abnormal versus normal nuclei is presented. Blue 

label :GFP-Aptamer wt Purple label: GFP-Aptamer Y-A Orange label: GFP-Aptamer stop 

and Green label: GFP control vector. A total of 1500 nuclei per aptamer were counted. 
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5.2.4 Aptamers induced p53 translocation before and after UV 

irradiation 
 

Upon initial characterization of the GFP-Aptamer wt (GFP-PTTIYY) fusion protein, 

it was noticed that upon transfection of vectors encoding GFP-PTTIYY, wt, and GFP 

control, there was significant stabilization of p53 protein (Figure 5.8 upper panel). 

This correlated with a striking stabilization of AGR-2 protein presumably due to 

perturbation of the AGR-2 protein degradation pathway (Figure 5.8 second from top 

panel). Correlating with this, the GFP-Aptamer wt is also expressed at higher steady-

state levels which presumably correlates with the enhanced stability of the AGR-2 

protein (Figure 5.8 third panel from top).  

 

 
 

Figure 5.8: GFP-Aptamer wt titration stabilised p53 and AGR-2. Increasing 

concentration of GFP-Aptamer wt was added to MCF-7 cells and p53/AGR-2 expression 

levels were tested by immunoblotting. Stabilization of p53 and AGR-2 was observed in the 

GFP-Aptamer wt–transfected cells. β-actin was used as a loading control. Figure showing 

representative of 2 experiments. 
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In order to define the less lethal but most effective dose of UV that will be applied to 

MCF-7 cells for Aptamer transfection, a series of different doses and lysis buffers 

was tested. Doses starting from 1J/m2 and reaching 100J/m2 energy were tested 

(Figure 5.9 A:high dose titration and B:low dose titration), but all indicated 10J/m2 as 

the ideal dose for irradiated MCF-7 cells, since in that scale p53 phosphorylation at 

Ser15 was induced and therefore measurements on p53 activation could be made 

(Figure 5.9 A and B, third from bottom panel). Total AGR-2 expression levels were 

increased between 1-10J/m2 independent of lyses buffers used (Figure 5.9 A but not 

B due to overexposed signal). Total levels of p53 were also increased between the 

same 1-10J/m2 doses, following the same pattern as phosphorylated p53 which is the 

active one. Therefore, 10J/m2 was the adequate dose to test for any effects of the 

aptamers on AGR-2 and p53 expression levels. 

Presence of the GFP-Aptamer wt did not induce nor reduce AGR-2 expression levels 

in the cytosol and membrane/organelles but significantly reduced AGR-2 in the 

nuclear fraction (Figure 5.10 A). As far as the control GFP-AptamerY-A is concerned, 

no alteraction in AGR-2 localization was observed in any of the three fractions.  
Interestingly, GFP-Aptamer wt altered the localization of the p53 protein as well 

(Figure 5.10 A). Before irradiation and in the presence of the GFP-Aptamer wt, p53 

was mislocalized from the cytosolic fraction where it is normally detected in MCF-7 

cells, and distributed in the membrane/organelles and nuclear fraction as well. 

Irradiation further induced this effect and especially when it came to the 

membrane/organelles and nuclear fraction. Interestingly, the localization of the 

aptamer was not affected by UV. The effect of UV in p53 distribution patterns was 

minimised in the case of the GFP-AptamerY-A. Indeed, before UV no change in p53 

cytosolic localization was detected, whereas after irradiation p53 was mislocalised to 

the membrane/organelles and nuclear fraction. Same observations were made in the 

case of untransfected samples as expected, since the GFP-Aptamer Y-A was used as 

a control due to deficient binding to AGR-2. Quantification of p53 in the first three 

fraction verified the above observation, that the GFP-Aptamerwt (YY in Figure 5.10 

B) induced p53 nuclear translocation in non-irradiated cells after UV damage to a 
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much higher degree compared to the GFP-Aptamer Y-A and GFP-control 

treansfected cells. p53 nuclear levels before UV in the GFP-Aptamer wt transfected 

cells were undetectable by the programme although immunoblotting showed clear 

redistribution of the protein to the nucleus. Coommasie staining was used as a 

loading and fractionation control. GFP-Aptamer Y-A also acted synergistically to 

UV for p53 nuclear translocation but to a much lesser extent than the Aptamer wt. 

 

 
 

Figure 5.9: UV titration and p53 levels. A) MCF-7 cells were UV-irradiated with high 

doses of UV and expression levels of AGR-2 (row A4 and B3), p53 (row A1, row A2 

represents shorter exposure and B2) and phosphorylated p53 at Serine15 (row A3 and B1) 

were determined by immunoblotting. A) High dose UV titration. B) Low dose UV titration. 

β-actin was used as a loading control. 
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Figure 5.10. Effects of GFP-Aptamer wt/YA expression on p53 subcellular localization 

after UV damage. A) Changes in p53 localization induced by the GFP-Aptamer wt protein. 

MCF-7 cells were transfected with GFP-Aptamer wt/ GFP-Aptamer Y-A and also left 

untreated as a control, for 24h. The cells were harvested 6 hours post-irradiation and 

fractionated to determine changes in the subcellular distribution of p53 protein. Changes in 

AGR-2 localization induced by the EGFP-PTTIYY (Aptamer wt) protein. B: Quantitation of 

p53 protein levels in F1, F2, and F3 before and after UV verified p53 elevated levels C) 

Loading controls for total protein in fractions F1, F2, and F3 were developed by coomassie 

blue staining of protein after denaturing gel electrophoresis, *: Histones protein as identified 

by MS. RU:relative units. 
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5.2.5 Silencing of AGR-2 also induced p53 translocation before and after 

UV irradiation 
 

Since AGR-2 was found to act as a p53 inhibitor [474], we analyzed whether AGR-2 

protein depletion using siRNA had any effect on p53 protein subcellular localization. 

AGR-2 protein can be depleted to differing degrees using four distinct siRNA 

hybrids (Figure 5.11) at different timepoints. siRNA #5 and #6 were the ones that 

resulted in attenuation in AGR-2 protein levels ( Figure 5.11) after 24-48h when 

compared to the untransfected and sicontrol-transfected cells. p53 total protein 

expression levels remained unchanged even though AGR-2 was totally depleted from 

the cells (Figure 5.11). Therefore, siRNA #5 and #6 were the ones used during the 

UV radiation experiments that followed (Figure 5.12 A, B and C). 

Since AGR-2 can inhibit p53 only after UV irradiation in H1299 cells [474], MCF-7 

cells were subjected to siRNA, irradiated with 10J/m2 and different subcellular 

fractions were analysed for p53 and AGR-2 protein expression levels.  In control 

siRNA-transfected cells, UV induced relocalization of p53 from the cytosol to 

membrane/organelles and nuclear fraction as expected (Figure 5.12 A top panel and 

B black label). Slight induction in AGR-2’s protein levels in all the fractions was 

observed, coherent to the UV titration data that showed elevated levels of total AGR-

2 after irradiation (Figure 5.9). Surprisingly, AGR-2 depletion was most notably 

detected in the F3 nuclear fraction (Figure 5.12 A bottom panel) and was 

accompanied by redistribution of p53 protein into the membrane/organelles and 

nuclear F2 and F3 fractions, irrespective to irradiation and the type of siRNA specific 

to AGR-2 (siRNA#6 or #5 Figure 5.12 A). UV slightly induced these redistribution 

patterns of p53 but had no effect on AGR-2 protein levels in the cytosolic and 

membrane/organelles fraction of the AGR-2 siRNA-transfected samples. 

Representative loading controls after control or AGR-2 siRNA using coomassie blue 

staining of total protein in each fraction, F1-F4, is depicted in Figure 5.12 C.  
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Figure 5.11: AGR-2 depletion after four different siRNA pools. MCF-7 cells were 

treated with a range of four distinct siRNA oligonucleotides (#5-8) targeting AGR-2 and 

the protein’s expression levels were determined by immunoblotting in different 

timepoints at a four-day timecourse. siRNA #5 and #6 were the most efficient ones in 

terms of AGR-2 depletion after 48h. 
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 Figure 5.12: AGR-2 depletion alters the localization of p53. A) MCF-7 cells were 

treated with siRNA#5, or #6 or control siRNA and after fractionation into the F1, F2, F3 and 

F4 fractions, lysates were immunoblotted to determine changes in p53 levels and AGR-2 

levels B) Quantitation of p53 protein levels in the cytosol/membrane-organelles/nuclear 

fraction after siRNA control or AGR2-specific #5 before UV. C) Loading controls for total 

protein in fractions F1, F2, F3 and F4 in control and #5 siRNA-AGR2 treatments were 

developed by Coomassie blue staining of protein after denaturing gel electrophoresis. 

RU:relativeunits.
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5.3 Discussion 
 

 

5.3.1 Aptamers to AGR-2 induce the formation of pyknotic nuclei but 

cells do not show signs of apoptosis or autophagy 
 

A high level of pyknotic nuclei in cells expressing the GFP-PTTIYY fusion (GFP-

Aptamerwt) peptide was detected.  Quantitation revealed that approximately 75% of 

transfected cells had altered nuclear morphology with another 25% exhibiting normal 

nuclear morphology (Figure 5.7). Using GFP control, GFP-STOP-PTTIYY (GFP-

Aptamer stop), or GFP-PTTIYA (GFP-Aptamer Y-A) as a series of negative 

controls, a similar ~50% background of normal/abnormal nuclei were observed 

(Figure 5.7). Since MCF-7 cells are caspase-3 deficient and also follow autophagy as 

their main pathway of cell death under specific condition such as Tamoxifen or other  

anti-estrogen treatment, paclitaxel, starvation and UV [2, 80, 128, 225, 289, 452, 

453, 516], we tested both types of cell death, apoptosis and autophagy. When it came 

to apoptosis since no caspase-3 cleaved products could be used as an apoptotic 

marker and since literature suggests that although caspase-3 deficient MCF-7 cells 

can undergo apoptosis through caspase-8 activation that leads to PARP cleavage [7, 

144, 288, 373], we investigated the PARP pathway. No PARP cleaved products were 

detected after aptamers transfection (data not shown). Moreover, Annexin-V staining 

was negative (data not shown). Annexin-V is a Ca+2 -dependent, phospholipid 

binding protein with a high affinity for phospholipid phosphatidylserine that 

translocates from the inner to the outer leaflet of the plasma membrane during early 

apoptosis.  

The next step was to investigate whether autophagy was the main pathway induced 

by aptamers transfection. MCF-7 cells utilize autophagy as their predominant type of 

cell death under certain conditions previously mentioned [80, 225, 452, 453] 

although contradictory views also exist in the field. LC-3 is a strong marker of 

autophagic cell death, as it is being cleaved in LC-3 I and LC-3 II when autophagy 
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takes place [346, 453]. Aptamer transfection in MCF-7 cells and western blot 

analysis with an anti-LC3 II antibody did not reveal any signs of autophagy (data not 

shown). Microscopic analysis of transfected with the aptamers cells had no signs of 

large autophagic vacuoles or other hallmarks of autophagy in the majority of the cells 

(data not shown). It is commonly accepted that determination between types of cell 

death is difficult to achieve, as there are no clear signs that enable strict classification 

in one type and also cell death types often overlap or switch between each other. The 

formation of pyknotic nuclei was a clear characteristic of the cells that were 

transfected with the aptamer but no other features of apoptosis or autophagy were 

detected. Further studies need to be performed in order to elucidate the pathway 

leading to pyknotic nuclei formation. Moreover, different cell lines that are caspase-

3- and AGR-2-positive should be tested to further support the aforementioned data. 

 

 

5.3.2 Aptamers to AGR-2 stabilize AGR-2 and promote nuclear 

accumulation of p53 
 

The transfection of EGFP-PTTIYY fusion peptide followed by subcellular fraction, 

demonstrated that p53 protein is indeed stabilized relative to the EGFP-PTTIYA 

control and EGFP-control (Figure 5.8).  This also correlates with enhanced AGR-2 

protein stabilization. The fact that no in vivo binding was observed between AGR-2 

and the aptamers after co-immunoprecipitation and FRET co-localization 

experiments (data not shown), might indicate the spontaneous and dynamic nature of 

the interaction. Moreover, there is always the possibility that this delicate in vivo 

binding of the protein and the aptamer is easily disrupted after chemical 

manipulation following immunoprecipitation and fixation methods.  

Given that AGR-2 acts as a p53 inhibitor after UV damage we examined whether the 

EGFP-PTTIYY, wt, peptide fusion exhibited greater stimulation of p53 nuclear entry 

in irradiated MCF-7 cells (Figure5.10). UV damage induces p53 response and 

disrupts the balance of gene expression leading to growth arrest, DNA repair or 
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apoptosis, thus preventing the proliferation of genetically damaged cells [602, 604]. 

p53 stability and DNA binding activity are modulated by post-translational 

modifications such as acetylation and phosphorylation. Phosphorylation at several 

different serines or threonines residues in p53 has been shown to occur after UV or 

other DNA damage [507]. Five serines in the C-terminal portion and seven serines 

and one threonine within the N-terminal 46 amino acids are known to be inducibly 

phosphorylated [290].  UV damage and ionizing radiation specifically induces 

phosphorylation at the N-terminus of p53 at residues Ser15, Ser20 and Ser37 [539]. 

Rapid nuclear localization of p38 kinase as well as p53 stabilization is also observed 

after UV damage [77]. The data presented here showed enhanced p53 

phosphorylation at Ser15 after UV dose titration with the highest phosphorylation 

happening at 10J/m2, which was the dose chosen for all the experiments that 

followed. 

 UV stimulates p53 abundance in MCF-7 cells that have wild type p53 [241]. 

Transfection of GFP-Aptamerwt fusion in the irradiated cells resulted in accumulation 

of p53 in the membrane and nuclear fractions relative to GFP controls and depletion 

of AGR-2 from the nuclear fraction. Enhanced exposure of the immunoblot 

demonstrated that this peptide stimulated a shift in p53 protein localization into 

membrane, nuclear, and cytosolic F1-F3 fractions, relative to the GFP-Aptamer Y-A 

and GFP control (Figure 5.10). The stimulation in p53 protein presence in the 

cytoskeletal fraction is presumably due to the dynein-mediated microtubule transport 

pathway that promotes nuclear entry of p53 protein after stress [214]. Abnormal p53 

cellular localization has been considered to be one of the mechanisms that could 

inactivate p53 function. In breast cancers p53 is mainly localized in the cytoplasm 

[412] suggesting that the inactivation of wild-type p53 in cancer cells could partly 

result from a defect in the regulation of p53 subcellular localization [70, 358, 410, 

412]. 

Moreover, the GFP-Aptamer wt and AGR-2 siRNA both deplete AGR-2 from the 

nuclear fraction while on the other hand accumulate p53 in the nucleus. Therefore, 

the GFP-Aptamer wt acts as an AGR-2 inhibitor, having effects in p53 nuclear 
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translocation as well. After AGR-2 inhibition, p53 is free to enter the nucleus and act 

as a transcription factor. The Y-A substitution GFP-Aptamer has no affinity to AGR-

2 and therefore no signs of p53 nuclear translocation were observed, further 

supporting the specificity of the interaction-inhibition between the GFP-Aptamer wt 

and the AGR-2 protein.  

 

 

5.3.3 p53 nuclear import is promoted by AGR-2 depletion 
 

Previous data showed that AGR-2 inhibition of p53 and related clonogenic survival 

is mediated by the “mature” isoform which has an intact C-terminus and UV 

irradiation triggers the maximal inhibition of p53 by this form of AGR-2 [474]. Our 

data supported that this mature isoform of AGR-2 protein has a relatively specific 

nuclear and cytoplasmic expression. We analyzed whether this active isoform of 

AGR-2 co-localized with p53 protein and/or altered the p53 subcellular localization. 

In many tumour cell lines, p53 protein accumulates in the nucleus after irradiation to 

initiate transcription. To study the effects of AGR-2 in p53 after DNA damage we 

depleted AGR-2 from MCF-7 cells and irradiate them before isolating different 

subcellular fractions. Surprisingly, AGR-2 silencing was only happened in the F3 

nuclear fraction while at the same time resulted in p53 relocalization and 

accumulation to the same nuclear fraction (Figure 5.12). UV further stimulated this 

effect and more p53 was translocated to the nucleus compared to non-irradiated and 

control siRNA-transfected cells (Figure 5.12). A possible mechanism of p53 

inhibition by AGR-2 is summarised below. When AGR-2 is active and present in the 

nucleus, then p53 can no longer enter the nucleus and stimulate transcription.  

Abnormal p53 cellular localization and especially nuclear export has been considered 

to be one of the mechanisms that could inactivate p53 function [358]. It has been 

shown that the p53 protein has both an NLS (nuclear localization signal) and NES 

(nuclear export signal) sequence [431, 617] that is recognised by certain receptors, 

named ‘importins’ and ‘exportins’, and so is subject to both nuclear import and 
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export via a fast, energy-dependent pathway [400]. Since a defect in p53 nuclear 

translocation would impair its biological function, the cellular trafficking of p53 

must be tightly regulated to ensure normal and optimal function [409, 502]. It is 

therefore proposed that AGR-2 functions as Bcl-2 and c-myc do, which alter the 

subcellular trafficking of p53 during the cell cycle and accumulate it in the cytoplasm 

of p53 co-transfected cells during a critical period in G1. By this mechanism they are 

able to overcome p53-induced apoptosis and cell cycle arrest [502]. It is suggested 

that AGR-2 does not allow p53 to enter the nucleus and when the first is depleted 

p53 is free to act. The exact mechanism of this nuclear export, e.g. interaction with 

other proteins, awaits further elucidation. 

The significance of AGR-2 in drug therapy as a prognostic factor and also as a drug 

target is supported by studies with aromatase inhibitors [374] and tamoxifen [270]. 

Anastrozole and letrozole are highly specific and efficient inhibitors of the aromatase 

enzyme, leading to profound estrogen deprivation in postmenopausal women. 

Mackay and coworkers identified genes that respond to estrogen withdrawal in 

primary breast tumours in vivo, and may be used to understand and predict the 

response of patients to AI treatment [374]. AGR-2 was amongst the ones 

downregulated after AIs treatments. Recent data form a clinical collaborative study 

(including T.Hupp group) indicated that AGR-2 and AGR-3 expression can serve as 

a negative prognostic factor in ERα positive breast cancers treated with tamoxifen 

[270]. Moreover, the same study showed that AGR-2 overexpression was correlated 

with that of cyclin D1 which is a known negative predictive factor for tamoxifen 

response [557]. The previously identified suppression of AGR-2 expression by 

letrozole suggests a potential diagnostic-linked strategy for the treatment of AGR-2 

positive tumours in tamoxifen resistant patients using aromatase inhibitors [374]. On 

the other hand AGR-2 has been associated with a poor response to hormonal therapy 

and therefore survival [282] although a contradictory study suggested that AGR-2 is 

a marker of differentiation linked with significantly longer overall survival times 

[207]. More research should be focused on the connection between AGR-2 and 

breast cancer treatment. Our data on p53 inhibition combined with AGR-2 

[223] 
 



Chapter 5                                                                                                       Discussion 

[224] 
 

upregulation by tamoxifen [270] could explain why AGR-2 positive patients show 

resistance to tamoxifen and have lower survival [282] due to AGR-2 induced p53 

inactivation. These data along with downregulation of the protein by aromatase 

inhibitors [374], suggest a selectively resistance function of AGR-2 to different drugs 

and can be used to treating Tamoxifen-resistant patients that have high AGR-2 levels 

and positively affect response to endocrine therapy. Peptide aptamers that inhibit 

AGR-2 function and activate p53 can be used as excellent drug leads towards 

targeted breast cancer therapy, through reconstitution of a functional p53 protein able 

to induce cell cycle arrest and apoptosis of cancer cells. 
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5.3.4 Conclusions of chapter  
Aptamers against AGR-2 were capable of inducing nuclear import of p53 consistent 

with effects of AGR2-specific siRNA that depleted the protein from the nucleus and 

promoted p53 nuclear import. The aforementioned data combined with studies 

supporting the mature form of AGR-2 as the one being active as a p53 inhibitor and 

as shown here the one that is localized to the nucleus, set the basis for defining the 

mechanism of p53 inhibition.  Since this mechanism is defined, novel anti-cancer 

drugs could be generated and focus on inactivating AGR-2 and promoting p53 

activation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[225] 
 



 

 

 

 

 

 

 

 

Chapter 6 

 

 

Conclusions and Future Work 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[226] 
 



Chapter 6                                                                         Conclusions and Future Work 

 

6.1 Conclusions and future work 

 

The work presented here investigated the role of AGR-2 as a protein unregulated in 

breast cancer. AGR-2 is now known to be over-produced in a range of human 

cancers including breast, oesophagus, lung, prostate, and pancreas [207, 374, 403, 

611].  In order to elucidate the exact mechanism of AGR-2 function we had to define 

the localization of the protein. Fluorescent tags were used to monitor the protein’s 

localization within the cell. Since AGR-2 is present in two isoforms, (i) the full 

length with an N-terminal signal sequence and (ii) the mature which derives from the 

first after proteolytic cleavage of the leader sequence [3] we fused both isoforms to 

fluorescent proteins and investigate any differences in the distribution patterns. 

Interestingly the presence of the leader sequence determines endoplasmic reticulum-

retention which was further enhanced by mutating the putative C-terminal ER-

retention KTEL sequence to KDEL, which is characteristic of ER resident proteins, 

leading to a dramatic change in co-localization rate from 33% to 80%. Deletion or 

substitutional changes of the C-terminal KTEL tetrapeptide did not significantly alter 

ER co-staining compared to the wild type protein, totally consistent with data in 

HeLa cells supporting that the putative ER-retention KTEL motif is not required to 

ensure endoplasmic reticulum withholding [483]. No secretion of the protein was 

observed in MCF-7 cells. 

On the other hand, deletion of the N-terminal leader sequence totally altered the 

protein’s distribution pattern and led to predominant nuclear retention with only a 

few signs of endoplasmic reticulum co-localization. Neither KDEL nor KAEL 

substitutions were capable of enormous changes in the nuclear distribution of this 

isoform, although the rate of ER co-staining changed. Interestingly, deletion of this 

tetrapeptide resulted in total loss of the protein from the nucleus and resulted in a 

peculiar diffuse cytosolic pattern, suggesting that the presence of a minimum KXEL 

peptide at the C-terminus of the protein is essential to maintain its nuclear position. It 

would be of interest to test mutations in the remaining amino acids of the KTEL 
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tetrapeptide apart from this Threonine and further define the minimum amino acid 

composition required for nuclear localization.  

Very recent data published, identified a novel member of the PDI superfamily, 

named Erp16, as an ER-resident protein [292]. The protein has a cleavable signal 

peptide and a putative ER-retention EDEL tetrapeptide, and it resides in the luminal 

compartment of the endoplasmic reticulum of HeLa cells. In the same study, the 

EDEL-deletion mutant was present in the supernatant apart from the cell lysate, 

supporting the secretory potential of the protein when the EDEL ER-retention 

sequence is absent. It was also found that when the wt protein was overexpressed and 

Brefeldin A/or Tunicamicyn/ or dithiothreitol treatment followed, neither PARP nor 

pro-caspase-3 cleavage were observed, which was not the case with the EDEL-

truncated mutant which was not able to completely inhibit apoptosis. These results 

thus indicated that endogenous ERp16 suppresses apoptosis induced by ER stress.  

ERp16 share some common features with AGR-2 in terms of structure, localization 

and function. Both proteins have cleavable N-terminal signal sequences, both reside 

in the ER although in the case of AGR-2 this retention is partial, both inhibit cell 

death by different mechanisms each (Erp16 attenuates the induction of apoptosis by 

brefeldin A, tunicamycin, or dithiothreitol, whereas AGR-2 inhibits p53 nuclear 

translocation) and in both deletion of the extreme C-terminal putative ER-retention 

tetrapeptide attenuates their function. Our hypothesis suggest that AGR-2 have 

evolved from the strict role of PDIs and released from the endoplasmic reticulum to 

the cytosol and nucleus where it was able to develop new functions such as p53 

inhibition. AGR-3 falls into the same category and re-localized to the mitochondria 

where it developed its new function regarding cell death.   

It is worth mentioning that recently a newly identified protein named CAP10-like 

was cloned and characterised [574]. This protein had a hydrophobic leader sequence 

at its N-terminus and an endoplasmic reticulum retention KTEL motif at the C-

terminus just like AGR-2. The protein was characterised as and ER-resident protein 

as it strongly co-localized with endoplasmic reticulum markers. Moreover, it was 

present in two transcripts, one of 1.9kb and one of 3.5 kb, with the second isoform 
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being more plentiful in tissues such as liver, spleen, heart and kidney whereas the 

short isoform was less abundant in all the tissues tested [574]. This protein affects 

U937 cells growth rate by promoting cell proliferation just like AGR-2 [474] does in 

H1299. The above data suggest that the presence of a leader sequence do not 

guarantee secretion of the protein and that when this signal sequence is combined 

with putative ER-retention tetrapeptides, ER-residency can be achieved although in 

different extents, since AGR-2 is not totally co-localized to the ER and CAP10-like 

is an ER-resident protein. 

Combining the observation that the mature form is the nuclear one with the already 

published data that this form is the active one that inhibits p53 and that deletion of 

the last ten amino acids, including KTEL sequence, is sufficient to disrupt this 

interaction [474] and also exclude the protein from the nucleus as supported here by 

RFP deletion mutant, it is suggested that the nucleus is the area that p53 inhibition 

takes place through the mechanism of nuclear exclusion. Our hypothesis was further 

strengthened after depleting the protein from the nuclear fraction, by small 

interference RNA technologies, and observing nuclear accumulation of p53. UV 

irradiation that activates p53 to enter the nucleus and start transcription of certain 

genes acted synergistically with AGR-2 depletion and further induced this import. 

Two models emerge from these findings. The first one involves in situ inhibition of 

active p53 from AGR-2 when both are present in the nucleus whereas the second 

refers to inhibition of the p53 protein from entering the nucleus and becoming 

transcriptionally active. The use of Leptomycin to block nuclear entry would be a 

potential experimental strategy to further characterise these models. 

The use of concepts in the peptide therapeutics field has also led us to develop 

bioactive peptide aptamers that bind to AGR-2 and which can stimulate nuclear 

accumulation of p53. In our research we have used these AGR2-binding consensus 

site peptides to begin to determine whether p53 pathway responses can be altered and 

we show that the ability of AGR-2 to mediate nuclear exclusion of p53 can be 

attenuated using the bioactive peptide with the PTTIYY core consensus sequence. 

AGR-2 attenuation using siRNA gave rise to qualitatively similar results. These data 
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provide proof of principle that the AGR-2 pathway might prove to be a target whose 

inhibition would stimulate the p53 response to DNA damage and provide a peptide 

lead for drug design aimed at blocking the pro-oncogenic function of AGR-2. 

Ongoing research in microarrays has revealed that the PTTIYY aptamer, wt, is 

capable of inducing expression of p53-upregulated genes (Dr Murray, unpublished 

data), further supporting the aptamer’s stabilization and activation effect on the 

tumour suppressor gene as well as the inhibitory effect on AGR-2.  

As a final approach to evaluate whether the AGR2-hexapeptide could perturb 

subcellular localization of p53 protein, the bioactive PTTIYY and attenuated 

PTTIYA peptides were introduced into cells by fusion with an optimized 

heptapeptide cell membrane permeabilizing peptide derived from the antennapedia 

protein  named penetratin [198, 579].  The incubation of PTTIYY- and PTTIYA–

penetratin peptides at a concentration of 50µM stimulated relocalization of p53 

protein to the F3 nuclear fractions, with the wild-type peptide inducing more p53 

relocalization than the attenuated point mutant peptide (Dr. Murray, unpublished 

data) as it was the case with the GFP-aptamers analysed in this thesis.  The PTTIYA 

mutant peptide retained some bioactivity in promoting the nuclear import of p53 

which is similar to the intermediate activity of the GFP-fusion PTTIYA peptide. A 

titration of lower amounts of PTTIYY and PTTIYA peptide indicated that PTTIYY 

peptide was more active at lower concentrations (Dr. Murray, unpublished data). 

This data are consistent with the relative bioactivities of the GFP-fusion PTTIYY/A 

peptide constructs of results presented here, showing induction of p53 nuclear import 

in the GFP-Aptamerwt (PTTIYY) compared to the GFP-Aptamer Y-A one. The same 

AcGFP scaffold was validated previously to identify fusion peptides that inhibit 

p300, inhibit MDM2, and mimic IRF-1 protein effects on p53-dependent activity 

[148, 149].  

It was also shown that another member of the AGR family, AGR-3 is primarily 

mitochondrial. No AGR-2 co-localization was observed, neither with the mature nor 

the full length form of the protein, although both AGR-2 and AGR-3 are candidate 

members of the same thierodoxin family [468]. This can be explained by the 
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observation that many protein members of this family do not necessarily share the 

same compartment and are localized in separate areas of the cell, such as ER, Golgi 

nucleus and mitochondria [14, 15, 125, 232, 354, 451]. AGR-3 is not the only PDI 

family member that resides in the mitochondria, as other characterised members 

including ERp57 [451] and P5 [314] are also mitochondrial. In 1995 Rigobello and 

co-workers observed that rat liver mitochondria show a marked disulphide reductase 

activity in the presence of low-molecular-mass disulphides and later refined these 

observations and proposed that PDI along with thierodoxin reductase enzymes are 

localized in different mitochondrial compartments  and are probably involved in the 

redox regulation of mitochondrial functions and might co-operate in the maintenance 

of thiol homoeostasis [488]. The presence of a PDI protein in the mitochondria could 

contribute to some extent to the assembly and functioning of enzyme systems 

involving pore-forming proteins, receptors responsible for protein import, as well as 

pathways involved in the mitochondrial-dependent control of cell death such as pro-

apoptotic members of the Bcl-2 family [486]. Evidence presented here proposed 

AGR-3 to belong to this last category of PDI proteins that have a role in 

mitochondrial-dependent cell death. Indeed, depletion of AGR-3 leads to Bax 

conformational change and Beclin-1 decrease. Both proteins have a role in apoptosis 

and autophagy, respectively. Since there is no alteration in Bid levels, which is the 

one that activates Bax, but only in Bax levels, it is suggested that AGR-3 acts 

downstream Bid and upstream Bax in the apoptotic cascade [639]. Reduced Beclin-1 

expression levels were observed in the absence of AGR-3, suggesting a positive role 

of the protein in favour of autophagy and negative against apoptosis, as it was also 

observed with other molecules that support one death pathway against the other [187, 

516]. However, AGR-3 alone was not sufficient to totally shift the equilibrium from 

apoptosis to autophagy, since these pathways are highly sophisticated, inter-

connected to each other and require a whole cascade of molecules to function 

correctly [367]. More experiments are underway to further characterize the type of 

cell death induced by AGR-3 and also define the role of membrane-localized AGR-3.  
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Data obtained from Y2H interactions of AGR-3 and potential binding partners in 

breast cancer libraries (Hybrigenics, France) are being investigated to further 

elucidate the role of the novel gene. A lot of interesting genes have emerged 

including proliferation and cell growth enhancers (BAIAP3, HUWE1, IXL1, LRBA), 

cytoskeleton-associated proteins (CKAP2, HIP1R, MAST1, SPTBN1/4, TLN1 ), 

tumour suppressors (DLG1), migration stimulators (GIT1), drug resistance-

associated genes (GSTM4), apoptosis involved genes (KIBRA), proteosome 

activators (PSME1) and a lot more. Further research is underway into characterizing 

the above interactions in different cancers and shedding light towards the mechanism 

of AGR-3 function through protein complexes. 

 

Protein Function 
BAT3 multiple levels of interaction with 

apoptogenic mitochondrial 

intermembrane protein AIF (apopt

inducing factor) 

 

DLG1 Tumor suppressor,functions as a 

scaffolding protein that facilitates 

transmission of diverse downstrea

signals. In Drosophila hDLG inter

with the mitochondrial ribosomal 

protein S-34 (MRP-S34).present in

mammary ductal carcinoma 

 

MYBBP1A Enhanced mitochondrial biogenes

during neuronal differentiation 

 

Table 6.1: Mitochondrial binding partners of AGR-3 after Y2H analysis (Hybrigenics). 
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 It is worth mentioning, that although cell lines are a powerful tool for analysing the 

molecular AGR-2 or AGR-3 networks, they do not always mirror the complex 

biology of cells within a multicellular organism. To characterize the in vivo function 

and regulation of the genes, novel animal models need to be generated. Both genes 

are highly conserved from fish to humans [532], therefore these organisms can be 

utilised for studying the genes’ function in vertebrates. Zebrafish is an ideal model 

and also it has recently been shown that the molecular networks involved in tumour 

progression are conserved between humans and zebrafish [340]. Moreover, zebrafish 

is easy to study due to rapid external development which makes it perfect for 

developmental studies coupled with the ability to modify gene expression through 

silencing and analyse the derived symptoms directly [344]. What is more, generation 

of zebrafish lines defective in certain genes, such as p53, makes it easier to evaluate 

the role of the gene of interest [345].  Pilot experiments underway have shown that 

AGR-2 expression affects goblet cells of the gut and oesophagus (data kindly 

provided by Dr. Patton). AGR-2 morpholinos that are deficient in AGR-2 exhibit 

reduced formation of epithelial invaginations in the intestinal bulb, accompanied 

with absence of goblet cells and under-expanded anterior intestine compared to the 

control ones (data kindly provided by Dr. Patton). More research towards these 

models should be conducted to have the whole picture of AGR-2 and AGR-3 

mechanism of function. 
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6.2 Preliminary data 
 

Apart from its function as a p53 inhibitor, subsequent studies have shown a 

significant role for AGR-2 in a range of biological pathways including cell migration 

[364], cellular transformation, metastasis [611], and limb regeneration in vertebrates 

[331]. Clinical studies have also implicated the protein in inflammatory bowel 

disease [652], hormone-dependent breast cancers [374, 662], and in predicting poor 

prognosis in prostate cancers [650]. The molecular mechanisms underlying these 

wide-ranging biological pathways trigged by AGR-2 are not defined and as the 

AGR-2 gene is confined to vertebrates, the AGR-2 gene pathway cannot be analyzed 

and solved directly in genetic systems like yeast. To characterize potential interaction 

with other protein and therefore start defining the role of the protein in many 

pathways, we conducted Y2H analysis to identify potential binding partners [40, 158, 

284, 653]. Surprisingly a lot of positive hits came out in breast and placenta prey 

libraries (Hybrigenics, France) (Chosen candidates to be tested in breast cancer cells 

are summarized in table 6.2). 

 
Table 6.2: AGR- binding partners. Potential AGR-2 binding protein identified by Y2H 

through a breast cancer library. Right column shows which were found to bind AGR-2 in 

MCF-7 cells. (NT:not tested, x:no binding, √: positive binding). 

[234] 
 



Chapter 6                                                                                              Preliminary data 

In order to confirm the interaction between AGR-2 and the positive hits from the 

Y2H, co-immunoprecipitations assays were performed. Plasmid DNA containing the 

gene of interest with an HA or FLAG sequence (LGN, C-KAP, RuvBL-2 plasmids 

kindly provided by Dr. E. Pohler,University of Dundee,  Rip140 plasmids: by Dr. E. 

Kiskinis, Imperial College, London) was transfected into MCF-7, from the European 

and the American collection as well.  

The first protein tested was the RuvBL2 protein (also known as Tip49, Reptin32); a 

DNA helicase essential for homologous recombination and DNA double-strand 

break repair [536, 619]. Functional analysis showed that this gene product has both 

ATPase and DNA helicase activities [281, 294, 302, 538] as it promotes DNA, RNA 

and DNA-RNA duplex unwinding. In particular, Ruvbl-2 is a protein implicated in 

chromatin acetylation and remodelling as a component of the NuA4 histone 

acetyltransferase complex [529] and also in nucleolar organization and trafficking in 

human cells. Ruvbl-2 was found to interact with centrosomes which harbour with 

several important cell cycle genes such as p33, BRCA1, Chk1, Chk2 etc [538] and 

also interacts with c-myc and β-catenin [42, 115, 398, 624] controlling their 

oncogenic activity. Moreover, the protein is a member of a twelve polypeptide 

chromatin remodelling complex (INO80), that has a role in DNA damage [304, 440, 

529] and also a novel component of the ATF2 trenscription factor which is 

implicated in the transcriptional control of several stress-response genes [115]. The 

protein is overexpressed in human hepatocellular carcinoma (HCC) where it is 

correlated to poor prognosis and weak differentiated tumours [498], in ovarian 

cancer [501], prostate cancer [313] and cervical cancer where it translocates 

depending on mitotic phases [538]. In the same study, it was found that Ruvbl-2 

silencing increased apoptosis and reduced cell growth in HCC cells, by elevated 

expression of pro-apoptotic genes, DNA fragmentation and caspase 3 activity[498]. 

Our data revealed that Ruvbl-2 is overexpressed in the cytoplasm, cell membrane and 

nucleus of MCF-7 (Figure 6.1 B and C) as also supported by literature for other 

cancerous cell lines [218, 498, 538, 624] and co-immunoprecipitated with AGR-2 in 

both cell lines tested, MCF-7 from the American and European collection (Figure 6.1 
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A). It was also shown that in the same MCF-7 cells, Ruvbl-2 and AGR-2 form a 

complex which is stabilized by p53 (unpublished data kindly provided by Magdalena 

Maslon, T.Hupp group). It would be of interest to further analyse this interaction 

which may shed light into new mechanisms of AGR-2 function in mitosis, cell 

growth or other oncogenic features. 
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Figure 6.1: Ruvbl-2 binds AGR-2 in MCF-7 cells. The first potential binding partner 

tested was a DNA-helicase RuvBL-2. A) AGR-2 binds to RuvBL-2 after IP lysates from 
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RuvBL-2 HA-tagged and empty pcDNA3.1 control vector –transfected cells (American and 

European collection). B) Chemical fractionation identified RuvBL-2 in F1 cytoplasm/F2 

membrane-organelles and F3 nucleus fraction. C) IF of RuvBL-2 detected the protein in the 

nucleus and cytoplasm of cells. Untransfected control showed high autofluorescence when 

tested against the anti-HA antibody (panels A-C: B&W aquisition). RuvBL-2 HA tagged: 

panels D-E: B&W, panels F-H: RGB aquisition. Observed under a Zeiss Axionplan 

microscope equipped with Sony CoolSnap camera.  Scalebar represents 10µm.  

 

 

 

The second binding partner identified and tested was LGN. LGN is a heterotrimeric 

G-protein family member (whose name derived from its amino acid motif, 

containing 10 Leu-Gly-Asn motifs [63, 407] and mediates transduction of 

extracellular signals received by cell surface receptors into integrated cellular 

responses as well as contributing to the functional activity of Gα proteins by 

regulating metabolism of molecules in response to hormonal signals [63]. LGN 

belongs to a group of other proteins also known as GPSM2 or Pins. In Drosophila, 

PINS are required for spindle polarity, orientation, asymmetric division of 

neuroblasts, diverse polarity [266, 517] and for regulating planar polarity of sensory 

organs precursor cells [47, 457, 517, 644]. Localization of the protein is dynamic and 

changes during mitosis and interphase [63]. In mitosis the protein is concentrated at 

the midbody, which serves as a focal point for adhesion of proteins and leads to the 

abscission of the dividing cell [216]. It binds to a protein called NuMA [154, 155] 

which is a protein of the nuclear mitotic apparatus, and Lgl-2 [638] and together they 

organise the mitotic spindle [155, 210, 222, 247]. AGR-2 was found to co-

immunoprecipitate LGN (Figure 6.2 A) which was distributed in the nucleus and the 

cytoplasm in a diffused manner with cytosolic speckles, during interphase (Figure 

6.2 B). These localization patterns resembled the distribution of the protein in other 

cell types such as COS7 [63, 153, 216, 638]. In Xenopus egg extracts, LGN is a 

major negative regulator of aster formation and addition of exogenous LGN can 

block this process [154]. Overexpression of LGN in Xenopus causes disorientated 
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MTs formation, disruption of spindle organization and unequal chromosome 

segregation [154, 155]. AGR-2 on the other hand, plays a vital role in the anterior-

dorsal orientation of the Xenopus embryo and is also connected to mitotic events [3]. 

Possibly, LGN and AGR-2 are evolutionary-conserved members of a protein 

complex from Xenopus to human but further research should be conducted into that 

area. It is worth mentioning that MCF-7 cells had high levels of autofluorescence 

(Figure 6.2 B panels F-H) in the absence of the anti-HA antibody or even when 

transfected with pcDNA 3.1 control vector (Figure 6.2 panels I-K). LGN-HA 

transfected cells showed much stronger and specific signal (Figure 6.2 B panels A-

E). B&W images are shown for comparison purposes (Figure 6.2 B A, B, F-K). 
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Figure 6.2: LGN binds AGR-2 in MCF-7 cells.  A) AGR-2 binds to LGN after IP lysates 

from LGN HA-tagged and empty pcDNA3.1 control vector –transfected cells. B)  LGN was 

detected in the nucleus and cytoplasm of MCF-7 cells (panels A-E). pcDNA 3.1 control 

transfected cells showed high autofluorescence when tested against the anti-HA antibody 

(panels I-K: B&W aquisition) and untransfected cells without primary antibody also 

autofluoresced (F-H B&W aquisition). LGN HA tagged: panels A-B: B&W, panels C-E: 

RGB aquisition. Observed under a Zeiss Axionplan microscope equipped with a Sony 

CoolSnap camera.  *: LGN-HA. Scalebar represents 10µm.  
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The last binding partner tested was Rip 140, also known as Nuclear receptor 

interacting protein 1 (NRIP1) [95], is a transcription factors that activate or suppress 

gene transcription, after interacting with ligand-activated receptors [332, 347, 572] 

by binding their hormone response elemens (HREs) [496]. The protein modulates 

transcriptional activity of the estrogen receptor [94, 95] represses receptor activity, 

including AR [87], GR [563, 572] and RAR [347, 613], by competing with 

coactivators for binding to receptors [563, 588]. As defined by Y2H and co-

immunoprecipitation experiments Rip140 binds AGR-2 (Figure 6.3 A) and 

immunofluorecent experiments detected the Rip140-FLAG protein (concstruct 

kindly provided by Dr. Kiskinis, Imperial College) in the nucleus in discrete foci as 

also supported by literature [572] (Figure 6.3 B panels A-F). pci-control vector  

showed totally unspecific fluorescent signal detected everywhere within the cell in a 

diffused manner (Figure 6.3 B panels G-I) while MCF-7 cells witoun primary 

antibody also showed enhanced fluorescence which was also unspecific (Figure 6.3 

B panesl J-L). Tazawa and colleagues also supported that Rip140 redistributes to 

larger nuclear domains upon binding to a nuclear receptor [572]. It would be of 

interest to define the exact mechanism of AGR-2 and Rip140 interaction which 

might implicate the estrogen receptor as well. The reason underlying this hypothesis 

is that AGR-2 is selectively co-expressed with the estrogen receptor and bears ERα -

response elements on its promoter whereas  Rip140 on the other hand modulates the 

receptor’s transcriptional activity [94, 299]. Since the only form of AGR-2 that 

localizes to the nucleus is the mature one, it is rational to consider that this form is 

the one that interacts with Rip140 which is also in the nucleus. 
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Figure 6.3: Rip140 binds AGR-2 in MCF-7 cells.  A) AGR-2 binds to LGN after IP lysates 

from Rip140-FLAG-tagged and empty pcI control vector –transfected cells. B)  Rip140-

FLAG was detected in discrete foci in the nucleus of MCF-7 cells. (panels A-F). pci control 

transfected cells emitted green fluorescence when tested against the anti-FLAG antibody 

(panels G-I) and untransfected cells without primary antibody also autofluoresced (panels  J-

L). (ALexa 488 secondary B, E, H and K). Images observed under a Zeiss Axionplan 

microscope equipped with a Sony CoolSnap camera. Scalebar represents 10μm. 
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Figure 6.4: Overview of AGR-2 and binding partners in MCF-7 cells. 
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Final Conclusion 
 

Data presented in this thesis confirmed AGR-2 gene product as a potential drug 

target for reactivating the p53 pathway in cancer cells.  Inhibition of AGR-2 can 

follow the steps of another nuclear p53 inhibitor, iASPP and therefore provide an 

important new strategy for treating tumours expressing wild-type p53 [51]. In this 

report, we defined the subcellular localization of AGR-2 and how this relates to its 

ability to inhibit the p53 tumour suppressor protein setting the basis for further 

manipulation of the mechanism of this inhibition and therefore cancer. Our data 

indicate that AGR-2 attenuates p53 transcriptional response through its localization 

and two models emerged supporting this inhibition by either inducing nuclear 

exclusion of p53 protein (Figure 6.5A/I) or by in situ inhibiting the tumour 

suppressor protein in irradiated or non cells (Figure 6.5A/II). These data provide a 

proof-of-principle that the AGR-2 pathway forms a novel type of pro-oncogenic drug 

target in cancers and highlights the utility of combining clinical proteomics with 

peptide combinatorial chemistry to discover and validate novel anti-cancer drug 

targets. The mechanism that regulates AGR-2 and mediates its effects in cancer 

growth in these various biological systems is yet not entirely defined. However, 

given the possibility that AGR-2 might prove to be a novel and wide-spread anti-

cancer drug target whose inhibition activates the p53 tumour suppressor, we further 

characterised and manipulated this mechanism by using peptide leads as therapeutic 

agents.  Our analysis has shown that (i) AGR-2 can mediate a change in nuclear-

cytoplasmic localization of p53 protein which is consistent with the link between p53 

nuclear localization and its function as a transcription factor and (ii) that aptamers 

can disrupt this exclusion by eliminating nuclear AGR-2 and therefore inducing p53 

activation. On the other hand, the other AGR- family protein member, AGR-3 

inhibits apoptosis through Bax inactivation, conferring resistance of cells to cell 

death and enhancing survival. Two member of the same family have evolved to 

function by two totally distinct mechanisms of promoting cancer cell grown and 

resistance to death. 
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Figure 6.5. Schematic model of AGR-2 and AGR-3 function. A) Nuclear mature AGR-2 

inhibits p53 translocation into the nucleus and when depleted, p53 enters the nucleus to 

transcripionally-activate target genes. Full length is localized in the ER but secretory 

designation is still pending (?) (I) and (II) represent the two different models on p53 

inhibition. B) Mitochondrial AGR-3 activates autophagy protein Beclin-1and inhibits pro-

apoptotic Bax, acting as a molecular switch towards autophagy (Designed by Servier 

Medical Art Tools software). 
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