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Abstract 

There is currently no effective treatment for melanoma once the tumour has spread 

beyond the primary site. Unlike many other cancers, metastatic melanoma is frequently 

resistant to all conventional forms of anti-cancer treatment. This inherent resistance of 

melanoma cells is in large part due to their hyper-activation of survival signalling pathways, 

most notably ERK and Akt. This often results from mutations of key proteins such as in BRAF, 

NRAS and PTEN, and consequently these molecules have been the subject of intensive 

investigation. These efforts have led to the revolutionary new treatments such as those 

targeting mutated BRAF that occurs in ~50% of melanomas. However, while these agents 

demonstrate a high initial response rate, their clinical benefit has been plagued by the 

development of acquired drug resistance. In any case this treatment is not applicable to those 

patients not presenting with the BRAF mutation and finding other therapeutic targets is urgent.  

Another important mechanism driving survival signalling pathways in melanoma is the 

aberrant production of growth factors that act in an autocrine manner. The work presented in 

this thesis fits within this area with studies focused on the role of macrophage migration 

inhibitory factor (MIF). MIF is an atypical cytokine for which a number of diverse roles have been 

described including those of both hormone and enzyme. In the context of cancer, MIF is 

believed act as the autocrine factor driving activation of survival pathways. MIF signalling is 

known to be initiated by binding to the cell surface CD74/CD44 receptor complex or to the 

chemokine receptors CXCR2 and CXCR4. Although MIF signalling has been implicated in 

several tumours, the role of MIF in melanoma had not been previously studied in great detail.  

This thesis first investigated the expression of MIF in melanocytic tumours in vivo using 

a combination of in silico analysis of microarray data and immunocytochemistry staining of ex 

vivo tumour sections. The results presented herein show that MIF expression generally 

increases with disease progression and in advanced tumours it preferentially localises to the 

nucleus of cancer cells. Analysing the available survival data it was shown that MIF was a 

significant prognostic factor for patients with metastatic melanoma, with higher expression 

levels predicting poorer outcome since patients underwent faster relapse. MIF expression was 

only important in the context of secondary tumours since the analysis of MIF levels in primary 
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melanoma samples failed to show outcome differences. Similar prognostic analyses of the 

known MIF receptors, CD74, CD44 that acts as a co-receptor, and CXCR2 and CXCR4 were 

also performed. Only CD44 expression appeared to  be associated with  prognosis since high 

CD44 levels in tumours were also predictive of shorter survival  in metastatic disease. The 

conclusion from these data suggested that high levels of MIF expression in metastatic 

melanoma are associated with tumour aggressiveness. 

Further experiments undertaken in a large panel of 20 human melanoma cell lines 

showed that MIF, CD44 and CXCR4 were ubiquitously expressed. CD74 was only expressed in 

50% of cell lines and CXCR2 in none. The function of MIF was then examined in six of these 

cell lines using siRNA to deplete MIF. With respect to control treated cells, MIF siRNA 

significantly decreased cell proliferation in 4 out of 6 cell lines. Further analysis showed that MIF 

also influenced cell survival and anchorage-independent growth. The sensitivity of cells to MIF 

depletion appear to be associated with the presence of MIF in the cell nucleus, but it was 

independent of BRAF mutational status. Analysis of signalling pathways showed that MIF acts 

to regulate the Akt pathway in a high proportion of melanoma cell lines and this finding is highly 

significant with respect to targeting survival signalling in this disease.  

The receptor systems that MIF likely utilises in melanoma were also investigated. It was 

noticeable that MIF effects on melanoma cell lines were independent of CD74 expression since 

cells not expressing CD74 were also sensitive to MIF knockdown. Analyses focussed on the 

nuclear localisation of MIF and the presumed involvement of CD44 in this process, since CD44 

had been previously shown to translocate to the nucleus. Extensive imaging and biochemical 

analyses failed to demonstrate this was the mechanism of MIF nuclear translocation in 

melanoma. 

In conclusion, the work presented here implicates MIF in melanoma progression and 

reveals MIF as a potential prognostic factor for metastatic melanoma. MIF actions are likely to 

involve the activation of Akt signalling pathway to regulate the cell-cycle, a key finding that has 

implications for melanoma proliferation and progression. Taken together, these results indicate 

MIF as a potential new therapeutic target for melanoma and one that is potentially independent 

of - and complementary to - current therapies. 
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1.1 Melanoma 

1.1.1 Epidemiology 

Skin cancers are an increasing problem in Western societies, of which melanoma is the 

most aggressive and treatment-resistant form (8). The occurrence of melanoma is less common 

than other types of skin cancer like basal cell carcinoma and squamous cell carcinoma. 

Nevertheless melanoma is definitely the most life-threatening, being responsible for near 75% 

of skin-cancer associated deaths. To compound this problem, the incidence of melanoma has 

been steadily rising worldwide for the last 50 years, especially among fair-skinned populations 

(9). This rise in melanoma incidence has been particularly rapid in Australia, where it is a 

significant health issue, and despite prevention campaigns being implemented, the incidence 

rates are the highest in the world. 

 The areas with the highest incidence begin in the northern regions of Queensland and 

decrease moving south away from the equator to the southern coastal regions of Victoria. 

Indeed, melanoma is the fourth most frequent cancer in Australia, with more than 11,000 new 

cases diagnosed every year. Worryingly, Australian melanoma rates have doubled in the 20 

years from 1986-2006 and are still on the rise with an estimated 392 extra cases per year 

(Figure 1.1). Among young Australians aged 15-44 years old, melanoma is the most common 

cancer, making up 20% of all cancer cases and being responsible for 8% of all cancer deaths. 

In 15-29 year-olds, melanoma kills more young Australians than any other cancer (Table 1.1). 

Overall as many as 1 in 19 Australians will be diagnosed with melanoma before age 85 (4, 5, 9-

11). On the basis of these statistics, research into better ways to treat melanoma once it has 

formed and spread remains a high priority for Australian biomedical research.  
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Figure 1.1 – Melanoma incidence a nd mortality rates in Australia  –Melanoma incidence and 

mortality from 1982 to 2007. The rates were age-standardised to the Australian population as at 

30 June 2001 and are expressed per 100,000 population (top panel). Melanoma incidence and 

mortality by age at diagnosis. The rates shown are age-specific rates (bottom panel).  Adapted 

from “Cancer in Australia: an overview, 2010” (5).  
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Source: AIHW Australian Cancer Database 2007. 

Table 1.1– Incidence of the 10 most common cancers in young Australians (15-29 year-
olds), 2003-2007.  Adapted from “Cancer in adolescents and young adults in Australia.” (4).  
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1.1.2 Etiology and Risk Factors 

Melanoma arises from the malignant transformation of melanocytes, which are cells 

located mainly in the basal layer of the epidermis. However, it can also be found in the eyes and 

other epithelial surfaces. In the skin, melanocytes are normally long-lived, nonproliferative cells 

and they are responsible for the production and distribution of melanin to the neighbouring 

keratinocytes. This distribution is achieved through specialized organelles called melanosomes, 

where the melanin synthesis occurs. It is widely accepted that lesions in melanocytes lead to 

melanoma, with the majority occurring in the skin (cutaneous melanoma), and less commonly in 

the eye (uveal melanoma) and internal mucosal membranes (mucous membrane melanoma) 

(12). There are a number of risk factors in developing melanoma and include both genetic 

predisposition and environmental factors, with the combination of both influencing the onset of 

the disease. 

At the genetic level, approximately 5-10 % of all cutaneous melanomas occur in families 

with melanoma predisposition (13). In familial melanoma, a number of different genes have 

been associated with increased melanoma risk, with the most widely studied mutations 

involving the loci CDKN2A (cyclin-dependent kinase inhibitor 2A) and CDK4 (cyclin-dependent 

kinase 4) (12-14). The CDKN2A locus is particularly intriguing as it encodes two distinct tumour 

suppressor proteins that play essential regulatory roles in cell growth as well as apoptosis. The 

first is p16INK4A (cell-cycle inhibitor of kinase 4A) and the second is p14ARF (arising from an 

alternate reading frame) (15, 16). During cell cycle progression, p16INK4A inhibits cyclin-

dependent protein kinases (Cdks)-4 and -6. The p16/CDK complex further prevents 

phosphorylation of pRb, blocking the G1-S transition of the cell cycle. The alternative gene 

product p14ARF directly affects p53 expression by sequestration of the protein mdm2, which 

promotes p53 degradation (17). Thus, in the context of familial melanoma, the loss of p16INK4A 

leads to Rb hyperphosphorylation allowing the cells to go from G1 to S-phase and begin to 

proliferate, while the loss of p14ARF results in an indirect loss of p53 function and deregulation of 

cell cycling and DNA damage signalling (14, 16, 17). Mutations within the CDK4 locus have also 
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been implicated in melanoma risk, although affecting a smaller number of melanoma-prone 

families. Primarily, mutations in the CDK4 gene found in melanoma cells result in the expression 

of a protein resistant to inhibitory regulation by p16INK4A. Because the two proteins directly 

interact, carriers of CDK4 mutations share a similar phenotype to those affected by loss of the 

CDKN2A locus (14, 18, 19). 

In addition to genetic factors, environmental factors also play an important role in 

melanoma risk. The most important environmental risk factor for melanoma is ultraviolet 

radiation (UVR) exposure, from the sun or artificial tanning beds. UVR is believed to promote 

malignant changes in the skin by direct mutagenic effects on DNA, by stimulating the cells to 

produce growth factors, by reducing cutaneous immune defences and by promoting reactive 

oxygen species (20, 21). It is also important to consider the genetic-environmental interaction in 

melanoma etiology. For example, sensitivity to UVR is associated with polymorphisms in 

particular genes that affect both the defensive response of the skin and the risk of melanoma. 

Therefore, the synergism between two or more possible etiologic factors may contribute as a 

cause to melanoma development (20, 22).   
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1.1.3 Pathology of Melanocytic Tumours 

The malignant transformation of melanocytes is characterised by progressive 

histological changes that are outlined in Figure 1.2. Five distinct stages have been proposed in 

the evolution of melanoma on the basis of location and stage of progression: [1] common 

acquired and congenital naevi without dysplastic changes; [2] dysplastic naevi with structural 

and architectural atypia; [3] radial-growth phase (RGP) melanoma; [4] vertical-growth phase 

(VGP) melanoma; and [5] metastatic melanoma (23).  

Even though in most cases of malignant melanoma there is no evidence of a precursor 

naevus, it is generally believed that the onset of malignant transformation is preceded by 

different degrees of dysplasia arising within a benign melanocytic lesion. Although it is normally 

considered a precursor to melanoma, a benign naevus rarely progresses to cancer, probably 

due to oncogene-induced cell senescence (24). The dysplastic naevus is considered a pre-

malignant lesion, which can still regress but the probability to become malignant is increased.  

Both benign and dysplastic naevi are characterised by disruption of the epidermal melanin unit, 

leading to increased numbers of melanocytes in relation to keratinocytes. These precursor 

lesions may progress to in situ melanoma, which grow laterally and remain largely confined to 

the epidermis, and this stage is defined as the radial-growth phase (RGP). In this phase, lesions 

tend to be oval or circular and have no ability to metastasise. As mentioned above, the primary 

tumour may also arise from melanocytes that do not pass through the naevus stage, a fact that 

can confound strategies aimed at early diagnosis.  

Independent of the origin of the melanoma, the next critical phase is vertical growth 

phase (VGP), where melanoma acquires competence for metastasis. The VGP is characterised 

by the vertical growth of a new population of cells within the melanoma, perpendicularly to the 

directional growth of RGP, and cells may invade the dermis and form expansive nodules. In the 

latter phase of progression, metastatic melanoma dissociates from primary tumour, and grows 

at distant sites. It may lodge into regional lymph nodes and spread by the bloodstream to further 

areas such as the lung, brain or liver (7, 22-25).  
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Figure 1.2 – Melanoma progression model showing the five  stages of melanoma 

progression.  Benign lesions originate within normal skin and include common acquired or 

congenital naevi [1] and dysplastic naevi [2]. Both are considered to be precursors of 

melanoma and can further progress to in situ melanoma, which grows laterally and remain 

largely confined to the epidermis. This stage is known as radial-growth phase (RGP) melanoma 

[3]. The next stage, vertical growth phase (VGP) [4], is characterised by the vertical growth of a 

new population of cells within the melanoma, which may invade the dermis and form expansive 

nodules. In the latter phase of progression metastatic melanoma [5] dissociates from the

primary tumour, and colonises distant sites (Adapted from Chin, 2003 (7)). 



 

9 

1.1.4 Staging and Prognosis 

Metastatic melanoma has a well-known predilection for distant spread and patients with 

advanced disease have a median survival time of 6 to 9 months (26). The prognosis depends 

mainly on two factors: the thickness of the primary tumour and the presence or absence of 

metastasis to regional lymph nodes. However, other prognostic factors are very important, 

including tumour ulceration, mitotic rate and presence of regression, as well as sex and age of 

the patient and tumour site (27). In advanced regional disease, melanoma commonly 

metastasises to other skin regions, soft tissues, the lung, the liver, and the brain. The brain is 

the most common site of metastases and is associated with poorer prognosis compared with 

other visceral sites (28). Lungs are the second most common sites of metastatic disease, after 

lymph node involvement (29). In patients who have visceral metastatic disease, the liver is the 

most common site involved (30).  

The melanoma staging system is based on the tumour-node-metastasis (TNM) staging 

criteria described by the American Joint Committee on Cancer (AJCC) Melanoma Staging and 

Classification, which was recently revised in 2009. The TNM staging categories consider 

histopathologic factors such as primary tumour thickness, ulceration status, and rate of mitosis. 

In addition, the number of metastatic nodes and presence of metastases are also important (31, 

32). The classification scheme detailing the different stages is shown in Table 1.2.  
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Table 1.2 – TNM Staging Categories for Cutaneous Melanoma (reproduced from Balch et al., 2009 (31)). 
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1.1.5 Treatment 

At the time of diagnosis, most patients with melanoma have disease that is confined to 

the primary site on the skin, and surgical excision of primary melanoma normally results in a 

complete cure. For patients with thick melanoma (>2mm), surgery is followed by adjuvant 

therapy or clinical trial enrolment.  The only effective adjuvant treatment is Interferon-α (INF-α), 

a cytokine that has been shown to have anti-angiogenic activity in metastatic melanoma. 

However, because of the limited benefit upon disease-free survival and the smaller potential 

improvement of overall survival, the indication for INF-α treatment remains controversial (33).  

The malignancy of melanoma is in part due to its ability to give rise to metastasis in 

virtually every tissue, with distant metastases commonly causing death. Once a melanoma has 

spread beyond the skin and regional lymph nodes, it is largely incurable by currently available 

chemotherapeutic and other agents. Among patients with metastatic melanoma, only ~10% 

survive >5 years from diagnosis (31). The most widely used single chemotherapeutic agent for 

the treatment of metastatic melanoma is dacarbazine, which is an alkylating agent that 

methylates nucleic acids and inhibits DNA, RNA, and protein synthesis. Unfortunately, most 

responses to this agent and its oral analogue temozolomide are transient; only 1%-2% of 

patients achieve a durable long-term response to chemotherapy (33).  

Another option for patients with metastatic melanoma is immunotherapy. Interleukin 2 

(IL-2) is an immunotherapeutic agent that was approved by the US Food and Drug 

Administration (FDA) for the treatment of metastatic melanoma. However the overall response 

rate for IL-2 is low (16%) and systemic toxicity is high, restricting this treatment to highly specific 

patients and institutions (12). In 2011, the FDA approved ipilimumab for the treatment of 

advanced-stage melanoma. Ipilimumab is a monoclonal antibody against cytotoxic T-

lymphocyte-associated antigen 4 that incites a T-cell-mediated response against the tumour. In 

clinical trials, ipilimumab was found to improve patient survival by 4 months in patients with 

advanced-stage melanoma (12).  
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Radiotherapy is used as a treatment in 90% of all cancer patients but plays a limited 

role in the treatment of melanoma because it is radioresistant compared to other cancers. 

Indeed radiotherapy responses rates are dose dependent and because very high doses of 

radiation are needed to eradicate melanocytic tumours, radiotherapy is less optimal as primary 

treatment of melanoma because of its associated adverse effects. However, radiotherapy has 

been used as an adjuvant therapy when adequate surgical margins cannot be achieved, such 

as with lesions on the head and neck (34). 

Overall, melanoma is highly curable when diagnosed in the early stages but there is 

currently no effective treatment once it becomes metastatic. Since conventional treatments 

often fail, novel strategies are needed and the knowledge of signal transduction pathways may 

provide novel targets for melanoma therapeutics (6, 35-37). 

1.2 Signalling Networks in Melanoma 

1.2.1 BRAF and MAPK/ERK signalling pathway 

During the transformation into aggressive melanomas, melanocytes undergo extensive 

genetic changes. These changes deregulate genes whose aberrant activity promotes the 

development of this disease. Familial melanoma is associated with highly penetrant germline 

mutations and represents approximately 10% of new cases. As mentioned above, germline 

mutations of CDKN2A were identified in 25-50% of familial melanoma kindreds (6). In addition 

to germline mutations, somatic CDKN2A alterations have also been reported in up to 30-70% of 

sporadic melanomas (6, 38).  

In sporadic melanoma, the gene most commonly known to be mutated is BRAF, a 

serine-threonine kinase that plays a central role in regulating mitogen activated protein kinase 

(MAPK) signalling (Figure 1.3). Activating mutations of the MAPK pathway enable cancer cells 

to become self-sufficient in growth signals, one of the hallmarks of cancer (39). Several studies 
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have shown that BRAF is mutated in 50-70% of melanoma, from primary to metastatic stages 

(Figure 1.4) (40-42). Mutations in BRAF have also been reported in benign naevi, but in these 

cells it appears to cause cell senescence, preventing hyperplasic melanocytes to progress to 

melanoma by increasing the expression of p16INK4A. This oncogene-induced senescence has 

been suggested to be a protective physiological process. Because BRAF mutation induces 

senescence in benign naevi and uncontrolled proliferation in melanoma, it was hypothesised 

that mutation of BRAF alone is unable to cause the malignant transformation of melanocytes. 

Hence, a second oncogenic lesion would be needed to inactivate the BRAF-senescence 

pathway, and this may be by mutations in p16INK4A itself or mutations in other genes residing in 

the same signal transduction pathway (22, 40, 43, 44). 

BRAF mutation results in abnormal activation of ERK (extracellular-signal regulated 

kinase) pathways, known to be an early event in melanoma progression, and to be involved in a 

variety of cellular processes such as proliferation, migration and survival (45, 46). Normal ERK 

signalling plays a critical role in signal transduction from the cell surface to the nucleus. 

Extracellular signals interact with their respective receptor tyrosine kinase leading to the 

activation of the ras-family GTPases followed by a series of specific phosphorylations of RAF, 

MEK and ERK proteins. Once activated, ERK phosphorylates a wide range of nuclear and 

cytoplasmic targets, including a variety of transcription factors which lead to a variety of cellular 

responses from proliferation to differentiation and also senescence and cell death. The cellular 

response depends upon multiple inputs including the intensity and duration of the signal, what 

other pathways are active in the cell, and on additional intrinsic and extrinsic cell factors that 

enable this pathway to participate in such apparently contradictory cellular outcomes (47-49) 

(Figure 1.4). What is clear is that hyperactivation of ERK pathway is present in virtually all 

melanomas, normally as a consequence of mutations in BRAF or other upstream proteins.  

Since the initial discovery of the subset of melanoma patients harbouring BRAF 

mutations, the development of therapeutic interventions to inhibit the function of this protein is 
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revolutionising the standard of care for patients with BRAF mutation-bearing tumours. Although 

over 50 different mutations have been identified in BRAF gene, more than 90% of the mutations 

occur at codon 600 in exon 15, which results in an amino acid change from valine to glutamic 

acid (BRAFV600E), and increases its catalytic activity by a factor of 500 (50-52).  The first 

therapeutic approach to block this protein was the use of multikinase inhibitor sorafenib, as a 

monotherapy agent (53) or combined with traditional agents like dacarbazine (54), 

temozolomide (55), carboplatin plus paclitaxel (56) and temsirolimus (57). However all these 

trials failed to significantly increase patient survival.   

Since these trials, other inhibitors of mutant BRAF have been developed which are 

more potent and selective than sorafenib (50-52, 58).  The first selective BRAF inhibitor to be 

developed in the clinical setting was vemurafenib (PLX4032). Vemurafenib is an orally available 

inhibitor with an approximately 30-fold selectivity for BRAFV600E compared with wild-type BRAF 

(59). It produced major responses in phase I and II testing and showed an overall survival 

advantage as single agent against dacarbazine in a recent phase III trial (60). In addition to 

vemurafenib, several other BRAF inhibitors are also in clinical development. GSK21118436 is a 

second higher potency BRAF inhibitor with a >100-fold selectivity for cell lines that harbour 

BRAFV600E mutation. It is currently being evaluated and showing promising responses in clinical 

trials (50, 51). However, for most patients, the clinical benefit of receiving vemurafenib as a 

single agent is limited and it appears that the great majority of patients treated eventually exhibit 

disease progression due to acquired resistance to treatment. The mechanisms related to 

resistance to BRAF inhibition are under intensive research and at least four mechanisms of 

resistance have been described to date. These include upstream mutation of NRAS, activation 

of membrane bound receptor tyrosine kinases (61), with subsequent signalling through other 

growth pathways, overexpression of the Ser/Thr MAPK kinase kinase (MAP3K), COT, which 

activates ERK through MEK-dependent mechanisms that do not require RAF signalling (62), 

and downstream mutation of MEK (63). In an attempt to overcome these resistance 

mechanisms, novel combination regimens are currently being evaluated in clinical trials. 
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Figure 1.3 – Schematic representation of the activation of MAPK/ERK signalling pathway 

in mammalian cells.  A simplified MAPK signalling module is illustrated here with the RAS-RAF-

MEK-ERK pathway. Extracellular stimuli lead to activation of ERK pathway via consecutive 

phosphorylations initiated by RAS (HRAS, NRAS and KRAS) which phosphorylates the MKKK 

RAF (ARAF, BRAF and CRAF). RAF, in turn, phosphorylates MEK (MEK1 and MEK2), which 

then phosphorylates ERK MAPK (ERK1 and ERK2) leading to activation of transcription factors 

and regulation of several cellular processes (Modified from Chin 2003 (7)). 
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1.2.2  PTEN and the Akt signalling pathway 

Another frequent genetic alteration in melanoma and other cancers is the loss or 

inactivation of PTEN (phosphatase and tensin homolog), which is well known by its role as a 

tumour suppressor (64, 65). The PTEN gene encodes a phosphatase whose primary function is 

to degrade the products of PI3K by dephosphorylating PIP3 (66). Loss of functional PTEN from 

tumour cells causes accumulation of PIP3, which is a critical second messenger lipid, and in 

turn this increases Akt phosphorylation and activity (67, 68). Because PTEN functions as an 

antagonist of PI3K-mediated signalling, a consequence of PTEN loss is constitutive activation of 

the Akt pathway in melanoma (69).  

Akt plays a critical role in normal cells, controlling several cellular processes, including 

inhibition of apoptosis, cell survival and cell cycle regulation (Figure 1.4). Akt has been 

postulated to phosphorylate over 9,000 proteins and several studies have shown that Akt 

activates the transcription of a wide range of genes, especially those involved in immune 

activation, cell proliferation, apoptosis and cell survival (70, 71). 

The Akt kinase family consists of three protein kinases Akt1, Akt2 and Akt3. Akt 

isoforms share >80% amino acid homology and their activity is regulated through similar 

mechanisms, but activity of a particular isoform is cell type dependent (70, 72). Although all 

three isoforms are expressed in melanoma, Akt3 is the predominantly active isoform. Increased 

Akt3 expression/activity occurs in 60–70% of sporadic melanomas demonstrating a key role in 

melanoma development (69, 73). It is unknown why Akt3 and not the other isoforms are 

activated in melanomas, however, it is known that loss of functional PTEN preferentially 

regulates Akt3 activity in this malignancy (73). 

Akt3 has been shown to act as a pro-survival kinase in melanoma (73).  Activated Akt3 

has several different important enzymatic substrates including Mdm2, procaspase 9, NF-kB, 

mammalian target of rapamycin (mTOR), and p27Kip1, many of which contribute to tumour 
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proliferation and survival (Figure 1.4) (6). Decreased sensitivity to apoptosis makes melanoma 

cells less sensitive to chemotherapeutic agents functioning through this mechanism (74). 

It has been shown that mutations in BRAF and loss of PTEN may interact to induce 

melanoma malignancy (75). Mutation in BRAF alone is not able to induce melanoma 

development in mice, but when BRAF mutation is combined with gene silencing of PTEN, it 

causes melanoma development with 100% penetrance, being able to metastasise into lungs 

and lymph nodes (75). These data are consistent with the fact that BRAF mutation often 

happens together with the loss of PTEN in human melanoma and this could be the second 

mutation necessary to overcome BRAF-induced senescence (44).  

 

1.2.3 NRAS mutations 

Constitutive activation of ERK and Akt pathways can also be achieved by mutations in 

NRAS, present in 15-30% of melanoma cases (42, 76). As both pathways are included in the 

NRAS signalling network (Figure 1.4), additional mutations in downstream targets would be 

redundant. Indeed, mutations in NRAS are almost invariably mutually exclusive with alterations 

in other genes, such as PTEN and BRAF (77). As such, in spite of the high frequency of 

mutated BRAF or NRAS in human melanoma, simultaneous presence of BRAF and NRAS 

mutations in the same tumour are rare (78). Previous studies of melanoma cell lines show that 

cell lines that harbor BRAF mutations do not have NRAS mutations (41, 79), and in the few 

exceptional cases in which a BRAF mutation was found together with a transforming NRAS 

mutation, the BRAF mutation did not include the V600E change (80). More recently, Ellerhorst 

et al. (81) examined a series of 223 primary human cutaneous melanomas for alterations in the 

same genes. The results showed that 109 patients (48.9%) had BRAF mutations, 31 patients 

(13.9%) had mutated NRAS, and only 3 patients (1.3%) showed a double mutation (81). 

Although complete reciprocity is not universal, these findings suggest that activation is required 
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at only one point in the RAS/RAF/MAPK pathway to activate the downstream targets and initiate 

cell proliferation and/or tumourigenesis (40, 82). Although in rare cases NRAS and BRAF 

activating mutations can co-exist in the same melanoma, they are mutually exclusive at the 

single-cell level, suggesting that such neoplastic cells may either lack a survival advantage, or 

may even be selected against during tumourigenesis (83). 

 Interestingly, as is true for NRAS and BRAF, studies on cell lines have shown 

that PTEN loss is also reciprocal in at least a subset of melanoma cell lines (79). Analysis of 

primary melanoma tumours by Goel et al., 2006 (84) revealed that 13 out of 69 tumours showed 

PTEN reduction or absence but none of those had mutated NRAS. None of the 10 tumours with 

NRAS mutations had reduced expression of PTEN, strongly suggesting that in most cases, 

mutations in NRAS and PTEN are also mutually exclusive (84).  
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Figure 1.4 – Altered signalling pathways in melanoma . Representative diagram showing 

the major molecular pathways involved in melanoma tumorigenesis, survival and senescence. 

NRAS pathway, in green, includes ERK and Akt pathways and is involved in melanoma 

proliferation, survival and progression. The CDKN2A locus encodes for tumour suppressors 

which are thought to contribute to senescence. The p53/Bcl-2 pathway regulates melanoma 

apoptosis and is modulated by many of the known oncogenic pathways (Adapted from Hocker 

et al., 2008 (6)). 
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1.2.4  Autocrine signalling  

Both ERK and Akt signalling cascades have a central role in melanoma development 

and they are believed to contribute to the inherent chemotherapeutic resistance of melanoma 

cells. The ideal therapeutic agent should therefore target both pathways in order to be an 

effective treatment for melanoma patients in advanced stages (49, 69, 85). Although BRAF 

inhibition is showing promise in melanoma treatment, these advances are only available to 

around 60% of the patients, that is, those who have the BRAF mutation, and to date, responses 

have been transitory in these patients. For those not presenting this mutation, finding other 

targets is urgent (52). While in some cases activation of ERK and Akt pathways can clearly be 

associated with gene mutations in components of these pathways, melanoma cells with non-

mutated NRAS and BRAF can also exhibit hyperactivation. Since these tumours without 

obvious mutant genotypes are neither rare nor have improved treatment outcomes for patients, 

they must be considered in the overall approach to address melanoma.  

One area that deserves further research efforts involves the autocrine production of 

growth factors that serve to drive ERK and Akt activation in melanoma (86, 87).  Unlike normal 

melanocytes, melanoma cells usually use autocrine mechanisms to control their proliferation, 

survival and migration, becoming autonomous. Indeed, one of the early characteristics of the 

melanocytes transformation is the production and secretion of growth factors, creating autocrine 

stimulatory loops (88). In this context, one potentially attractive target is the macrophage 

migration inhibition factor (MIF), since MIF binding activates both the MAPK/ERK and the 

PI3K/Akt pathways. 
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1.3 MIF 

Macrophage migration inhibitory factor (MIF) was first reported in 1966 for its ability to 

inhibit random migration of macrophages and to recruit them at inflammatory sites (89). 

Although it was the first cytokine discovered, it is atypical of the conventional classes of 

cytokines, since functions for MIF extend to include roles as both hormone and enzyme (90, 

91). Besides its well-studied role in inflammation and immunity, MIF has recently been shown to 

play a role in cell proliferation and it is suggested to be involved in the development and 

progression of cancer, acting as an extracellular, pro-tumourigenic factor (92-94). Over the past 

few years, the role of MIF in a variety of tumours has been examined (95, 96). MIF influences 

tumour growth and development in several ways, including induction of angiogenesis (97, 98), 

promotion of cell cycle progression (99, 100), inhibition of apoptosis (101) and inhibition of the 

lysing of tumour cells by natural killer (NK) cells (100, 102).  

MIF expression was found to be upregulated in a variety of different tumour cells and 

the work of several groups points to a correlation between MIF expression and cancer 

prognosis (92, 103, 104). Targeting of MIF signalling in tumours producing autocrine MIF is 

already showing promise in prostate, breast, bladder and pancreatic cancers (105-108). For 

example, Meyer-Siegler and collaborators (106) showed that treatment of human bladder 

cancer cells with anti-MIF antibody or MIF anti-sense RNA reduced proliferation and decreased 

secretion of a wide range of inflammatory cytokines, including TNF-α and IL-1β, suggesting that 

neutralising MIF may serve as a therapeutic treatment for bladder carcinoma (106). More 

recently, the same group also demonstrated that inhibition of MIF or its receptor CD74 

decreased proliferation, MIF secretion and invasion of aggressive prostate cancer cells (DU-

145). Thus, blocking MIF or its receptor (CD74) may also provide new targeted therapies for 

prostate cancer (105).  
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1.3.1 MIF in Melanoma 

In the context of melanoma, a small number of studies suggest that MIF is widely 

expressed and may function as a growth factor that stimulates growth and invasion. Shimizu et 

al. (1999)  showed that human melanoma cell lines have a higher degree of MIF expression 

than normal melanocytes. They also showed that inhibition of MIF expression in one melanoma 

cell line (G361) resulted in inhibition of proliferation, migration and tumour-induced angiogenesis 

(98). MIF production was also shown in human uveal melanoma cell lines, in which MIF 

prevents lysis by NK cells (109). In a study of differentially expressed genes in models of 

melanoma progression, MIF was one of the transcripts identified as being associated with 

increased aggressiveness (110). Another work by Culp et al. (2007) demonstrated that MIF 

inhibition in a mouse melanoma cell line (B16-F10) significantly delayed tumour establishment 

when injected into mice (111).  

MIF expression has not been extensively studied in melanocytic tumours in vivo.  In the 

largest reported study to date, Miracco et al. (112) evaluated the expression of MIF at both 

mRNA (55 cases) and protein levels (126 cases) in a range of cutaneous melanocytic tumours, 

including benign and atypical naevi, melanoma and melanoma metastases. These authors 

found that MIF transcript levels measured by qRT-PCR were significantly higher in all types of 

melanocytic lesions compared to skin margins, with the highest expression occurring in atypical 

naevi and malignant melanoma. MIF protein was highly expressed in all lesions, although 

limited to the cytoplasm in most benign naevi with nuclear MIF reported in addition to 

cytoplasmic protein in both atypical naevi and melanomas. Notably they found MIF protein 

expression was frequently heterogeneous, particularly in malignant tumours.  However, despite 

the evidence that MIF levels are variable and often increased in malignant disease (112), there 

have been no published articles investigating whether the expression levels of MIF has 

prognostic significance for outcomes in melanoma patients. 
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1.3.2 MIF signalling  

The pleiotropic actions of MIF can be achieved through its unique signalling properties, 

including activation of the ERK and Akt pathways and the regulation of Jab1, p53, SCF ubiquitin 

ligases and HIF-1 (113). How MIF can transduce these signals has only recently been revealed 

when the widely expressed Type II transmembrane protein CD74 was cloned and identified as 

the cell surface receptor for MIF (114). The CD74 cytoplasmic tail appears to lack intracellular 

signalling domains (115) and in 2006, CD44, the major cell surface receptor for hyaluronic acid, 

was identified as its co-receptor responsible for transducing MIF signals (2). More recently, the 

CXC chemokine receptors CXCR2 and CXCR4 were also identified as receptors for MIF (116).  

1.4 CD74 

CD74 was first identified as the invariant chain (Ii) of the major histocompatibility factor 

class II (MHCII) complex. In humans, the predominant subset of MHCII molecules is the human 

leucocyte antigen (HLA)-DR. Before its characterisation as a receptor for MIF, the main function 

of CD74 (Ii) was thought to be as a chaperone, stabilizing HLA-DR αβ-heterodimers and 

targeting HLA-DR molecules to endocytic compartments. Thus, CD74 influences multiple 

aspects in antigen presentation via MHC class II molecules (117).  More recently, CD74 

expression has been examined in cell types other than antigen presenting cells, such as 

epithelial cells (118). In addition, some reports suggest that CD74 might be expressed 

independently of class II MHC, indicating additional functions (119). 

The CD74 intracellular domain is only 46 amino acids long and has no homology with 

tyrosine or serine/threonine kinases, or interaction domains for nonreceptor kinases or 

nucleotide binding proteins (115). Nevertheless, the intracytoplasmic tail may be 

phosphorylated (120), and there is work suggesting a pathway for the intramembranous 

proteolytic release of the cytosolic domain (121). As introduced above, another additional cell 

surface molecule, CD44, was shown to be associated with CD74 forming a receptor complex (2, 
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122). While CD74 is sufficient for MIF binding to the cell surface, CD44 association was found 

to be the means whereby this complex can achieve intracellular signalling (2).  

The discovery that CD74 functions as a high-affinity receptor for MIF indicated an 

entirely new role for this molecule in signal transduction pathways (114). Indeed, it has been 

demonstrated that MIF-CD74 can induce a signalling pathway that leads to activation of NF-kB 

and increases DNA synthesis and cell entry in S phase, as well as Bcl-XL expression, 

suggesting a role for CD74 in survival (115). Several authors have shown that the ability of 

MIF/CD74 to activate ERK and Akt signalling pathways can induce proliferation and inhibit 

apoptosis (2, 105, 107, 114, 123, 124).  

CD44 is a cell surface transmembrane protein but during its life cycle it remains on the 

cell surface for a very short time, since it is rapidly internalised and replenished by newly 

synthesised CD74 molecules (125, 126). The rapid internalisation of CD74, together with other 

factors like its expression by a range of cancer cell lines and its restricted expression by normal 

tissues, makes CD74 a potential target for cancer therapies.  Indeed, CD74 expression is linked 

with several forms of cancers and it has been correlated with poor prognosis (105, 123, 127-

133).  Although there are few reports on CD74 expression in melanoma, surface CD74 has 

been identified in primary melanoma, but not in benign melanocytes (134, 135). The specific 

role of surface CD74 in melanoma remains to be elucidated.  
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1.5 CD44 

CD44 is a transmembrane cell adhesion molecule that acts as the major cell surface 

receptor for hyaluronic acid (HA), a ubiquitous component of the extracellular matrix (136). The 

ability to bind hyaluronan provides CD44 with a role in cell-cell and cell-substrate interaction, 

and this interaction appears to have a role in different physiological and pathophysiological cell 

processes, including migration and metastasis (137-139). 

The role of CD44 in a variety of cell functions may be attributed to its complex structure 

(Figure 1.5). Even though it is a product of a single gene, it appears to have extensive size 

heterogeneity, ranging from the standard form (sCD44; 85-95kDa) to the larger variants 

(vCD44; up to 200kDa). The observed size variation can be partially due to differential 

glycosylation, since all the CD44 isoforms are highly glycosylated, but most of the variation in 

size is generated by alternative splicing of up to 12 exons, ten of which are present in the 

proximal extracellular region, and the other two in the cytoplasmic extension (140, 141). 

The HA binding ability is common to all CD44 isoforms, however, the structural 

differences that result from N- or O-glycosylations can significantly alter the ability to bind 

hyaluronan, as well as influence cell behaviour and motility (142, 143). In addition, the 

expression of certain variant isoforms has been associated with tumour progression and 

metastasis (138, 143, 144). There is ample evidence for the importance of CD44 expression in 

the progression of many tumour types (145), as well as for its expression on cancer-initiating 

cells (CICs; also known as cancer stem cells) (146, 147). 
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Figure 1.5 – CD44 Structure.  Graphic representative of CD44 molecule showing potential N-

and O-linked sugar residues and CS (chondroitin sulfate side chains) incorporated into the 

extracellular domain and serine phosphorylation sites in its intracellular domain (Modified from 

Martegani et al., 1999 (1)). 
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1.5.1 CD44 in cancer 

How CD44 promotes tumour growth and metastasis still remains poorly understood. 

Although roles for alternative splicing and variable glycosylation have been extensively 

investigated, the mechanism by which CD44 coordinates structural and signalling events to 

elicit complex cellular responses remains unclear. In melanoma, CD44 is widely expressed and 

it has been suggested to play a role in tumorigenicity and metastasis formation (148, 149). It 

appears that different variant isoforms have distinct expression patterns in melanocytes, naevi 

and primary and metastatic malignant melanoma, but the role of each isoform in melanoma 

progression needs further investigation (150, 151). 

 Work from our group and others has shown that CD44 can signal through proteins 

associated with its cytoplasmic tail that include members of the Src family of kinases (3, 143, 

152). Several known serine phosphorylation sites present within the cytoplasmic tail are likely to 

regulate these events (Figure 1.5). Indeed, upon cell activation, the phosphorylation state of 

CD44 undergoes complex changes. Two specific serine residues (Ser291 and Ser316) have 

been shown to regulate CD44-dependent chemotaxis in response to phorbol ester (153). 

Additionally CD44 is known to be cysteine palmitoylated on two known sites in its cytoplasmic 

tail, which has implications for targeting to lipid rafts and signalling (3). 

 Investigating a functional association between CD74 and CD44 was first prompted by 

the studies of Naujokas et al. (1993) in T-cell activation, prior to the identification of MIF as an 

extracellular ligand for CD74 (122). In 2006, Shi et al. identified CD44 as a co-receptor 

responsible for providing the signalling arm for the complex. They utilised COS-7/M6 cell lines 

engineered to stably express CD74 or CD44, their combination, or CD74 together with a 

truncated CD44 lacking its cytoplasmic signalling domain. Their results led to the conclusion 

that CD74 alone mediated MIF binding; however, MIF-induced signalling required the 

coexpression of full-length CD44. Furthermore, MIF binding was associated with the serine 

phosphorylation of CD74 and CD44. This work established CD44 as an integral member of the 
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CD74 receptor complex leading to MIF signal transduction (2) (Figure 1.6). In addition, the 

MIF/CD74/CD44 complex was shown by several authors to induce ERK phosphorylation via a 

Ras-Raf-MEK pathway and also Akt activation (downstream of Src and PI3K). Such activation 

has important consequences such as enhancing proliferation and preventing apoptosis (2, 107, 

154, 155). 

 

 
  

Figure 1.6 – Model of the MIF -CD74-CD44 signalling complex.  MIF binds to its receptor 

CD74 with activation of downstream pathways occurring through CD44. MIF can activate both 

the MAPK/ERK and the PI3K/Akt pathways in immunological systems but the details of MIF-

signalling are poorly defined in cancers (Modified from Shi et al., 2006 (2)). 
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1.5.2 The dual nuclear signalling roles of CD44 

In addition to the engagement of signalling molecules such as the Src-family kinase, 

understanding the signalling function of CD44 is further complicated by the occurrence of two 

discrete signalling mechanisms involving the translocation of CD44 to the cell nucleus. One 

involves proteolytic cleavage of the molecule prior to the translocation; the other involves the 

intact CD44 molecule.  

First, CD44 is known to undergo sequential proteolytic cleavages in the extracellular 

domain and intramembranous domains. This process results in the release of the soluble 

ectodomain of CD44 from the membrane-bound C-terminal fragment (CD44EXT), and the 

release of an intracellular domain (ICD) fragment (Figure 1.7) (156-158). The ectodomain 

cleavage of CD44 contributes to the regulation of cell attachment to and migration on HA 

matrices (156, 157). The proteolytic cleavage of CD44’s ectodomain has also been implicated in 

the malignancy of several tumours, including melanoma (159), with soluble CD44 levels in the 

serum correlating with tumour burden for non-Hodgkin's lymphoma, and gastric and colon 

carcinoma (160-162).  

The cleavage of CD44 is regulated by a number of extrinsic and intrinsic mechanisms 

including extracellular Ca2+ influx, the activation of protein kinase C (PKC), and the activation of 

Rho family small GTPases, Rac and Ras oncoproteins (163, 164). Furthermore, the 

metalloproteinases ADAM10, ADAM17 and MMP14 have been implicated in the shedding of 

CD44 from various tumour cells. Specifically in melanoma, ADAM10 is thought to be the 

constitutive functional sheddase of CD44 (156, 165).  

After the extracellular cleavage and shedding of CD44 ectodomain, the protein further 

undergoes a regulated intramembrane proteolysis (RIP) by the presenilin–γ-secretase complex. 

Proteolysis by this enzyme complex is a mechanism common to many transmembrane 

receptors. The most well-known substrate for the complex is the amyloid protein precursor 
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(APP), which undergoes successive proteolysis and generates amyloid β-protein (Aβ) that 

characteristically deposits in the brain in Alzheimer disease (166). Similarly, CD44 

transmembrane cleavage by the presenilin–γ-secretase complex leads to the generation of a 

CD44 intracellular domain fragment (ICD) (3, 167). The ICD then translocates to the nucleus 

and promotes transcription of a number of genes mediated by the transcriptional co-activator 

CBP/p300. One of the target genes is CD44 itself, with the ICD increasing CD44 mRNA to 

provide a positive feedback mechanism for regulating CD44 expression (Figure 1.7) (156, 168). 

Furthermore, the CD44 ICD shows transforming activity, suggesting that CD44 shedding may 

not only affect metastasis, but also earlier events in tumourigenesis (168, 169). Thus 

translocation of the CD44 ICD can be viewed as an integral component of its signalling function.  

The second CD44 nuclear signalling pathway comes from two recent reports 

suggesting that the whole CD44 molecule can be internalized and translocated to the nucleus to 

regulate transcription (170, 171). In the first report, Lee et al., (2009) showed that full-length 

CD44 is internalised and translocated into the nucleus of colon (HT-29) and lung cancer 

(H1299) cell lines, where it forms a complex with STAT3 and p300, binds to the cyclin D1 

promoter and enhances cell proliferation (171). In the second report in 2010, Janiszewska et al. 

showed full-length CD44 localises to the nucleus of several cell types, including prostate 

carcinoma (PC3), fetal fibroblasts (MRC5) and mammary epithelial cells (MCF10A) and 

suggested that the full-length protein is imported from the cytoplasm to the nucleus by the 

transportin1 carrier (170).   
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Figure 1.7 – CD44 proteolytic cleavage. Extracellular region of CD44 is cleaved by ADAM10, 

ADAM17 and MMP14, which triggers the intramembranous cleavage by presenilin–γ-secretase. 

These sequential cleavages result in the release of the soluble ectodomain of CD44 and the 

release of an intracellular domain (ICD) fragment, which has been shown to be involved in 

nuclear signalling (Adapted from Thorne et al., 2004 (3)). 
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1.6 Chemokine receptors and MIF signalling 

Chemokines are the chemoattractant members of the cytokines, and their function is 

well known in inflammation, where they guide leucocytes to specific sites. Moreover, they have 

also been shown to be present on multiple cell types, including endothelial cells and tumour 

cells, and may affect proliferation and the promotion of angiogenesis. Indeed, specific 

chemokines and their receptors have been shown to play important roles in the metastatic 

process (172). 

MIF is not a member of the chemokine family, but it has been recognised as having 

chemokine-like properties and is classified as a chemokine-like function (CLF) chemokine (116, 

173). Similar to chemokines, MIF promotes directed migration and recruitment of leukocytes into 

infectious and inflammatory sites, and it is produced by a variety of cell types in addition to 

immune cells including endocrine, endothelial, and epithelial cells (96). Increasing evidence 

suggests that inflammation is closely associated with many types of cancer, with inflammatory 

pathways originally designed to defend against infection and injury, found to promote an 

environment favouring tumour growth and metastasis. MIF is therefore ideally placed in 

providing a direct link between the processes of inflammation and tumour growth (174). 

It was recently demonstrated that, in addition to binding to CD74, MIF can also bind with 

high affinity to CXCR4 and CXCR2 (116, 175). Of these two receptors, melanomas rarely 

express CXCR2, and therefore the remainder of this section will focus on CXCR4. CXCR4 is 

one of the most studied chemokine receptors due to its role as a co-receptor for HIV entry 

(176). It is a seven transmembrane domain, G-protein-coupled receptor expressed by a wide 

spectrum of cells. CXCR4 was shown to be involved in a variety of migratory, proliferative and 

survival signalling cascades, including ERK and Akt pathways (177). Among the chemokine 

receptors, CXCR4 is by far the most commonly overexpressed in human cancers, being present 
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in more than 23 human malignancies and it appears to be associated with tumour progression 

and metastatic spread (178-182).   

The MIF/CXCR4 axis has been shown to promote the atherogenic and inflammatory 

recruitment of leucocytes. The downstream signalling pathways activated by MIF/CXCR4 are 

largely unknown, but inhibitor studies implicate the Akt pathway in MIF-mediated monocyte 

chemotaxis and T cell activation (183). Receptor binding studies showed that MIF can 

individually bind to CD74 or CXCR4 with high affinity independent of whether the other receptor 

type was co-expressed; yet co-expression of CD74 with CXCR4 as it occurs on monocytes 

amplifies MIF-triggered responses (116). Schwartz et al. showed that CXCR4 and CD74 can 

form a complex under endogenous conditions in monocytes and T cells. This complex is 

responsive to MIF, as MIF-triggered CD74-dependent Akt activation in T cells was blocked by 

AMD3100, a small molecule inhibitor of CXCR4, as well as by CD74 and CXCR4 antibodies 

(183). Furthermore, the CD74/CXCR4 complex was recently shown to promote clathrin-

dependent endocytosis of MIF in HEK293 and HeLa cells, and the use of inhibitors to reduce 

endocytosis reduced MIF-stimulated Akt signalling, suggesting that MIF signalling is in part due 

to endosomal signalling mechanisms (184). 

The MIF/CXCR4 axis has also been described in cancer. The presence of an autocrine 

MIF-CXCR4 loop was described for the drug-resistant metastatic colon carcinoma cell line HT-

29 cells. HT-29 do not express either CXCR2 or CD74, and the autocrine MIF-CXCR4 loop was 

shown to enhance the invasive potential of cancer cells and promote cell proliferation (185). In 

addition to HT-29 cells, rhabdomyosarcoma (RMS) cell lines also highly express and secrete 

MIF, which enhances adhesion of these cells through CXCR4 and CXCR7. In RMS cells MIF 

induces phosphorylation of MAPK and Akt, stimulates cell adhesion, enhances tumour 

vascularization, but surprisingly decreases recruitment of cancer-associated fibroblasts (CAF). 

Interestingly, when MIF is downregulated in RMS cells that are then injected in vivo into 

immunodeficient mice, the formation of larger tumours that displayed higher stromal-cell support 
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was observed. This in vivo observation suggests that the autocrine/paracrine MIF-

CXCR4/CXCR7 axis plays an important pleiotropic role in RMS growth (179). 

In melanoma cells, several chemokine receptors have been described, including 

CXCR4. The levels of CXCR4 expression are higher in melanoma compared to normal 

melanocytes and work from different groups points to a role for this receptor in promoting 

melanoma metastasis (186, 187). Indeed, CXCR4 is widely expressed and active in human 

melanoma metastasis, where it was shown to promote ERK activation, cell migration and cell 

growth (188). CXCR4 expression on tumour cells was also correlated with poor prognosis in 

patients with malignant melanoma (189-191). To date, a direct link between MIF and CXCR4 

remains to be elucidated in melanoma.  
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1.7 Hypothesis and Aims 

Despite intensive research over many years, malignant melanoma remains refractory to 

conventional therapy. Once the tumour progresses beyond the primary stage which can be 

removed surgically the prognosis is extremely dire. More recent work has pointed to the 

importance of autocrine cytokine production, and also of the Akt signalling pathways being 

important factors in driving melanoma growth and dissemination. However to date, this 

knowledge has not been exploited towards novel therapies.  

Depending on the cellular context and stimulation status, MIF can bind to different 

receptor proteins and trigger several signalling pathways. MIF is known to bind to CD74 and it 

has also been identified as a non-cognate ligand of the chemokine receptor CXCR4. MIF 

signalling through CD74 requires the recruitment of a co-receptor, CD44, which provides the 

signalling arm to the complex. Furthermore, CD74 has also been shown to form active receptor 

complexes with CXCR4, but it is not known if CXCR4/CD74 complexes comprise CD44 or 

whether CD44 can be recruited to such complexes.  

CD44 is the major adhesion molecule expressed in most human cell types and 

implicated in a wide variety of physiological and pathological processes, including the regulation 

of tumour cell growth and metastasis. The broad spectrum of functions suggests that CD44 can 

transduce multiple intracellular signals; however, it remains unclear how CD44 acts as a signal 

transduction molecule. CD44 undergoes sequential proteolytic cleavage in the ectodomain and 

intramembranous domain, resulting in the release of the soluble ectodomain of CD44 and the 

release of an intracellular domain (ICD) fragment. The ICD can directly interact with the 

transcriptional machinery, resulting in the regulation of several genes, including CD44 itself. 

Although the intramembranous cleavage of CD44 has been well described and characterised, 

followed by translocation of the CD44 ICD to the nucleus, there is also evidence suggesting that 
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the whole CD44 molecule is internalized and translocated to the nucleus where it can 

participate in signalling. 

My overarching hypothesis is that autocrine MIF signalling plays an important role in 

melanoma growth, survival and metastasis; that this signalling is achieved through receptors 

complexes including CXCR4, CD74 and/or CD44, which are known to be present on the surface 

of a high proportion of human melanomas; furthermore these pathways present novel targets 

for the treatment of some cases of melanoma refractile to chemotherapy.  

The three specific aims of this project were to: 

- Define the expression of MIF and its known receptors (CD74, CD44 and CXCR4) in 

clinical samples of primary and metastatic melanoma and define any association  

with clinical outcome. 

- Characterise the expression of MIF and its receptors in a panel of human 

melanoma cell lines and identify the functional outcome of MIF signalling in vitro 

and downstream pathways involved in this process. 

- Investigate mechanisms of MIF signal transduction in melanoma, particularly the 

receptors employed in delivering the MIF signal.  
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2.1  Cell culture  

2.1.1 Cell lines and culture conditions 

The melanoma cell lines utilised throughout this thesis have been described in previous 

studies (192-198). MM200, Me1007, Me4405 and IgR3 were derived from primary melanomas; 

MelFH, MelCV and MelRMu were derived from lymph node metastases; MelRM was derived 

from a bowel metastasis. Melanoma cell lines with the prefix Mel were isolated from fresh 

surgical biopsies from patients attending the Sydney and Newcastle Melanoma Units, and 

kindly provided by Prof. XD Zhang (University of Newcastle) and Prof. Peter Hersey (University 

of Sydney) (192). The C32 (ATCC #CRL1585) and WM-115 (ATCC #CRL-1675) cell lines were 

derived from primary melanoma. MSM-M1 and MSM-M2 were isolated from a sub-cutaneous 

nodule and lymph nodes, respectively, of two patients with disseminated melanoma (ATCC 

#CRL9822 and #CRL9823, respectively) (193). LiBr was a secondary malignant melanoma cell 

line (198). MV3 was established from a fresh human melanoma metastasis (196). SK-Mel-110 

and SK-Mel-28 (ATCC #HTB-72) are two of a very extensive series of melanoma lines isolated 

by T. Takahashi and associates (197). MeWo was originally derived and established from a 

lymph node metastasis (ATCC #HTB-72) and 70W is a WGA (wheat germ agglutinin) mutant of 

MeWo, which was isolated by sequential, stepwise selection in increasing concentrations of 

WGA (195). LOX was established as a sub-cutaneous xenograft in nude mice from a lymph-

node metastasis (194). All melanoma cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM; Lonza) supplemented with 5% of heat-inactivated foetal bovine serum (FBS; 

Sigma-Aldrich) at 37oC in a humidified atmosphere of 5% CO2. 

Non-melanoma cell lines used were the human colorectal adenocarcinoma cell line HT-

29 (ATCC #HTB-38) and immortalised mammary epithelial cells MCF-10A (ATCC #CRL-

10317). The MCF-10A cell line was cultured in DMEM:F12 (Lonza) supplemented with 5% 

horse serum, 20ng/mL epidermal growth factor (Sigma), 0.5µg/mL hydrocortisone (Sigma), 
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100ng/mL cholera toxin (Sigma) and 10µg/mL insulin (Sigma). The HT-29 cell line was 

maintained in DMEM supplemented with 10% of FCS.  Both cell lines were similarly cultured at 

37oC in a humidified atmosphere of 5%CO2. For the experiments involving MCF10A cells grown 

as acini (Chapter 5), slides were supplied by Dr. Rick Thorne (University of Newcastle). 

2.1.2 Cryostorage of cells 

Cell lines designated for storage in liquid nitrogen for revival at a later date were gently 

harvested with trypsin (0.05%)/EDTA (200mg/L) and pelleted by centrifugation at 200 x g for 5 

minutes. Cells were resuspended in freezing media (10% dimethyl sulfoxide (DMSO) in FCS) at 

~1X106 cells/mL and aliquots taken into cryotubes before being cooled at -80oC for 2-4 hours 

and transferred to liquid nitrogen for storage.  

2.1.3 Revival of cells from liquid nitrogen storage 

When required, preserved cells were removed from liquid nitrogen and thawed quickly 

in a 37oC water bath. Cells were then added to 10mL of warm complete medium, mixed gently 

and pelleted by brief centrifugation at 200 x g. The supernatant was removed; the cells were 

resuspended in complete medium and grown as described in Section 2.1.1.  

2.1.4 Cell culture in hypoxic conditions 

When indicated, cells were grown under hypoxic conditions (0.1% O2; 5% CO2). An 

incubator insert chamber (BioSpherix, #C-274) was connected to a carbon dioxide and oxygen 

controller (PRO-OX C21, BioSpherix). The system uses compressed nitrogen and carbon 

dioxide injection and mixing to obtain oxygen levels of 0.1% and CO2 levels of 5%. Control cells 

growing under normoxia conditions were placed in the same incubator, outside the hypoxia 

chamber (21% O2, 5% CO2).  
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2.2 Immunohistochemistry 

Sections were prepared from archival paraffin tissue blocks from 40 different patients, 

consisting of 12 naevi, 13 primary melanoma and 15 metastatic melanoma samples. The 

sections were processed for antigen retrieval using the microwave method and citrate buffer 

(Sodium Citrate 0.05M in PBS, pH 6.0). Briefly, slides were placed into a jar and covered with 

citrate buffer. The jar was placed in a standard microwave at high power for 13 minutes until the 

solution started to boil and then kept at medium power for further 15 minutes. Sections were 

then allowed to cool for 10 minutes and washed with PBS for 5 minutes. Endogenous 

peroxidase was quenched by adding 0.3% hydrogen peroxide (H2O2) for 30 minutes. Next, 

sections were blocked with normal horse serum (15µL in 1mL of PBS; Vector; #PK6200) and 

incubated with anti-human MIF antibody (1:100 in PBS with 1% BSA; R&D Systems) for 30 

minutes followed by a 5 minutes wash with PBS and incubation with anti-mouse biotinylated 

secondary antibody (15µL in 1mL PBS with 1% BSA; Vector; #BA-2001) for 30 minutes. After 

another wash with PBS for 5 minutes, detection was performed by incubating sections with 

avidin-biotin complex (ABC) reagent (Vector; #PK6200) for 30 minutes, washing for 5 minutes in 

PBS and incubating with VIP substrate (purple colour; Vector; #SK4600) until desired stain 

intensity developed (2-15 minutes). Sections were then rinsed in tap water, counterstained with 

Methyl Green (DAKO), and mounted into glass slides (Livingstone).  

2.3 In Silico analysis of microarray datasets 

The normalised data files from publically available microarray gene expression datasets 

from NCBI’s gene expression omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) were 

used to determine the pattern and level of expression of genes of interest. To study MIF and 

MIF receptor expression during melanoma progression, the GEO dataset GSE4587 was used 

because it contained melanocytic lesions of different stages, from normal skin to metastatic 

melanoma. Samples were separated in two groups based on hierarchical clustering performed 
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previously (199). Group 1 was denominated “early-stage” and contained the normal skin, benign 

naevi and in situ melanoma samples. Group 2 was the “advanced-stage” since it contained the 

VGP melanoma, RGP melanoma and melanoma-positive lymph nodes (199). Relative transcript 

levels of MIF, CD74, CD44 and CXCR4 were extracted from the dataset and displayed in bar 

graphs (Chapter 3). Statistical analysis was based on Mann-Whitney test comparing gene 

expression in “early-stage” and “advanced-stage” samples. The software used for generating 

the box plots and statistical analysis was GraphPad Prism 4.  

To verify whether MIF and MIF receptor expression were prognostic in melanoma, 

microarray data with associated clinical outcomes was used. The main dataset used was 

GSE8401, consisting of samples from 31 patients with primary melanoma and 52 patients with 

metastatic melanoma and analysis were conducted on each classification group. The tumour 

biopsies were segregated into high and low expressors for each gene based on an upper 50% 

cut off of expression level and associated with the available survival data. The primary end point 

for the survival analyses was disease-specific survival, which was measured from the date of 

diagnosis to disease-specific death, or otherwise censored at the time of the last follow-up or at 

non-disease-related death. Time to disease-specific death was plotted as Kaplan-Meier survival 

curves followed by cox proportional hazards analyses. Two additional datasets, GSE22153 and 

GSE22154, containing only melanoma metastases were also used to complement the analysis. 

Survival analyses were carried on in collaboration with Dr. Tim Molloy (Garvan Institute 

Sydney).  

2.4 Whole cell protein extraction 

Culture media were removed from cells and discarded. The cells were washed with 

phosphate-buffered saline (PBS) by gently rocking the flask, and were released from the culture 

flask by the addition of Trypsin/EDTA and incubation at 37oC until cells were completely 

dissociated from the substratum. Trypsin was neutralised by the addition of complete medium. 
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The cell suspension was then collected and cells were counted using an automatic cell counter 

(ADAM-MC, Digital Biosciences) as described in Section 2.11. The cell suspension was then 

centrifuged at 200 x g for 5 minutes. The supernatant was discarded and the cell pellet was 

washed with ice cold PBS and collected by centrifugation at 200 x g for 5 minutes. Cell pellets 

were then resuspended in ice-cold NDE lysis buffer (1% Nonidet P-40, 0.4% sodium 

deoxycholate, 66mM EDTA, 10mM Tris-HCl, pH 7.4) supplemented with protease and 

phosphatase inhibitors (Complete protease inhibitor mixture and PhosSTOP, respectively; 

Roche Applied Science) at ~107 cells/mL, and kept on ice for 20 minutes to lyse. The lysate was 

then transferred to 1.5mL centrifuge tubes and centrifuged at 10,000 x g for 15 minutes at 4oC 

to pellet insoluble material. The supernatant was stored at -20oC for later analysis.  

2.5 BCA Protein Assay 

 As required, protein concentrations were determined using the colourimetric 

bicinchinonic acid (BCA) protein assay reagent (Pierce #23227) adapted to 96 well plates. This 

assay is compatible with detergents and can measure insoluble proteins. The unknown protein 

samples for concentration determination were usually diluted 1/10 with water. A 50µL aliquot of 

the diluted sample was then placed in triplicate into the wells of a transparent 96-well plate. To 

each sample volume, 200µL of the BCA reagent, which was prepared by mixing 50 parts of 

BCA reagent A with 1 part of BCA reagent B (1:50) was then added. The 96-well plate was then 

sealed with parafilm and incubated at 37oC for 30 minutes. The absorbance was then read at 

562nm using the SpectraMAX 250 spectrophotometer and the accompanying SOFTmaxTM 

software. Protein concentrations were determined by comparing to a BSA standard curve 

ranging from 0-1000 µg/mL and multiplying by the dilution factor used for the sample.  
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2.6 SDS-PAGE electrophoresis 

In general, protein samples were separated by SDS-PAGE using the standard Tris-

glycine system. Resolving gels were prepared using a 40% stock solution of acrylamide and 

bis-acrylamide at a ratio of 29:1 (BioRad #161-0146), which was mixed with 4X resolving gel 

buffer (1.5M Tris, pH 8.8 and 0.4% SDS), ammonium persulphate (APS) and N,N,N’,N’-

tetramethylethylenediamine (TEMED). The final solution (375mM Tris, pH 8.8, 0.1% SDS, 0.1% 

APS and 0.01% TEMED) was poured in the electrophoresis apparatus, gently covered with 

water and let to polymerize for ~30min at room temperature (RT). The final concentration of 

acrylamide was 10-15%, with resolving gels of higher acrylamide composition used to analyse 

proteins with lower molecular weight. Stacking gels were prepared using 40% acrylamide/bis-

acrylamide solution, 4X stacking gel buffer (0.5M Tris, pH 6.8 and 0.4% SDS), APS and 

TEMED. The final solution (125mM Tris, pH 6.8, 0.1% SDS, 0.1% APS and 0.01% TEMED) was 

poured on top of the polymerized resolving gel and an appropriate multi-well comb was placed 

in the solution before polymerization. Stacking gel was left to polymerize for at least 90min at 

RT.   

In preparation for electrophoresis separation, cell lysates were diluted in 6X Sample 

Buffer (final concentration 1.5% SDS and 10% glycerol, 62.5mM Tris-HCl, pH6.8, 0.0025% 

bromophenol blue and 0.5mM DTT) and heat denatured at 95oC for 5 minutes. A total of 30-

50µg of protein was loaded on the gels in Tris-Glycine running buffer (25mM Tris, 192mM 

glycine and 0.1% SDS, pH approx. 8.6.) with one well containing 7µL of PageRuler Prestained 

Protein Ladder (Fermentas) as a molecular weight marker. Gels were electrophoresed at 120V 

until the dye front reached the bottom of the gel (60-90min).  
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For MIF detection, precast Tris-tricine 16% gels (Invitrogen #EC66955) were used for 

better resolution or low molecular weight proteins. Samples were diluted in 2x Tris-tricine 

sample buffer (Invitrogen #LC1675) and run in Tris-tricine running buffer (Invitrogen #LC1676) 

according to manufacturer’s directions. 

2.7 Western Blot Analysis 

Proteins present within the polyacrylamide gels were transferred to nitrocellulose 

membranes (Amersham, #RPN303D) in cold transfer buffer (20mM Tris, 150nM Glycine, 10% 

methanol). Membranes were washed in TBST (50mM Tris,150mM NaCl, 0.05% Tween 20, pH 

7.6) and were blocked with blocking buffer (5% milk or 5% BSA in TBST) for at least 1 hour at 

room temperature. Membranes were then incubated with primary antibodies diluted in the 

blocking buffer at titred concentrations, as detailed in Table 2.1, at 4oC overnight. Primary 

antibodies used were: MIF (R&D #MAB289); CD74 (mAb clone FMC14 (200)); CD44 (mAb 

clone Hermes-3); CD44 ICD (TransGenic Inc., K0601); CXCR4 (Abcam #Ab2074); CXCR2 (BD 

PharmingenTM, #555932); pAkt and total Akt (Cell signalling technology, #9271 and #9272 

respectively); Cyclin D1 and CDK4 (Santa Cruz Biotechnology, INC, #sc-20044 and #sc-23896 

respectively); p27Kip1 (BD Transduction Laboratories™ #610242) and GAPDH (Santa Cruz #sc-

25778). After washing with TBST three times for 5 minutes, membranes were incubated with 

secondary antibodies diluted in blocking buffer (1/5000 dilution). Secondary antibodies used 

were horseradish peroxidise (HRP)-conjugated anti-mouse or anti-rabbit immunoglobulins 

(BioRad, #1706516 and #1706515 respectively). Detection was accomplished by incubation in 

luminol buffer (1.25mM 3-Aminophtalic acid hydrazide (luminol), 200µM (E)-3-(4-

hydroxyphenyl)-2-propenoic acid, 4-hydroxycinnamic (p-coumaric) acid, 0.009% (w/v) H2O2 in 

100mM Tris-HCl, pH 8.5) and bands were visualized using a cooled charge-coupled device 

camera system (Fuji-LAS-4000, Fujifilm Life Science Systems).  
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Table 2.1 – Antibodies and dilutions used for specific applications 

Specificity Source/Clone 
Dilution per application 

Western Blot 
Flow 

Cytometry 
Immunofluorescence 

MIF 
R&D 

#MAB289 
1/1000 N/A N/A 

CD74 
Clone FMC14 * 

(culture supernatant) 
1/100 1/2 N/A 

CD44 
Clone Hermes-3 * 

(2.15mg/mL) 
1/2000 N/A 1/430 

CD44 
Clone 3E8* 
(1.7mg/mL) 

N/A 1/170 1/340 

CD44 
Clone E1/2* 

(culture supernatant) 
N/A N/A 1/5 

CD44 V6 
Clone Bu52 
(Serotec) 

N/A N/A 1/200 

CD44 
Clone F10-44-2 

(SouthernBiotech) 
N/A N/A 1/200 

CD44 V6 
Clone 2F10 

(RD) 
N/A N/A 1/200 

CD44 
Clone 5F12 

(NeoMarkers) 
N/A N/A 1/50 

CD44 
Clone Bu52 

(Ancell) 
N/A N/A 1/100 

CD44 ICD 
TransGenic Inc. 

#K0601 
1/20 N/A N/A 

CXCR4 
Abcam 

#Ab2074 
N/A 1/100 N/A 

CXCR2 
BD PharmingenTM 

#555932 
N/A 1/50 N/A 

pAkt 
Cell Signalling, 

#9271 
1/200 N/A N/A 

Akt 
Cell Signalling, 

#9272 
1/1000 N/A N/A 

Cyclin D1 
Santa Cruz 
#sc-20044 

1/200 N/A N/A 

CDK4 
Santa Cruz 
#sc-23896 

1/200 N/A N/A 

P27Kip1 
BD 

#610242 
1/1000 N/A N/A 

GAPDH 
Santa Cruz 
#sc-25778 

1/5000 N/A N/A 

Cytochrome c 
Clone 6H2.B4 

BD Pharmingen 
N/A N/A 1/200 

N/A: Not Applicable. * In house antibodies 
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2.8 Quantification of Western blot using densitometry 

To quantitatively assess the different signals obtained in Western blot analysis, the 

intensity of the bands was quantified using the Multi Gauge software (Fujifilm). A window size 

was chosen to include one band for each measurement and the mean optical density (OD) 

obtained. The ratio was determined dividing the OD obtained for each protein immunoreactive 

band by the OD of a control band detected with the same sample. This was usually the 

housekeeping gene GAPDH, except for phosphorylated Akt (pAkt), for which the OD of the 

active phospho-protein was divided by the OD of total Akt, representing an index of Akt 

activation. The values obtained were then normalised against the respective control.  

2.9 Flow Cytometry 

Cell surface expression of CD44, CD74, CXCR4 and CXCR2 on melanoma cell lines 

was analysed by flow cytometry. Briefly, cells were harvested using trypsin/EDTA, pelleted by 

centrifugation at 200 x g for 5 min, washed with PBS, resuspended in 100µL primary antibody 

diluted in PBS with 0.1% BSA to the required concentration (Table 2.1) and incubated for 30 

min at room temperature. Cells were then washed with PBS, pelleted by centrifugation at 200 x 

g for 5 min and incubated with Alexa Fluor® 488 Goat anti-rabbit or anti-mouse secondary 

antibody diluted in PBS with 1% BSA (1/500; Invitrogen, #A31627 and #A11001 respectively) 

for 30 min at room temperature in the dark. After another wash with PBS, cells were 

resuspended in 300µL PBS for analysis on the FACS Calibur flow cytometer (BD Biosciences). 

Ten thousand cells were counted in each sample and data were analysed using the Cell Quest 

software package (BD Biosciences).  
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2.10 Small interfering RNA (siRNA) knockdown of gene expression 

Melanoma cells were seeded in 6-well plates at 1X105 cells per well and allowed to 

reach ~50% confluence before transfection. The siRNA sequences used are detailed on Table 

2.2. On the day of transfection, for each well to be transfected, 5µL of Lipofectamine RNAiMAX 

(Invitrogen, #13778) was added to 250µL of Opti-MEM® reduced serum media (Invitrogen, 

#31985-070) and mixed gently. In a separate tube, 7.5µL of stock siRNA (20µM) was added to 

250µL of Opti-MEM®. After 5 minutes, the siRNA and the lipofectamine RNAiMAX solutions 

were combined and incubated at room temperature for 20 minutes. After that, 500µL of the 

siRNA and lipofectamine complex was added to each well of a 6 well plate containing cells and 

2.5mL of media, giving a final concentration of 50nM siRNA. After 18 hours the media were 

replaced and cells were incubated at 37oC in a 5% CO2 incubator until the different assays were 

performed as indicated. The efficiency of protein knockdown by siRNA transfection was 

measured by Western blot analysis.  
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Table 2.2– Small interfering RNA sequences 

siRNA  Sequences  Source  

MIF 21 
5’-UGGUGUUUACGAUGAACAUTT-3’ Shanghai 

GenePharma Co. 5’-AUGUUCAUCGUAAACACCATT-3’ 

MIF 25 
5’-UUGGUGUUUACGAUGAACAUCGGCA–3’ Shanghai 

GenePharma Co. 5’-UGCCGAUGUUCAUCGUAAACACCAA-3’ 

MIF 36 
5’-AUAGUUGAUGUAGACCCUGUCCGGG-3’ Invitrogen life 

technologies 5’-CCCGGACAGGGUCUACAUCAACUAU-3’ 

MIF 37 
5’-UUCCAGCCCACAUUGGCCGCGUUCA-3’ Invitrogen life 

technologies 5’-UGAACGCGGCCAAUGUGGGCUGGAA-3’ 

MIF 38 
5’-UUGGUGUUUACGAUGAACAUCGGCA-3’ Invitrogen life 

technologies 5’-UGCCGAUGUUCAUCGUAAACACCAA-3’ 

CD44 #1 
5′-GUAUGACACAUAUUGCUUCTT-3′ 

Dharmacon 
5’-GAAGCAAUAUGUGUCAUACTT-3’ 

CD44 #2 
5’-CUGGACUUCCAGAAGAACATT-3’ Shanghai 

GenePharma Co. 5’-UGUUCUUCUGGAAGUCCAGTT-3’ 

CD74 #1 
5’-AAACUGACAGUCACCUCCCAGTT-3’ Shanghai 

GenePharma Co. 5’-CUGGGAGGUGACUGUCAGUUUTT-3’ 

CD74 #2 
5’-CAUGGGAUGAGGUACAGGGUTT-3’ Shanghai 

GenePharma Co. 5’-ACCCUGUACCUCAUCCCAUGTT-3’ 

CD74 #3 
5’-GCGACCUUAUCUCCAACAATT-3’ Shanghai 

GenePharma Co. 5’-UUGUUGGAGAUAAGGUCGCTT-3’ 

CD74 #4 
5’-CACCUUGGACAAGACAAATT-3’ Shanghai 

GenePharma Co. 5’-UUUGUCUUGUCCAAGGGUGTT-3’ 

CD74 #5 
5’-GGCCAUGGUUCACAUUAGATT-3’ Shanghai 

GenePharma Co. 5’-UCUAAUGUGAACCAUGGCCTT-3’ 

CXCR4 #1 
5’-CAGCUAACACAGAUGUAAATT-3’ Shanghai 

GenePharma Co. 5’-UUUACAUCUGUGUUAGCUGGA-3’ 

CXCR4 #2 
5’-GAGUCUGAGUCUUCAAGUUTT-3’ Shanghai 

GenePharma Co. 5’-AACUGAAGACUCAGACUCTT-3’ 

CXCR4 #3 
5’-GCAUGACGGACAAGUACAGTT-3’ Shanghai 

GenePharma Co. 5’-CUGUACUUGUCCGUCAUGTT-3’ 

NC 
5’–UUCUCCGAACGUGUCACGUTT–3’ Shanghai 

GenePharma Co. 5’-ACGUGACACGUUCGGAGAATT-3’ 
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2.11 Assessment of cell number and viability  

Cell number and viability were determined using an automatic cell counter (Digital Bio, 

ADAM-MC). For each analysis, a small sample of cell suspension was mixed with an equal 

volume of AccuStain Solution T or AccuStain Solution N (Digital Bio, ADR-1000) and pipetted 

on to a disposable plastic chip (Digital Bio, AD2K-200). The chip was loaded in the machine, 

and the cells that had been stained were recorded by a sensitive CCD camera. Both Solutions T 

and N contain the fluorescent dye propidium iodide (PI). In order to measure the total number of 

cells, Solution T contains a lysis solution to disrupt the plasma membranes of all cells because 

PI does not enter cells with intact cell membranes.  Solution N is composed of the fluorescent 

dye (PI) and PBS, so when the cells were treated with this solution only the non-viable cells 

were stained and detected. The viability and total cell number was automatically calculated in 

the Adam-MC software after each measurement of the total cells and the non-viable cells.  

2.12 Click-iT™ EdU flow cytometry assay 

The Click-It Assay was performed according to manufacturer’s instructions (Invitrogen, 

#C35002). Briefly, 3 days after transfection with siRNA, cells were incubated with 5-ethynyl-2'-

deoxyuridine (EdU; 10µM for 3 hours), a nucleoside analog to thymidine which is incorporated 

into DNA during active DNA synthesis. After 3 hours, cells were harvested with trypsin/EDTA, 

washed in 1% BSA in PBS, pelleted by centrifugation at 500 x g for 5 min and supernatant 

removed. Cells were then resuspended in 100µL of 1% BSA in PBS and transferred to suitable 

flow cytometer tubes (BD). Thereafter, 100µL of Click-iTTM fixative (Component D) was added to 

the flow tubes and mixed well to ensure a homogenous sample. The cells were incubated for 15 

min at room temperature protected from light. After that, cells were washed with 3mL of 1% BSA 

in PBS and the supernatant removed. At this stage cells could be stored at 4oC for up to one 

week. On the day of analysis, the pellet was dislodged and 100µL of the saponin-based 

permeabilization and wash buffer (Component E) was added to the cells and mixed well. After 
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washing with the same buffer (Component E), cells were incubated for 30 minutes at RT with 

the Click-iTTM reaction cocktail containing the reaction buffer, CuSO4, fluorescent dye azide and 

reaction buffer additive. Cells were then washed one more time and incubated with 

Ribonuclease A (Component L) and CellCycle 488-red (7-AAD, Component K) at RT for 30 

minutes for measuring DNA content and cell cycle distribution. EdU incorporation was detected 

using a FACS Calibur flow cytometer (BD Biosciences). Ten thousand cells were counted in 

each sample and the percentage of cells in S-phase was determined using the Cell Quest 

software (BD Biosciences).  

2.13 Soft Agar Colony Formation Assay 

The ability of cells to grow under anchorage-independent conditions was measured by a 

soft agar colony formation assay. To prepare the base agar layer, a 1.2% solution of sterile agar 

with low melt temperature (MetaPhor® Agarose) was melted in a microwave, cooled in a 42oC 

water bath, and mixed with equal volume of 2X DMEM containing 10% FCS to give a final 

concentration of 0.6% agar in 1X medium with 5% FCS. The DMEM/agar medium was then 

added to each well of a 6 well plate and allowed to set. For the top agar layer, 0.6% agar was 

melted, cooled in a 42oC water bath and mixed with equal volume of 2X DMEM 10% FCS to 

give a final concentration of 0.3% agar in 1x media with 5% FCS. The media with agar was kept 

at 42oC. Cells were harvested with trypsin/EDTA, counted using ADAM-MC cell counter (Digital 

Bio), and resuspended at an appropriate concentration (1X104 cells/mL) in the media containing 

0.3% agar. Then, 1mL of the cell suspension was carefully applied to the base agar layer on 

each well (1X104 cells per well). Plates were incubated at 37°C for 3–4 weeks until colonies 

were formed. Colonies were then stained with 0.005% Crystal Violet and the number of colonies 

was determined using Axiovert 200M microscope (Zeiss). The size (diameter) of each colony 

was measured using the AxioVision Software (Zeiss) using the length measurement tool.  
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2.14 Cell proliferation and viability measurements using MTS reduction 

The number of viable cells after MIF knockdown under hypoxia or normoxia was 

measured using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, 

#G3580), which is based on the reduction of the tetrazolium compound MTS. MTS is 

bioreduced by the cells mitochondria into a coloured formazan product that is soluble in tissue 

culture medium. The quantity of formazan product as measured by the absorbance at 490nm is 

directly proportional to the number of living cells in culture. The assay was performed according 

to manufacturer’s instructions. Briefly, cells were seeded into 96-well plates, treated as 

indicated, and then 20µL of the CellTiter 96® AQueous One Solution Reagent was added to 

each well containing the cells and 100µL of medium. Cells were incubated for 4 hours and the 

absorbance at 490nm was recorded using the SpectraMAX 250 spectrophotometer. The data 

obtained were plotted as a percentage of values obtained using control cultures.  

2.15 Sub-cellular fractionation techniques 

2.15.1 Detergent lysis method 

To prepare nuclear and cytoplasmic cell fractions using the detergent lysis method, cells 

were grown in 60mm petri dishes. Cells were washed with PBS to remove any remaining media, 

harvested using trypsin/EDTA and collected into a 15mL tube. The cells were then washed 

three times with 10mL PBS, with centrifugation at 500 x g for 5min at 4oC between each wash. 

After removing the supernatant, cell pellets were resuspended in 1mL PBS and transferred to 

1.5mL microcentrifuge tubes before further centrifugation at 1,500 x g for 3 min at 4oC. The 

supernatant was removed and pellets were resuspended in 1mL of 1x RSB (10mM Tris, pH 7.4, 

10mM NaCl, 3mM MgCl2). Cells were swollen on ice for 3 minutes and then centrifuged at 1,500 

x g for 3 minutes as above. The cell pellet volume was approximated, and 3 times this volume 

of RSBG40 lysis buffer (10mM Tris, pH 7.4, 10mM NaCl, 3mM MgCl2, 10% glycerol, 0.1% 

NP40) with 0.5mM DTT and 1x Protease inhibitors (Roche; PI) was added for resuspension. 
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Nuclei were pelleted at 5,000 x g for 3 minutes at 4oC and the supernatant containing the 

cytoplasmic protein fraction added to a new 1.5mL microcentrifuge tube. To collect the 

remaining cytoplasmic fraction, pellets were resuspended in RSBG40 buffer supplemented with 

0.5mM DTT, 1x PI and 1% v/v NP40 and incubated on ice for 5 minutes. Following incubation, 

cells were centrifuged at 5,000 x g and the supernatant then added to the tube containing the 

cytoplasmic fraction. The remaining cell nuclei were washed in 500µL RSBG40 with 

centrifugation at 10,000 x g for 5 minutes at 4oC to remove any contaminating cytoplasmic 

protein. To isolate the nuclear protein fraction, remaining cell pellets were resuspended in 50µL 

NDE lysis buffer containing 1% SDS and transferred to a new 1.5mL microcentrifuge tube. 

Pellets were sonicated three times for 5-10 seconds to remove any genomic contaminants and 

then both cytoplasmic and nuclear fractions were stored at -80oC.  

2.15.2 Nitrogen decompression method 

Cell disruption by nitrogen decompression using a pressurised vessel is a rapid and 

effective way to homogenize cells and tissues, to release intact organelles, and to prepare cell 

membranes. Cells are placed in a pressure vessel and large quantities of oxygen-free nitrogen 

are dissolved in the cells under high pressure. When the pressure is released suddenly, the 

nitrogen bubbles out of solution, rupturing the cell membrane and releasing the cell contents 

(201). Cells were washed with ice-cold PBS and 2mL of HB buffer (0.25M Sucrose, 1mM EDTA, 

20mM HEPES, pH 7.4) supplemented with protease inhibitors (PI, Roche) was added to each 

sub-confluent T175 flask and left on ice for 1h. Cells were then scraped and transferred to a 

15mL tube on ice. The cell disruption bomb (Parr Instrument Company) was cleaned with 70% 

ethanol and kept on ice for 30 minutes. The cell suspension, together with a small magnetic 

stirring bar, was transferred to the chilled chamber of the cell disruption bomb, which was then 

assembled and connected to the nitrogen tank. The cell disruption bomb was charged to 550psi 

and the cell suspension left stirring at 4oC for 20 minutes using a magnetic stirrer. After that, the 

sample was released dropwise from the bomb into a clean 50mL tube. For cell fractionation, the 

homogenate was centrifuged at 1,000 x g for 15 minutes to pellet nuclei. The supernatant was 



 

53 

then centrifuged again at 20,000 x g and the mitochondrial fraction was pelleted. The 

supernatant was collected and ultracentrifuged for 1h at 100,000 x g to pellet the light 

membrane fraction and the supernatant was kept as the cytosolic fraction.  

2.16 Immunofluorescence Microscopy 

Cells grown and adhered to glass coverslips were stained by an indirect 

immunofluorescence method as described previously by our laboratory (202). Briefly, glass 

coverslips were sterilised by baking and then aseptically placed in 24 well culture plates. Cells 

were added (~5 x 104/well) and cultured overnight. Before immunostaining, the cells were fixed 

in situ with 4% formaldehyde/5% sucrose solution for 5min at RT. Cells were permeated with 

0.5% Triton-X100 in PBS for 5 min, at RT and washed 5 times in PBS. Coverslips were 

incubated with 3% BSA in PBS for 30 min at RT to block non-specific binding, and then rinsed 

once with PBS. The primary antibodies were diluted as appropriate (Table 2.1) in 

0.1%BSA/PBS and incubated for 30-45 min at RT before three washes in PBS. In some 

experiments where two mouse antibodies were used the Zenon® kit (Invitrogen) using Alexa 

Fluor® conjugates was used to prepare direct fluorophore labelled-primary antibodies accorded 

to the manufacturer’s instructions. The secondary antibodies, Alexa Fluor® conjugates, were 

added for 30-45 min at RT, before three washes in PBS. A solution of 4',6-diamidino-2-

phenylindole (DAPI; Life Tehcnologies) was used to counterstain the nuclei of the cells. 

Coverslips were mounted onto glass slides using the SlowFade® Gold mounting reagent 

(Invitrogen) and immunostaining recorded as described using one of two imaging systems. 

Either Zeiss Axioplan 2 epifluorescent microscope fitted with an Axiocam MRm(v3) and 

Apotome slider (Carl Zeiss, Thornwood, NY) capable of both wide-field fluorescence and optical 

sectioning as previously reported (203). Micrographs were obtained using a PlanApochromat 

63X Oil objective and processed using the Axiovision software package (v4.5). Images were 

subsequently exported to Adobe Photoshop CS2 to compile the final figures. Alternatively, 

images as optical sections were collected using a Zeiss Axiovert 100M fitted with a LSM510 

confocal scanning system using sequential scan for each channel as previously described 

(204). 
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3.1 Introduction 

Macrophage migration inhibitory factor (MIF) is a multi-functional cytokine, which has 

been associated with inflammation. Moreover, MIF overexpression has been shown to have a 

role in tumourigenesis (205) and over the past few years, the role of MIF in both solid and 

haematological tumours has been established (95, 96). MIF influences tumour growth and 

progression in several ways, including induction of angiogenesis (97, 98), promotion of cell 

cycle progression (99, 100), inhibition of apoptosis (101) and inhibition of the lysing of tumour 

cells by natural killer (NK) cells (100, 102). MIF expression is upregulated in a variety of different 

tumour cells and appears to be involved in chemoresistance and to influence the prognosis in 

various malignancies (104, 206-208). Consequently, as reviewed in the following Section, MIF 

has been considered as a potential biomarker for a number of cancer types, particularly 

prostate, gastrointestinal, ovarian and breast cancer.   

3.1.1 MIF as a cancer biomarker 

One of the first clinical studies that examined MIF expression in human malignancy was 

performed in the context of prostate cancer. In this initial report, the authors observed an 

association of high serum levels of MIF in patients with prostate carcinoma. In addition, they 

also found that MIF mRNA was significantly higher in invasive prostate carcinoma epithelial 

cells compared with matched normal prostate epithelial cells (206). Since then, two further 

studies have extended these findings, indicating MIF as a possible marker for prostate cancer 

detection and disease progression (209, 210). 

In tumours of the gastrointestinal tract, MIF was found to be highly expressed and 

secreted by colorectal carcinoma cells, and one report suggests that MIF levels have a high 

diagnostic value, being more specific and sensitive than CEA (carcinoembryonic antigen), one 

of the most frequently used tumour markers in clinical practice in detecting colorectal cancer 

(93). MIF is also highly expressed and secreted by esophageal squamous carcinoma cells, and 
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has been shown to correlate with differentiation and lymph node spread (211). In gastric cancer 

patients, MIF was found to be elevated in the serum and it was associated with enhanced 

angiogenesis and advanced stage disease. In support, several subsequent studies also suggest 

that MIF may be useful as a biomarker, either alone or in combination with other markers, for 

diagnosing and monitoring gastric cancer (212-214).  

A study by Agarwal et al. demonstrated that epithelial ovarian cancer (EOC) cell lines, 

but not normal cells, secrete high levels of MIF in vitro and high levels of MIF were observed in 

the serum of patients with EOC but not in normal controls. These findings suggest that 

abnormal MIF expression may be related to the pathogenesis of ovarian cancer and MIF 

expression may serve as a specific marker for this malignancy (215). Prompted by their 

findings, the same authors have recently developed a novel multiplex assay for a combination 

of six serum biomarkers, including MIF, which shows high sensitivity (95.3%) and specificity 

(99.4%) for the detection of ovarian cancer (216, 217) and holds promise for the early detection 

of recurrent tumours, which are exceedingly difficult to treat.  

In breast cancer, the involvement of MIF remains controversial. Jesneck et al. screened 

breast cancer patients and controls for different serum proteins and reported that MIF can be a 

valuable biomarker for detecting the presence of a breast lesion. However, circulating levels of 

MIF could not distinguish benign from malignant lesions, suggesting that this protein was more 

indicative of secondary effects such as inflammation rather than tumour invasion per se (218). 

Bando et al. identified MIF overexpression in 93 primary breast cancer tissues and notably, MIF 

levels and circulating MIF inversely correlated with nodal status (219). Another study by Xu et 

al. confirmed MIF overexpression in primary human breast cancer tissue and in this case, 

positive MIF expression was associated with disease-free but not overall survival (220). Thus, 

while there is consensus from these reports that MIF is overexpressed in human breast cancer, 

its functional correlation with breast tumourigenesis has remained unclear. To this end, Verjans 

et al. have suggested that there is a dual role for MIF in breast cancer: intracellular expression 
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of MIF is beneficial and may be indicative of good prognosis, since it was found to be highly 

expressed in non-invasive breast cancer cell lines but not in invasive ones; whereas 

extracellular MIF may play a pro-oncogenic role and may be a marker for unfavourable 

prognosis (133). While this notion still needs to be addressed, it is intriguing that the 

significance of MIF overexpression in breast cancer appears to contrast with that of other 

cancers.  

3.1.2 MIF and melanoma 

MIF expression has also been studied in skin lesions, including benign and atypical 

naevi, melanoma and melanoma metastases.  In the largest reported study to date, Miracco 

and colleagues examined the expression of MIF at both mRNA (55 cases) and protein levels 

(126 cases) in a range of cutaneous melanocytic tumours. These authors found that MIF 

transcript levels measured by qRT-PCR were higher in all types on melanocytic lesions 

compared to skin margins, with the highest expression occurring in atypical naevi and malignant 

melanoma (112). They also determined the expression patterns of MIF protein and these were 

largely associated with the measured mRNA levels in each tissue type examined. Notably they 

found strong cytoplasmic MIF positivity in most samples, but it was frequently heterogeneous, 

particularly in malignant tumours. There were differences in MIF sub-cellular localisation with 

both nuclear and cytoplasmic MIF protein expression reported in both atypical naevi and 

melanomas (112). Although these data provide some insight on MIF expression patterns in 

melanocytic tumours, to date there has been no study on the association of MIF expression with 

patient outcomes.  

On the basis of findings that MIF expression appears to increase during melanoma 

progression in vivo, it is reasonable to propose that the levels of MIF expressed by individual 

tumours may correlate with their proliferative capacity. Moreover, if MIF signalling is significantly 

driving melanoma proliferation, high levels of MIF, and also MIF signalling receptors, may be 

indicative of poor disease outcome. Based on these hypotheses, the aims of the present 
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Chapter were therefore to investigate expression of MIF and its receptors in different stages of 

melanomogenesis using in silico analysis of publically available expression microarray data. 

The analysis of patient follow-up data detailing clinical outcome also affords an assessment as 

to whether MIF expression is prognostic in these studies. In addition, MIF expression and 

subcellular localisation was further investigated in tissue sections from different stages of 

melanoma by immunohistochemistry.  
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3.2 Results 

3.2.1 MIF mRNA and protein expression in melanocytic tumours 

As described in the previous section, there has been only a single study of any depth 

conducted on the subject of MIF expression in melanocytic tumours (112). Consequently, to 

independently confirm and validate these results, MIF expression was further investigated in 

melanoma, at both the mRNA and protein level. 

Firstly, in silico analysis of microarray data (GEO data set GSE4587 (199)) comparing 

the relative transcript levels of MIF in staged melanoma against normal skin and naevi was 

performed as shown in Figure 3.1. In addition, the level and pattern of mRNA expression of 

known MIF receptors CXCR4, CXCR2, CD74 and CD44 were also determined.  In the paper 

where this dataset was originally described, the authors performed hierarchical clustering and 

separated the samples into two groups which were termed “early-stage” and “advanced-stage”. 

The “early-stage” group contained the normal skin, benign naevi and in situ melanoma samples, 

while the “advanced-stage” contained the VGP melanoma, RGP melanoma and the melanoma-

positive lymph nodes (refer to Figure 1.2) (199). The analysis showed that the expression levels 

of MIF in normal skin, naevi and in situ melanoma were lower than in the “advanced-stage” 

samples. Particularly, the highest expression of MIF was found on the lymph-node metastases 

samples (Figure 3.1A). Collectively, MIF expression was significantly higher in “advanced-stage” 

samples compared to “early-stage” (Figure 3.1A inset). Similarly, the MIF receptor  CXCR4 was 

expressed at low levels in “early-stage” samples compared to higher levels in “advanced-stage” 

samples (Figure 3.1B). Expression of CD74, CD44 and CXCR2 were also analysed but CD74 

and CD44 expression showed no significant difference across the samples (Figure 3.1C and D) 

and CXCR2 expression was either very low or absent (data not shown). 
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Figure 3.1 – MIF and MIF-signalling receptor expression in melanocytic lesions 

measured using microarray data.   Levels of MIF (A), CXCR4 (B), CD44 (C) and CD74 (D) 

expression in the two normal skin tissue samples (NS1; NS2), benign naevi (BN1; BN2), 

atypical naevi (AN1; AN2), melanomas in situ (in situ1; in situ2), VGP melanomas (VGP1; 

VGP2), MGP melanomas (MGP1; MGP2), and the three MGP melanoma-positive lymph nodes 

(LN1; LN2; LN3) were obtained from the microarray dataset GSE4587 as described in Chapter 

2. Insets show the distribution of expression in the same samples divided in (E) early- and (A) 

advanced-stage. MIF and CXCR4 expression were higher on the “advanced-stage” samples 

compared to the “early-stage” samples. Distribution of transcript levels are summarised as box 

plots (n=8 early stage; n=9 advanced stage. Mann-Whitney test  **p<0.01; *p<0.05). 
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Expression microarray data is a useful tool to study gene expression in a large number 

of samples; however the analysis of mRNA expression patterns by themselves can be 

insufficient for understanding the expression of protein products, since post-transcriptional 

mechanisms, including post-translational modification and degradation may influence the level 

of a given protein (221, 222). In the particular case of MIF expression in melanoma, it has been 

described that mRNA levels of MIF directly correlate with protein expression in different stages 

of melanocytic tumours (112). Nevertheless, to independently verify the results obtained from 

microarray data, a small cohort of surgical biopsies from patients attending the Sydney 

Melanoma Unit was used. The samples available for analysis consisted of 12 naevi, 13 primary 

melanoma and 15 metastatic melanoma samples and were submitted to immunohistochemistry 

using MIF monoclonal antibody.   

In general the pattern of staining varied among the samples but it was mainly 

heterogenic nucleo-cytoplasmic staining (Figure 3.2 A-D). Only 3 out of 13 primary melanoma 

sections showed some MIF positivity, whereas metastatic melanoma sections showed positive 

MIF staining in 11 out of 15 cases (Table 3.1). Naevi tissue sections were positive for MIF in 8 

out of 12 cases. MIF labelling intensity was visually determined, from - (no staining) to +++ 

(intense staining). The results confirmed that MIF is strongly expressed in metastatic melanoma 

but is expressed at significantly lower levels, or not detectable at all, in primary tumours (Table 

3.1). 
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Figure 3.2 – MIF immunohistochemistry staining in ex-vivo sections of different stages of 

melanocytic lesions . Representative micrographs (40x magnification) showing examples of 

MIF positive staining as detailed in Table 3.1. Tissue sections representing: (A) benign naevus, 

(B) dysplastic naevus, (C) primary melanoma and (D) metastatic melanoma. Sections were 

prepared from archival paraffin embedded tissues and processed for antigen retrieval using 

Citrate buffer (0.05M, pH 6.0). Sections were incubated with anti-human MIF antibody with 

detection using Vectastain ABC and VIP substrate (purple colour). Slides were then 

counterstained with Methyl Green. 
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Table 3.1 - MIF protein expression detected by immunohistochemistry in human naevi, primary 
melanoma and metastatic melanoma. 

MIF immunoreactivity * 

positive (total)
 - + ++ +++ 

Naevi  4(12) 4(12) 4(12) 0 (12) 

Primary Melanoma  10(13) 2(13) 1(13) 0(13) 

Metastatic Melanoma 4(15) 2(15) 2(15) 7(15) 

*MIF Immunoreactivity: intensity from (-) no staining to (+++) intense staining.  
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3.2.2 MIF expression levels in melanoma metastases are prognostic for disease 

progression 

There are currently no published studies that have addressed whether the level of MIF 

expression in melanoma is prognostic for patient outcome.  To investigate this point, an in silico 

analysis of microarray data associated with clinical outcomes was performed. Analyses were 

conducted on the data set generated by Xu et al. (223) consisting of eighty-three fresh 

melanoma patient biopsies profiled using the Affymetrix U133A microarray platform and 

deposited in the GEO (accession number GSE8401), as described in Chapter 2. Dividing the 

samples into primary melanoma (n=31) and metastatic melanoma (n=52) and comparing the 

MIF expression levels in each group showed a ~30% higher level of MIF in the metastatic 

melanoma compared to primary tumour samples (Figure 3.3A). The increase was significant 

(p<0.01) and consistent with the notion that MIF expression is increased in metastatic disease. 

 The next step sought to establish whether the level of MIF mRNA expression in 

melanoma was predictive of patient outcome. Since the levels of MIF differed between primary 

and metastatic melanoma, analyses were conducted on each classification group. As described 

in Chapter 2, the tumour biopsies were segregated into high and low MIF based on a median 

cut-point of expression levels and associated with the available survival data. In the case of 

primary melanoma tumours there was no prognostic significance of MIF levels (Hazard ratio = 

1.091; 95% confidence interval 0.312-3.809; p=0.8911; Figure 3.3B). However, analysis of MIF 

expression in metastatic disease showed that high levels of MIF conferred significantly poorer 

outcome compared to those tumours expressing lower levels of MIF mRNA (Hazard ratio = 

2.946; 95% confidence interval 1.440-6.029; p=0.0045; Figure 3.3C). In particular, patients with 

the highest MIF levels succumbed much faster to their disease. To substantiate this finding, 

another two studies of metastatic melanoma were similarly analysed but did not provide 

statistically significant differences in outcome between high and low MIF expressing tumours 

(Figure 3.4). Nevertheless, the Kaplan-Meier plots of these data clearly delineate the same 

trend, suggesting that high MIF expression is associated with poorer outcome in melanoma 

patients.  
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Figure 3.3  – MIF expression and association  with  survival  in primary and metastatic 

melanoma clinical samples using microarrays (GEO dataset GSE8401).  (A) MIF expression 

is ~30% higher in metastatic melanoma compared to primary melanoma samples from GEO 

dataset GSE8401. Values are mean + SEM (t-test, n=31 primary tumour n=52 metastatic 

melanoma. **p<0.01) (B) Kaplan-Meier survival analysis showed no difference in disease-

specific survival between high MIF (dotted line, upper 50%) and low MIF (solid line) expression 

groups (hazard ratio = 1.091, 95% confidence interval 0.312-3.809; p = 0.8911). (C) Kaplan-

Meier survival analysis indicate that patients with metastatic melanoma expressing high MIF had 

significantly poorer outcome (hazard ratio = 2.946, 95% confidence interval 1.440-6.029; p = 

0.0045, n=52) compared to those with low MIF expression. 



 

66 

  

Figure 3.4 - Association  between MIF expression and survival in melanoma clinical 

samples (GEO datasets GSE22153 and GSE22154).  (A) Kaplan-Meier survival curves were 

generated for patients with lymph node and subcutaneous melanoma metastases according to 

the level of MIF expression (p = 0.319, n=57). (B) Kaplan-Meier survival curves for melanoma

patients with liver and lymph nodemetastases (p= 0.117, n=20).  
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3.2.3 Analysis of MIF receptor expression and association with disease-specific 

survival in melanoma clinical samples  

MIF can activate several intracellular signalling cascades by binding to the receptor 

complex CD74/CD44 or to the chemokine receptor CXCR4 (2, 116, 122). These components of 

MIF signalling have also been independently shown to have prognostic significance in several 

malignancies. Therefore, it is possible that the effects of MIF on disease progression involve 

signalling through one or more of these receptors. For that reason, the expression of transcripts 

encoding MIF receptors was also extracted from the same clinical dataset (GSE8401) in order 

to investigate if these mRNA levels are also related to patient outcome.  For CXCR4 and CD74, 

an upper quartile cut-point of expression levels was used and for CD44, the lower quartile cut-

point was used as detailed in Appendix 2.  

In the case of primary melanoma tumours, there was no predictive significance of any of 

the receptors expression level (Figure 3.5A-C). There was an apparent trend for both CD74 and 

CXCR4, in that a percentage of patients with low receptor expression had a better outcome 

from those deemed high expressors. The analysis was repeated on the same dataset but this 

time using the patients diagnosed with metastatic melanoma. Surprisingly all of the analysis 

provided clear statistical distinctions between patients classified as high or low expressors of 

each receptors. Analysis of metastatic disease showed that higher level CD44 was predictive of 

faster disease-specific death compared to tumour samples expressing lower levels of this 

receptor (Figure 3.5E). Surprisingly, the opposite was observed for CD74 and CXCR4, for which 

higher expression was associated with longer disease-specific survival (Figure 3.5D and F).  
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Figure 3.5 – CD74, CD44 and CXCR4 expression and survival in primary and metastatic 

melanoma clinical samples using GEO dataset GSE8401.   Kaplan-Meier survival curves 

were generated based on association between the survival data of 52 patients with metastatic 

melanoma or 31 patients with primary melanoma and the level of CD74, CD44 and CXCR4 

expression. No difference in disease-specific survival was measured between high and low 

expressors for any of the receptors analysed (A-C) for the cases of primary melanoma. 

Metastatic melanoma patients expressing high CD44 (dotted line, upper 50%) showed

significantly poorer outcome (p = 0.025) compared to the low CD44 expression patients (solid 

line) (E). Conversely, high expression CD74 and CXCR4 was associated with significantly better 

survival in metastatic disease (p = 0.002 and 0.005, respectively) (D and F). 
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3.3 Discussion 

Melanoma is a cancer with high cure rates if the disease is recognised early and 

surgically removed. However, as described in Chapter 1, melanoma has the propensity to 

metastasise early and in a small proportion of cases the primary tumour is never found. Once this 

tumour escapes its boundaries it is almost universally fatal. As a result, a vast body of work has 

been undertaken to define the pathophysiological factors for melanoma that dictate outcome. 

These factors include both tumour-related and patient-related variables that are integrated into 

the staging scheme and known prognostic variables (see Section 1.1.4). However, comparing 

melanoma to other widely studied cancers, for example breast cancer, there is a lack of molecular 

characteristics that are useful as biomarkers. Mutation of BRAF has emerged over the last 

decade but it is clear that melanoma tumours are driven by a range of signalling pathways. Given 

the focus of this thesis on the potential roles of MIF in melanoma, it was the objective of this 

Chapter to further investigate the expression of MIF in melanomas in situ and to determine 

whether MIF expression was at all prognostic.  

In the present study, in silico analysis of publically available expression microarray data 

was performed comparing the relative transcript levels of MIF in different stages of melanoma and 

normal skin and naevi (Figure 3.1; GEO data set GSE4587 (199)). This analysis showed that MIF 

expression is higher in metastatic melanoma compared to normal skin, naevi and in situ 

melanoma. This finding was then confirmed using IHC to assess MIF protein expression in ex 

vivo melanoma sections, and we similarly observed that MIF is strongly expressed in metastatic 

melanoma but significantly less, or not at all, in primary tumours (Table 3.1). Noticeably, MIF 

protein was found not only in the cytoplasm but also in the nucleus of tumour cells, in agreement 

with previous works that also showed cytoplasmic and nuclear staining in melanoma cell lines 

(98) and tissue sections (112). MIF protein expression has only been investigated in a single 

study looking at skin lesions, including benign and atypical naevi, melanoma and melanoma 

metastases. In these lesions, MIF expression and sub-cellular location was also different in 
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benign naevi versus atypical and malignant tumours (112). The heterogeneous MIF staining 

suggests that MIF could have different effects depending both on the cellular context and on its 

intracellular compartmentalization, although the biological significance of MIF sub-cellular 

localisation is still unclear. In that respect, it is pertinent to reflect upon the notion proposed by 

Verjans and colleagues in breast cancer where MIF was suggested to be pro-tumourigenic when 

secreted but anti-tumourigenic when retained by cells (133). The observation that MIF is also 

found in the cell nucleus opens up further possible roles for this molecule. These roles can only 

be addressed by better understanding of the molecular interactions and biochemistry of MIF.  

Localization of other cytokines in the cell nucleus has been previously described. Ligand-induced 

endocytosis of cytokine-receptor complexes and nuclear translocation has been suggested for 

several cytokines, including insulin, IFN-gamma, IL-1, IL-5, growth hormone and members of the 

FGF family (224, 225). Interestingly, CD44, one of the components of the MIF receptor complex, 

has recently been shown to be translocated to the nucleus where it has a role regulating 

transcription. The translocation of MIF and CD44 to the cell nucleus could indicate a novel 

mechanism for MIF signalling and this point is further considered in Chapter 5.  

Despite the evidence that MIF levels are variable and often increased in malignant 

disease, there has been no investigation as to whether the expression levels of MIF have any 

prognostic significance for outcomes in melanoma patients. The IHC analysis undertaken, 

although small, served the purpose of validating the expression patterns of MIF previously 

reported. No clinical outcome data was available for the samples analysed here and at the time 

of this work the resources were not available for extending the IHC study to investigate the 

prognostic significance of MIF protein expression levels in melanoma. Consequently, in silico 

analysis of microarray data with associated clinical outcome was also performed. In the GEO 

dataset GSE8401 there was an indication that MIF expression levels may not be important for 

outcome when primary tumours were analysed. This was not the case for metastatic melanoma 

where high level of MIF was shown to be predictive of shorter disease-specific survival. Analysis 

of another two datasets involving only metastatic cases (GSE22153 and GSE22154) showed 
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that at least one of the (GSE22154) evoked the same trend. The same could not be observed 

for GS22153 dataset, possibly because all cases exhibited fast progression to death. While 

statistical significance was only reached for GSE8401 dataset, rather than negating the findings, 

it should be considered encouraging that the analysis show any differences at all since these 

are all metastatic cases with almost invariably poor outcomes. What the results suggest is that 

the expression level of MIF mRNA associates with the rate of progression and death. This 

observation also provides important questions as to why this occurs and also how. If the 

assumption is made that more MIF mRNA equates to more MIF protein, and this is supported 

by the studies of Miracco et al. (112), understanding the impact of MIF on the biology of 

melanoma is key to defining the prognostic significance of MIF.  

 MIF is secreted by several tumours and is thought to act as an autocrine growth factor. 

As reviewed in Section 1.2.4, melanoma cells use autocrine mechanisms to control their 

proliferation and survival. In one of the few works investigating MIF’s involvement in melanoma, 

anti-MIF neutralizing antibody significantly inhibited tumour-induced angiogenesis in tumour-

bearing mice, supporting an autocrine function for MIF in melanoma (98). Extracellular MIF can 

activate intracellular signalling cascades by binding to the receptor complex CD74/CD44 or to 

the chemokine receptor CXCR4 (2, 116, 122). Interestingly, expression of these components of 

MIF signalling has also been shown to be associated with the progress of several malignancies 

(128, 130, 180, 190, 226-228). Therefore, it is reasonable to consider that autocrine MIF could 

affect melanoma progression through one or more of these receptors. To investigate this 

hypothesis, the level of expression of transcripts enconding these receptors was determined 

from dataset GSE4587. For this dataset, the analysis showed that, as for MIF, CXCR4 was also 

expressed at higher levels in “advanced-stage” melanoma samples, compared to the “early-

stage” (Figure 3.1B). CD74 and CD44 expression was not significantly different across the 

samples (Figure 3.1C and D) and CXCR2 expression was either very low or absent (data not 

shown).  
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Next, transcripts encoding MIF receptor expression (CD74, CD44 and CXCR4) were 

evaluated within dataset GSE8404 (for which follow-up data of patient survival was available) 

and levels of expression were associated with clinical outcome. In the case of primary 

melanoma tumours, none of the MIF receptors showed prognostic significance (Figure 3.5A-C). 

Surprisingly, patients with metastatic melanoma expressing high levels of CD74 presented 

better disease-specific survival compared with patients whose tumours expressed low levels of 

CD74, clearly differing from what was observed for MIF (Figure 3.5D). CD74 expression has 

been associated with tumour development and progression for several forms of cancer, and 

poor prognosis in solid tumours (105, 123, 127-133, 226). Surface CD74 has been identified in 

primary melanoma but not in benign melanocytes (134, 135). The specific role of surface CD74 

in melanoma remains to be elucidated, and although CD74 is predictive of poor prognosis for 

several different cancers, until now, there was no study associating CD74 expression with 

melanoma patient outcome. These observations suggest that CD74 may have different roles in 

melanoma, independent of MIF signalling. Indeed, CD74 was initially characterized for its role in 

regulating antigen presentation via HLA-DR molecules (see Section 1.4). HLA-DR have been of 

historical interest to melanoma, since together with leukemia, cutaneous melanoma is one of 

the most successful targets for cancer immunotherapy and represents a model disease to 

investigate tumour immunobiology (229, 230). Even though there are no reports on CD74 

expression levels associating with clinical outcome in melanoma, the expression of HLA-DR 

antigen has been extensively investigated in melanoma, but a consensus on whether it can 

predict survival has not been reached (231-235).  

On the other hand, analysis of co-receptor CD44 expression showed that high levels of 

CD44 expression were associated with of significantly worse disease-specific survival for 

metastatic melanoma patients (Figure 3.5E). High CD44 levels have been shown to be 

prognostic in other cancers before, in particular the levels of specific variant isoforms, such as 

CD44v3 and v6. For example, in colorectal carcinoma, patients with higher CD44s, CD44v3 and 

CD44v6 expression level in tumour epithelium had lower cancer-related survival and shorter 
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recurrence-free survival than patients who had low expression levels (228). Another report in 

breast cancer also showed that women with CD44v6-positive breast carcinoma had poorer 

prognosis than those with CD44v6-negative breast carcinoma (227). However, in the context of 

melanoma, reports on the relationship between CD44 expression and prognosis are 

contradictory and limited to patients with primary melanoma. A report by Dietrich et al. showed 

that high level of CD44 expression in 92 patients with primary melanoma was associated with 

increased metastatic risk and reduced survival (236). The opposite was found by Karjalainen et 

al., whose report described that decreased levels of CD44 predicts shorter recurrence free 

survival for primary melanoma patients (237). Other authors have investigated the role of 

specific variant isoforms in primary melanoma. In one of the reports, it was found that 

expression of CD44v3 and CD44v6 appeared to be absent in melanoma, and, in agreement 

with our own results for primary melanoma, CD44s expression level was not predictive of overall 

survival (238). Conversely, a more recent report using tissue microarray to compare protein 

expression of CD44v3 with primary melanoma clinical outcome showed that patients whose 

tumours were CD44v3 negative had a significantly higher probability of poor outcome than 

those with CD44v3 positive tumours. Furthermore, levels of expression were also significantly 

associated with outcome, with stronger expression of CD44v3 associated with better prognosis 

(239). Some of these results might appear contradictory but as described in Chapter 1 (Section 

1.5) the biology of CD44 and its multiple splice variants and isoforms is exceedingly complex. It 

is also possible that some of these conflicting reports occur because of technical differences. 

This can ultimately only be addressed if a comprehensive study is undertaken but this would 

require substantial resources.  

With respect to other MIF receptor transcripts, the analysis of the GEO8401 dataset 

also showed that metastatic melanoma patients with tumours expressing low levels of CXCR4 

mRNA have poorer outcome compared to patients with tumours presenting high CXCR4 

expression (Figure 3.5E), even though CXCR4 expression appears to increase with melanoma 

progression as suggested by the in silico analysis of dataset GSE4587 (Figure 3.1B). This result 
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contradicts those of other clinical studies showing a significant association between high 

CXCR4 expression and poor prognosis (189, 191, 240). Nevertheless, such discrepancies 

might again be explained by different experimental approaches used, since the vast majority of 

the studies in melanoma evaluated CXCR4 protein expression by immunohistochemistry in a 

limited number of samples, while here mRNA expression data was used from a relatively large 

dataset. While  mRNA and protein levels can exhibit positive correlations for individual genes, 

several factors can lead to significant differences and in fact, most reports on mRNA and protein 

abundances find only a weak positive correlation (221, 222, 241). Several biological factors can 

influence this, including, but not limited to, postranscriptional mechanisms controlling protein 

translation rate (242) and half-lives of specific proteins or mRNAs (243).  Therefore, based on 

the results presented here and the literature, CXCR4 association with melanoma outcome is 

inconclusive and further research needs to be performed, ideally with larger clinical datasets 

and comparing mRNA and protein expression in matched samples.   

Taken together, the results presented in this Chapter showed that increased MIF mRNA 

and protein expression may be associated with metastatic spread and poorer patient outcome. 

Within the limitations of such studies undertaken in melanoma where the majority of metastatic 

cases cause death, these data do suggest that higher  levels of MIF expression in metastases 

is associated with faster progression to death. The present work further implicates MIF 

expression in tumour aggressiveness and suggests that MIF merits to be evaluated further to 

determine whether it could serve as a target for melanoma treatment. 
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4.1 Introduction 

 

MIF was the first cytokine discovered where it was described as the product of T 

lymphocytes (244, 245). It is now known that a variety of other cells types produce MIF, 

including other immune cells, endocrine, endothelial and epithelial cells (91, 246). It is also 

considered to be atypical of the conventional classes of cytokines with known functions 

extended to roles as both a hormone and enzyme (90, 91). MIF is stored in pre-formed, 

cytoplasmic pools and is rapidly released in response to stimuli such as microbial products, 

proliferative signals, and hypoxia (91, 247, 248). Its release from cells occurs via a 

nonconventional protein secretion pathway, and depending on cellular context and stimulus 

status, MIF can bind to different extracellular receptor proteins (CD74/CD44, CXCR4 and 

CXCR2) and trigger different signalling pathways (91). Binding of MIF to these cell surface 

receptors can lead to activation of survival pathways including ERK and Akt pathways (107, 

113, 249). MIF has also been shown to bind intracellularly to Jab1 (Jun-activation domain-

binding protein-1) and inhibit its functions, such as activation of JNK, p27kip1 degradation and 

activation of transcription factor AP-1 (250). Therefore, via this intracellular mechanism, MIF 

inhibits enhanced AP-1 activity and antagonizes Jab-1 dependent cell-cycle regulation through 

stabilization of p27 kip1 protein (250). Although there is no evidence of direct regulation of Akt 

signalling by Jab-1, it has been reported that Jab-1 can act as a regulator of MIF secretion, 

retaining MIF in the cytosol and thus interfering with the autocrine MIF loop and activation of Akt 

(107). On this basis it is believed that engagement by MIF of this critical pro-survival signalling 

pathway is involved in the development and progression of several cancers, for example breast, 

gastric and colon cancer (107, 249, 251). 

A further consideration in understanding the signalling properties of MIF involves 

reflection upon previously published work, particularly studies that have utilised recombinant 
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MIF (rMIF) produced in bacteria. Uncertainties have been raised concerning endotoxin 

contamination present in recombinant protein preparations and care should therefore be taken 

in interpreting experiments undertaken with rMIF. Indeed, cellular studies of cytokine activities 

undertaken with bacterially expressed rMIF have produced controversial results (252, 253). 

Some researchers have adopted protocols designed to eliminate endotoxin (254, 255) but the 

relatively high concentrations of MIF typically used (100ng/mL) and ill-defined endotoxin levels 

in commercial preparations warrants caution in using bacterial rMIF. Since there was no 

recombinant MIF with defined levels of endotoxin commercially available, an attempt to produce 

recombinant MIF using the Pichia pastoris yeast system (256, 257) was carried out as part of 

the current project. The yeast system has the advantage of producing recombinant proteins 

inherently free of endotoxin. Unfortunately, this aspect of the project was very labour intensive, 

and as detailed in Appendix 1, failed to produce sufficient yield or purity to perform in vitro 

experiments. Consequently, the exercise was abandoned and the analysis of MIF function 

pursued by alternative means as described below.  

In the previous Chapter it was shown that MIF expression increased with melanoma 

progression and was associated with poorer survival in patients with metastatic melanoma. The 

implication of this finding is that high MIF expression may be serving to drive the proliferation 

and/or survival of melanoma cells. Therefore, in order to investigate this hypothesis, the present 

Chapter aimed to characterise the role of endogenous MIF in vitro using a panel of melanoma 

cell lines. Considering the difficulties imposed by the use of recombinant MIF, the strategy 

adopted to examine the function of endogenous MIF expression in melanoma cells was the use 

of siRNA to deplete MIF levels within the cells. This approach was used in combination with a 

battery of functional cell assays designed to evaluate the role of MIF expression in melanoma 

cells.  
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4.2 Results 

4.2.1 Characterisation of MIF expression and MIF receptors in human melanoma cell 

lines 

To determine the expression patterns of MIF and its known receptors, a panel of 20 

melanoma cell lines was utilised. The origin of these cell lines is described in Section 2.1. Total 

cell lysates where prepared from each cell line and equal amounts of protein were subjected to 

Western blotting against MIF, CD74 and its signalling co-receptor CD44 according to standard 

methods outlined in Section 2.4-7. The results shown in Figure 4.1A indicate that all melanoma 

cells ubiquitously express MIF, albeit at variable levels in each cell line. Similarly, all melanoma 

cells expressed variable levels of CD44 but these did not appear to be associated with the 

levels of MIF. Exactly half of the 20 cell lines also expressed detectable protein levels of CD74 

(Figure 4.1A). To confirm these results, the cell surface expression of CD44 and CD74 was also 

examined by flow cytometry in all 20 cell lines using the methods described in Section 2.9. The 

results of this analysis were entirely concordant with the Western blotting data. Representative 

results are illustrated in Figure 4.1B and C. 

 To determine if melanoma cell lines also express alternative MIF chemokine receptors, 

all melanoma lines in the panel were also stained with anti-CXCR2 or anti-CXCR4 antibodies 

and the expression analysed by flow cytometry. The results showed that all 20 cell lines 

analysed were negative for CXCR2 expression, whereas all lines examined showed positive 

surface expression of CXCR4. Representative staining of 6 of the 20 cell lines is shown in 

Figure 4.2 A and B.  

Collectively the results show that MIF, together with at least one of its known receptors, 

is expressed in all melanoma cell lines analysed, indicating that melanomas may possess the 

signalling components required to respond to MIF.  
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Figure 4.1– MIF and MIF receptor expression in the  human melanoma cell line panel.  (A) 

Representative Western blots showing MIF (~12.5KDa), CD44 (~85-150KDa), CD74 (~34KDa)

and GAPDH (~36Kda) immunoreactive bands for all cell lines used throughout this study. MIF 

receptor, CD74, was detected in 10 out of 20 cell lines, while the co-receptor CD44 was 

ubiquitously expressed. Receptor expression was confirmed by cell surface staining and flow 

cytometry analysis (B and C). Specific antibody staining (open histogram) is shown overlayed 

over staining using a control antibody (solid histogram). (B) Consistent with the Western blotting 

results, all the cell lines stained positively for CD44. (C) CD74 was present at the surface of 10 

out of 20 cells analysed (6 representative cell lines are displayed for the flow cytometric 

analyses).  
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Figure 4.2– Chemokine receptor expression in the  human melanoma cell line panel.

CXCR4 and CXCR2 expression was assessed by cell surface staining and flow cytometry 

analysis. The cells were stained with specific antibodies compared to control antibodies (open 

histogram versus solid histogram respectively). (A) CXCR4 was present in all the cell lines 

analysed while (B) CXCR2 expression was absent in all the 20 cell lines (6 representative cell 

lines shown for each analysis). 
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4.2.2 Small interfering RNA knockdown of MIF decreases melanoma cell proliferation 

and viability  

To determine the function of endogenous MIF in melanoma cells, transfection with 

siRNA to knockdown MIF protein levels was employed. Towards this approach, the ability of 

three siRNA oligonucleotide duplexes targeting MIF to reduce both mRNA and protein was 

assessed using qPCR and Western blotting, respectively. A total of 5 siRNA sequences were 

tested (Table 2.2). Of these, two sequences (MIF-21 and MIF-25) were the most effective in 

reducing MIF levels in melanoma cell lines (90-100% of endogenous expression). Thereafter, 

MIF-21 and/or MIF-25 were used for all subsequent studies to deplete cells of MIF protein.  

To determine the effects of MIF knockdown on melanoma cell growth, both total cell 

number and cell viability were measured each day over a five day time course experiment by 

using an automated cell counter that measures viability and cell number using the propidium 

iodide exclusion method (Section 2.11). From the original cell line panel, two cell lines were first 

chosen to be studied in detail, Me1007 and MelCV, in order to test the effects of MIF in cells 

expressing CD74 (MelCV) or not (Me1007). Transfection of MIF (siMIF) or negative control 

(siNC) siRNA into MelCV and Me1007 melanoma cells confirmed a substantial reduction in the 

total MIF protein detected in cell lysates when measured over 1-5 days (Figure 4.3A and B, 

respectively). Compared to the control knockdown cells, the number of cells was significantly 

decreased after 3 days of MIF knockdown for both cell lines (Figure 4.3C and D) and this was 

accompanied with a significant decrease in cell viability (Figure 4.3E and F). Both effective 

siRNA duplexes (MIF-21 and MIF-25) promoted identical biological responses either as single 

agents or as pooled reagents indicating that depletion of endogenous MIF can significantly 

decrease the proliferative capacity and viability of melanoma cells in culture. 
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4.2.3 MIF Knockdown reduces the number of cells entering S phase 

Figure 4.3 – Small interfering RNA (siRNA) knockdown  of MIF decreases melanoma cell

proliferation and viability.   The indicated melanoma cell lines were transfected with MIF siRNA 

(siMIF; 50nM), and the knockdown was confirmed by Western blotting against MIF (~12.5KDa) 

or GAPDH(~36KDa) as a loading control. As a transfection control, a scrambled siRNA was 

used at the same concentration (siNC). MIF protein expression was reduced 1 day after 

transfection, and the knockdown was sustained for 5 days in both (A) MelCV and (B) Me1007 

cell lines. The cell number and viability were determined using an automated cell counter using 

the propidium iodide (PI) exclusion method.  (C, D) The results for both MelCV and Me1007 

showed a significant reduction in the cell number starting from day 3 after transfection (E, F) and 

the viability was also reduced in a time-dependent manner. Values are mean + SEM of 3 

experiments performed in triplicate (t-test, n=3, compared to siNC transfected cells. **** 

p<0.0001; *** p<0.001; **p<0.01; *p<0.05)  
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To better understand the effects of MIF knockdown on the proliferative capacity of 

melanoma cells, the Click-iTTM EdU flow cytometry assay was used that is similar in principle to 

the BrdU (Bromodeoxyuridine) incorporation assay. Cells are incubated with EdU, a nucleoside 

analogue of thymidine that is incorporated into DNA during replicative synthesis of DNA 

occurring in the S-phase of the cell cycle. Used together with the DNA-intercalating dye 7AAD 

to determine relative DNA content, this assay allows accurate quantitation of cells entering S-

phase in a defined period of time. Compared to the individual counting of cultures used in the 

previous section it is also less laborious permitting an expansion of the analysis. A subset of six 

melanoma cell lines was therefore chosen for this task, including MelCV and Me1007 cells. 

These lines are shown in Table 4.1 with the rationale being that the cells were selected to 

include different levels of CD74 expression and also BRAF mutation status, since the latter has 

particular significance to the biology of melanoma as discussed in Section 1.2.1. 

Control and MIF-siRNA treated melanoma cells were first analysed by the ClickITTM 

technique as shown in Figure 4.4. Analysis of MelCV and Me1007 cells treated with MIF siRNA 

showed a clear reduction in cells entering S-phase compared to negative control siRNA (Figure 

4.4 A and B). The results averaged over 5 independent experiments show that inhibition of MIF 

expression significantly reduces the percentage of cells in S phase compared to negative 

control siRNA transfection for both the MelCV and Me1007 melanoma cell lines (Figure 4.4C 

and D, respectively). Repeating the assay on the remaining cell lines showed that, to varying 

extents, MIF depletion significantly reduced the number of cells entering S-phase for 4 of the 6 

melanoma cell lines examined (Figure 4.4E).  The three most sensitive cell lines, MelCV, 

Me1007 and MelRMu, showed a decrease of more than 50% in cells entering S-phase. Mel-FH 

was also sensitive to MIF knockdown but to a lesser extent, showing ~40% reduction in cells 

entering S phase. Although there was a slight reduction, there was no significant effect of MIF 

depletion on MelRM and MM200 cells. Notably, sensitivity to MIF depletion was both 

independent of both CD74 expression and BRAF mutational status (compare Table 4.1 with 

Figure 4.4).   



 

84 

 

 

 

 

Table 4.1 –  MIF receptor expression levels and BRAF mutation status for cell lines selected for 
MIF functional studies 

 

*Levels of CD44 and CXCR4 expression were relatively homogenous for all the cell lines. There 

may be variations, for example variant isoforms of CD44, but these were not assessed.  

Cell Line MIF CD74 CD44* CXCR4* BRAFV600E 

MelCV Medium High � � � 
Me1007 High Not 

expressed � � � 
MelRMu Low Very low � � � 
MelRM High Medium � � � 
MM200 High Medium � � � 
MelFH Low Very High � � � 
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Figure 4.4– Effects of MIF knockdown on the proportion of melanom a cells in S phase

analysed using the Click-IT assay.   Cell proliferation was determined using Click-iTTM EdU 

flow cytometry assay as described in Section 2.11. Briefly, cells were transfected with MIF and 

NC siRNA and after 3 days, 10nM EdU was added to the media for 3h. Analysis of the samples

was then conducted on a FACS Calibur flow cytometer. (A, B) Analysis of MelCV and Me1007 

cells using the Click-iTTM assay allows accurate determination of the populations of cells

entering S phase (box). The results show a clear reduction of number of cells in S phase after 

MIF knockdown for both MelCV and Me1007 cell lines. (C, D) The bar graphs show the 

percentage of cells in S phase after MIF knockdown. (E) The analysis was repeated for 

additional melanoma cell lines and MIF expression significantly reduced the number of cells 

entering S-phase for 4/6 cell lines. Values are means + SEM (t-test, n = 5, compared to siNC 

transfected cells. *** p<0.001 **p<0.01 *p<0.05). 
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4.2.4 MIF knockdown decreases anchorage-independent colony formation 

Anchorage-independent cell growth is a hallmark of tumour progression and in vitro 

colony formation in soft agar is often used as a proxy of this characteristic of cell transformation.  

In order to explore the potential involvement of MIF in anchorage-independent tumour growth, 

cells were transfected with MIF siRNA or NC siRNA, and after 3 days, they were counted and 

re-plated into soft agar media. After 3-4 weeks of culture the resulting colonies were stained and 

random fields photographed for analysis. Colonies were analysed for both number and size 

according to Section 2.12.  

Representative micrographs showing colony formation in MelCV and Me1007 colonies 

subjected to control or MIF knockdown are shown in Figure 4.5A and B respectively, with the 

insets showing individual colonies in detail. Quantitative analysis of these experiments show 

that both melanoma cell lines transfected with MIF siRNA formed significantly less colonies than 

cells transfected with control siRNA (Figure 4.5C and D). The colonies formed after MIF 

knockdown were also significantly smaller than controls (Figure 4.5E and F). These results 

suggest that MIF may function to enhance the soft agar growth capacity of melanoma cells. 
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Figure 4.5- MIF knockdown decreases anchorage -independent colony formation.  Three 

days after MIF knockdown, the indicated melanoma cells were harvested and seeded in plates 

within soft agar. Cells were allowed to grow and form colonies for 3-4 weeks. (A, B) Colonies 

were stained with Crystal Violet. Photos show a representative field from one of the wells at 5X 

magnification and the insets show the colonies in detail seen under 40X magnification. (C-F) 

Colonies from 10 different fields in were counted and 25 colonies measured for each 

experiment using the Axiovision software package. Analysis showed there was a significant 

reduction in colony numbers and size after MIF knockdown for both MelCV and Me1007. 

Values are means + SEM of 3 experiments performed in triplicate (t-test, n = 3, compared to 

siNC transfected cells. **** p<0.0001) 
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4.2.5 MIF expression modulates Akt signalling pathway in melanoma cell lines  

Signalling through the Akt pathway is well established to play an important role in 

melanoma progression (73, 74, 258). As prior studies have shown that MIF can activate the Akt 

pathway by binding either of its known receptors, CD74 (154) and CXCR4 (179),  the effects of 

MIF knockdown on Akt-signalling in melanoma cells was examined by Western blotting.  

From Figure 4.6 it was observed that proliferative capacity of four melanoma cell lines 

tested was sensitive to MIF depletion (MelCV, Me1007, MelRMu and to a lesser extent MelFH) 

and the other two (MelRM and MM200) were comparatively resistant. All six melanoma cell 

lines were subjected to treatment with MIF siRNA, with knockdown of MIF protein after three 

days of transfection confirmed relative to controls using Western blotting (Figure 4.6A). Analysis 

of Akt status in the same cell lysates indicated that Akt phosphorylation was most strongly 

reduced (~40-70%) in MelCV, Me1007 and MelRMu cells and to a lesser extent (~20%) in 

MelFH, MM200 and MelRM cell lines as a consequence of MIF knockdown (Figure 4.6B). 

Further analysis of the downstream cell cycle modulators known to be influenced by Akt 

signalling was also undertaken. CDK4 and Cyclin D1 involved in G1/S transition also showed 

some level of inhibition across the 6 cell lines (Figure 4.6C). Cyclin D1 showed a reduction of 

15-35% after MIF depletion and CDK4 was reduced in ~10-30% across all the cell lines. The 

expression of Cyclin-dependent kinase inhibitor, p27 was increased in most of the cell lines 

following MIF depletion (20-40%), except MM200, for which there was no apparent change in 

p27 levels (Figure 4.6C). On balance these results support the notion that Akt-signalling is down 

regulated in response to MIF knockdown with the degree of sensitivity to MIF depletion 

commensurate with the inhibitory effects observed on the Akt pathway. 
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Figure 4.6 - MIF expression mo dulates Akt signalling i n melanoma cell lines.

Representative Western blots showing specific immunoreactive bands for MIF, Akt and key cell 

cycle regulators in the 6 indicated melanoma cell lines. Cells were transfected with MIF and NC 

siRNA and after 3 days, cells were lysed and submitted to Western blotting. (A)  Inhibition of 

MIF expression 3 days after knockdown was confirmed for all the cell lines analysed. The 

normalised ratio of expression comparing MIF to control NC knockdown was determined by 

dividing the optical density of the MIF specific band (~12.5KDa) by GAPDH(~36KDa) using the 

Multi Gauge software package, as described in Section 2.8. (B) Phosphorylation of Akt (Ser 

473) was reduced with MIF knockdown in different levels across the cell lines.  In this case, the 

ratio shows the optical density of the phospho-Akt (~60KDa) band divided by the total Akt

(~60KDa). (C) Cell cycle regulators Cyclin D1 (~37KDa) and CDK4 (~34KDa) were also 

reduced after MIF knockdown in all cell lines, while the cyclin-dependent kinase inhibitor p27

(27KDa) was also increased in most cell lines. The ratio was determined by dividing the optical 

density of the specific band by that of GAPDH. The ratios shown are the means of 3 

independent experiments.  
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4.2.6 MIF expression is upregulated under hypoxic conditions in melanoma cell lines 

The melanoma cells lines analysed in the present Chapter contain variable levels of MIF 

protein. Several cancer studies outside of melanoma report that MIF expression closely 

correlates with tumour aggressiveness and metastatic potential, suggesting an important 

contribution to disease severity and survival (206, 259). MIF expression in malignant cells has 

also been suggested to contribute towards adaptation to the tumour microenvironment. One 

important characteristic often associated with the tumour micro-environment is hypoxia. 

Moreover, hypoxic conditions have been found to induce expression of specific patterns of 

genes in tumours which confer a survival advantage on cancer cells, allowing tumour growth 

and spread in this environment (260). MIF has recently been shown to contribute to tumoral 

hypoxic adaptation by promoting hypoxia-induced HIF-1α stabilisation. In addition, hypoxia is a 

strong regulator of MIF expression and secretion (261). To find out if MIF expression is 

regulated by hypoxic conditions in melanoma, two different cell lines, MelCV and Me1007, were 

submitted to hypoxic conditions for 3 days and then MIF expression was compared to cells kept 

under normoxia using Western blotting. These results showed that MIF protein was significantly 

up-regulated in both cell lines under hypoxia conditions (Figure 4.7). These findings are 

consistent with the idea that induced expression of MIF in melanoma may contribute to tumoral 

hypoxic adaptation.  

To further examine if MIF upregulation under hypoxic conditions does confer a survival 

advantage to melanoma cells, MIF was depleted using siRNA and the cells placed under 

normoxic or hypoxic conditions. Cell viability was measured by MTS reduction as detailed in 

Section 2.14. As expected, MIF knockdown under standard (normoxic) conditions reduced 

viability in both cell lines consistent with previous results. Exposure to hypoxic conditions had a 

deleterious effect on Me1007 cell viability but it had no significant effect on MelCV cells. For 

Me1007 cells, inhibition of MIF did not further decrease the toxic effects of hypoxia, since no 

significant difference was observed compared to siNC treated cells under hypoxic conditions 

(Figure 4.8). Likewise, MelCV cells depleted of MIF gave similar viability measurements 

irrespective of whether the cells were cultured under normoxic or hypoxic conditions.  
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Figure 4.7 - MIF is upregulated in melanoma cell lines under hypoxia . Representative 

Western blot showing MIF immunoreactive bands (~12.5KDa) for Me1007 and MelCV cell lines 

after 3 days under normoxia (N; atmospheric O2 and 5% CO2) or hypoxia (H; 0.1% O2 and 5% 

CO2). The bar graph reports the optical density (OD) values of MIF relative to GAPDH 

(~36KDa) with data normalised to control cells kept under normoxic conditions. Values are 

mean + SEM (t-test, n=3, compared to normoxia; *p<0.05). 
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Figure 4.8 – Effects of MIF depletion on melanoma cell viability under conditions of 

hypoxia. ( A) Representative Western blot showing MIF immunoreactive bands (~12.5KDa) 

and GAPDH (~36KDa)for Me1007 and MelCV cell lines  3 days after transfection with MIF or 

NC siRNA under normoxia (N) or hypoxia (H). (B) Cell viability measured by MTS reduction 

represented as percentage of cells transfected with NC siRNA under normoxia for each cell 

line. Values are mean + SEM (t-test, n=3, compared to normoxia; *p<0.05 and **p<0.01). 
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4.3 Discussion 

 

Although MIF was first described as a proinflamamatory cytokine, it has been shown by 

many authors to play a role in the development and progression of cancer, acting as an 

extracellular, protumourigenic factor (92-94). The aim of this Chapter was to investigate in more 

detail the functional role of MIF in human melanoma cells. Considering that many of the 

biological roles ascribed to MIF in the literature have been controversial because of 

uncertainties in endotoxin contamination present in preparations of rMIF (252, 253), an 

alternative strategy to examine the function of endogenous MIF expression in melanoma cells 

was adopted, primarily using siRNA to knockdown MIF levels. The two different siRNA 

sequences for MIF (MIF-21 and MIF-25) effectively reduced MIF levels while scrambled control 

siRNA sequence had no effect on MIF expression. In all experiments the reduction of MIF levels 

observed was at least 75% but mostly >95%, which is in the acceptable range for siRNA 

experiments. In MelCV and Me1007 cell lines, MIF knockdown resulted in significantly reduced 

cell number and viability over 6 days (Figure 4.3), indicating that endogenous MIF expression 

could be generally required for the growth of melanoma cells.  

These experiments were in part instigated because MIF involvement in cell cycle 

regulation has been shown before in different cancer cells (108, 113, 249). In the context of 

melanoma, little work has been previously done apart from two small studies. Shimizu et al. 

(1999) demonstrated that inhibition of MIF expression resulted in inhibition of proliferation, 

migration and tumour-induced angiogenesis (98). In a second study using a single murine 

melanoma cell line (B16-F10), Culp et al. (2007) showed that MIF inhibition significantly delayed 

tumour establishment when injected into mice (111). While these results are supportive of the 

current work, that indicates MIF involvement in cancer cell growth, they are both single cell line 

studies and also rely on the effects of high concentrations of bacterially produced recombinant 
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MIF. Representing a more comprehensive approach, this Chapter utilised 6 independent human 

melanoma cell lines expressing different levels of CD74 with or without BRAF mutation (Table 

4.1).  

To better understand the role of MIF expression in melanoma cells, further quantitative 

assays were employed on all 6 melanoma cell lines. Cell proliferation after MIF knockdown was 

further explored using the Click-iTTM assay, a sensitive and quantitative assay which measures 

the number of cells entering S-phase. This analysis showed that MIF knockdown significantly 

reduced cells transitioning to the S-phase in 4 of the 6 melanoma cell lines (Figure 4.4E), 

suggesting the proliferative capacity of the majority of the melanoma cell lines studied have 

some degree of reliance on MIF expression. At least for the MelCV and Me1007 lines examined 

in detail, MIF depletion compromised their viability (Figure 4.3). However, over the time course 

of 5 days, the major effect observed was the failure of cells to proliferate and this finding was 

complemented by the Click-ITTM analysis of cells entering S-phase. This suggests that MIF 

knockdown has primarily cytostatic effects on melanoma cells and by itself is not effective in 

promoting high levels of cell death. The inhibitory action of MIF depletion also occurred 

independently of BRAF mutation status and this similarly has important implications should 

targeting of MIF be considered as a treatment for melanoma (see Chapter 6).  

To further explore MIF effects in melanoma cells, its role in anchorage-independent 

growth was also considered, this being one of the recognised hallmarks of cancer. Colony 

formation in soft agar is a 3D proliferation assay that is intimately linked to tumorigenicity. This 

assay also verified the involvement of MIF in anchorage-independent tumour growth with the 

results showing that MIF siRNA transfection significantly reduced the number of colonies formed 

by both MelCV and Me1007 melanoma cell lines. The colonies formed were also smaller after 

MIF knockdown compared to control cells (Figure 4.5). These results indicate that MIF may 

function to enhance the anchorage-independent growth capacity of melanoma cells and its 

depletion can significantly compromise this capacity, at least in cell culture models.  



 

95 

A further question to be addressed is how MIF and its associated signalling pathways 

may be achieving these effects in melanoma. As described, the receptor mechanisms and 

signal transduction pathways involved in MIF-mediated cell activation have only partially been 

unravelled. MIF signalling can be achieved either by binding to the CD74/CD44 receptor 

complex or by binding to the chemokine receptors CXCR2 or CXCR4 (2, 116). In order to 

further investigate this, the expression of known MIF receptors was characterized in a panel of 

human melanoma cell lines. A relatively large panel of 20 cell lines was used to account for the 

known heterogeneity of the disease. The expression of the components of MIF signalling in 

melanoma has been previously shown by different groups (98, 112, 134, 148, 186), but most of 

the in vitro studies have been limited to a few cell lines. This is the first study comprising a large 

panel of human melanoma cell lines.  

Here, the results show that MIF was expressed in all 20 cells lines tested, albeit at 

variable levels. CD74 is expressed in half of the cell lines, while its co-receptor CD44 is 

expressed in all the cell lines. The chemokine receptor CXCR4 was expressed in all the cell 

lines analysed, however CXCR2 was not expressed at detectable levels in any cell line (Figure 

4.2). These data therefore suggests that melanoma cells possess at least one of the signalling 

receptors required to respond to MIF. Although, it is notable that while CD44 was expressed by 

all the cell lines, CD74 was only expressed in 10/20 cell lines. The growth promoting effects of 

MIF appeared to be independent of CD74, since they were also observed in cell lines not 

expressing this receptor, for example the Me1007 melanoma cell line. Consistent with our 

findings, CD74 has been shown to be expressed in melanoma by others (134, 135), but MIF 

effects appear to be independent of this receptor’s expression (111). All the cells lines express 

CXCR4 but not CXCR2, suggesting that MIF signalling in melanoma is more likely to occur 

through CXCR4 binding if there is a single common mechanism employed by melanoma cells 

involving the known MIF receptors. In that respect, CD44 is also known to act as a signalling co-

receptor for other receptors, e.g. ErbB4 (3), and its involvement cannot be totally discounted.  
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MIF’s role in tumourigenesis has been suggested to involve autocrine MIF activity and it 

has been established that MIF promotes activation of Akt by an autocrine loop (107, 248). 

Furthermore, the addition of neutralising antibodies to tumour (G361 cell line)-bearing mice 

significantly suppressed tumour-induced angiogenesis (98) supporting an autocrine role for MIF 

in melanoma. However, in addition to its extracellular role, MIF may have additional regulatory 

functions within the cell. For example, Kleemann et al. (2000) reported that MIF signalling might 

involve a mechanism that bypasses the need for a cell-surface receptor. As mentioned before, 

after endocytosis, MIF can bind directly to the cytoplasmic protein Jab-1 (250). By binding Jab-

1, MIF can inhibit its functions and regulate cell growth and gene expression by modulating 

phosphorylation of c-Jun and AP-1 activity. Jab-1 also binds and promotes the degradation of 

p27Kip1, a protein that inhibits the cell division cycle (262). In addition, Jab-1 has been reported 

to act as a regulator of MIF secretion, retaining MIF in the cytosol. This could interfere with MIF 

autocrine function and activation of Akt (107). MIF has been shown to promote tumour cell 

survival by activating the Akt pathway (107, 249) and members of the PI3K and Akt signalling 

cascades have been implicated in initiation, progression and invasive phenotypes of melanoma 

(73, 74, 258) as reviewed in Chapter 1. Because of these functional associations between MIF 

and Akt, the Akt signalling pathway became a focus for the study.  

Akt activation can stimulate proliferation through multiple downstream targets affecting 

cell-cycle regulation (263). For examples, Akt can phosphorylate p27Kip1 cyclin-dependent 

kinase inhibitor, which prevents its localisation to the nucleus attenuating its cell-cycle inhibitory 

effects (264-266). In addition, Akt can also phosphorylate GSK3, which in turn phosphorylates 

G1 cyclins, such as Cyclin D and Cyclin E, targeting them for proteasomal degradation (267, 

268). Therefore, phosphorylation and inhibition of GSK3 by Akt enhances the stability of these 

proteins. In the current study, MIF knockdown resulted in a decrease of Akt phosphorylation in 

the 6 selected cell lines, and this effect was accompanied by a reduction in expression of Cyclin 

D1 and Cyclin dependent kinase 1 (CDK1), and an increased expression of p27Kip1 (Figure 4.6). 

Quantitation of these results confirmed that the degree of Akt activation and effects on its 
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signalling components was largely consistent with the functional effects of MIF knockdown. For 

example, the MelCV cell line that was shown to be highly sensitive to MIF depletion 

(proliferation, viability, cloning efficiency) also had prominent down-regulation of pAkt. In 

contrast, the MelRM cell line that was only marginally affected by MIF knockdown had the least 

disturbances in Akt signalling components. Collectively this suggests that activation of the Akt 

pathway is one of the mechanisms by which MIF regulates the cell cycle.  

Another angle of investigation involved the potential of MIF to allow melanoma cells to 

survive conditions of hypoxia. It is well recognised that the tumour microenvironment is quite 

dissimilar to normal tissues and one key difference is the lack of oxygenation in poorly 

vascularised tumours (reviewed in (269, 270)). HIF-1α is one of the key transcription factors 

identified to be activated by hypoxia (269, 270) and MIF plays a role in hypoxic adaptation by 

promoting hypoxia-induced HIF-1α stabilization (261). Stable HIF-1α translocates to the nucleus 

where it dimerises with the constitutively expressed HIF1β subunit, forming the active HIF1 

complex. This complex then binds to the hypoxia-responsive element (HRE) and induces 

upregulation of a variety of genes, promoting tumour vascularisation and modulating adaptive 

metabolic changes that allow continuing biosynthesis and tumour growth in low oxygen 

conditions (269, 270). Hypoxia is also a strong regulator of MIF expression and secretion (261) 

and this was confirmed here, as illustrated in Figure 4.7, where MIF was shown to be 

upregulated under hypoxic conditions. Overexpression of MIF induced by a hypoxic 

environment could confer a survival advantage to melanoma cells, to promote tumour growth 

under low oxygen situations.  

To address the role of MIF induction by hypoxia in our experimental model, MIF was 

depleted using siRNA in hypoxic and normoxic conditions, and cell viability was measured. The 

results showed that MIF depletion decreased cell viability of both cell lines under normoxia, and 

exposing the cells to hypoxic conditions had a negative effect on viability on only one of the cell 

lines (Me1007). No significant difference was seen after MIF depletion comparing normoxia with 
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hypoxia for either cell line (Figure 4.8). For the hypoxia sensitive Me1007 cells, it might have 

been expected that cell viability would be greatly compromised when MIF was depleted. Rather, 

as stated, MIF siRNA treatment resulted in no additional reduction in cell viability beyond that 

produced by hypoxia alone. Therefore, hypoxia induces MIF levels, but loss of MIF does not 

compromise cell survival under hypoxic conditions (Figure 4.8), which may suggest that MIF 

does not influence cell survival under the conditions examined. Moreover, it is important to 

consider that the experimental conditions used here, consisting of cells growing in a monolayer, 

do not properly mimic the 3D environment of physiological conditions. The best way to study 

effects of microenvironment in cancer progression would be to use conditions closer to the 

physiological situation such as 3D cultures that mimic more closely the tumour tissue or ideally, 

experimental in vivo models of melanoma.  

In conclusion, the results presented in this Chapter implicate MIF in melanoma 

proliferation and survival. In addition, MIF expression was implicated in anchorage-independent 

growth and upregulated under hypoxic conditions. It was also shown that a role of MIF in 

melanoma cells is likely to be through Akt signalling, since MIF knockdown reduced Akt 

activation and modulated the expression of downstream cell-cycle regulators.  
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Subcellular distribution of MIF and CD44 in 

melanoma cell lines 
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5.1 Introduction 

 

Following on from the work of the previous Chapters, the next directive of this thesis 

was to investigate the mechanisms of MIF signal transduction complexes in melanoma. Our 

laboratory has a longstanding involvement in the signalling role of CD44 in cancer and indeed it 

was that interest that promoted MIF as a subject for study. CD44 is believed to be universally 

expressed in all cases of melanoma and in this project all twenty cell lines examined expressed 

abundant levels of CD44 (Figure 4.1). As mentioned previously in Chapter 1 (Section 1.5.1), 

CD44 itself lacks intrinsic kinase activity and must engage signalling pathways through specific 

interactions with other signalling components. In particular, our laboratory and others have 

shown that the cytoplasmic tail of CD44 can physically bind to members of the Src family 

kinases that in turn activate the Akt signalling cascade (reviewed in (3)). The general 

importance of the Akt pathway to the growth and survival of melanoma cells is well known (refer 

to Section 1.2.2) and in Chapter 4, a strong functional association was revealed between MIF 

and the Akt pathway in most melanoma cell lines. If it could be established that CD44 acts as 

MIF co-receptor in this setting, then this would provide a better mechanistic understanding of 

how MIF signals are transmitted and processed in melanoma cells. Such knowledge may be 

important in developing new treatments against melanoma that utilise strategies for 

antagonising MIF signalling. 

In Chapter 3, the cellular localisation of MIF was studied in melanocytic tumours ranging 

from naevi through to metastases of melanoma. This showed that MIF immunoreactivity could 

be found in both the cytoplasm of melanoma cells together with the cell nucleus. As discussed 

in Chapter 4, MIF is somewhat unusual for a cytokine because it is stored in cytoplasmic pools 

and is released through a mechanism involving the action of Jab1 (Section 4.1). On the other 

hand, while the occurrence of MIF in the cell nucleus is known (98, 112), its role in this location 
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is yet to be ellucidated.  CD44 was already known to be endocytosed and transported to the 

nucleus, either in an intact full-length form, or a cleaved product as described in Section 1.5.2. 

Together, these observations were highly reminiscent of reports concerning the signalling 

activities of other growth factors and their receptors, as discussed in Section 3.3. The 

hypothesis was formed that intact FL-CD44 as part of MIF-receptor complex was responsible for 

the delivery of MIF to the cell nucleus, a location that appears to have special significance since 

MIF is located there in the majority of melanoma cells, less frequently in naevi and not at all in 

precursor melanocytes (112). 

In order to develop this concept further, both at a spatial and temporal level, 

experiments were undertaken to survey the localisation of MIF and CD44 in melanoma cell 

lines. This analysis would provide the basis for further functional studies to define exactly how 

the important cellular functions of MIF identified in Chapter 4 are executed. 

 

.  
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5.2 Results 

5.2.1 The subcellular localisation of MIF in cultured melanoma cells 

To begin an investigation of the role of MIF and MIF receptors in melanoma, it was first 

examined where the MIF protein was localised in cultured melanoma cells. The cohort of 6 

melanoma cell lines used extensively in the previous Chapter (Table 4.1) were grown on glass 

coverslips and processed for intracellular staining by permeabilization using Triton X-100 

according to the methods described in Section 2.16. After indirect immunofluorescent staining 

against MIF, the cells were counterstained with DAPI to decorate nuclear DNA. Optical 

sectioning was then employed to determine if MIF staining was co-incident with DAPI staining 

as this would indicate the presence of MIF in the cell nucleus. The results of this analysis are 

presented in Figure 5.1.  

Consistent with the results of Chapter 3 and previous reports, significant amounts of 

intracellular MIF was observed throughout the cytosol of all of the cell lines examined. In all cell 

lines the cytoplasmic staining appeared to be quite punctuate but the staining was not 

associated with clearly identifiable cytosolic compartments. Another feature of the staining was 

the apparent presence of MIF staining in the nucleus of cells, again consistent with results in the 

in vivo setting. Although microscopy is fundamentally a qualitative method, close analysis of the 

relative amounts of MIF present in the cytosol versus nucleus displayed an intriguing trend. 

Those cell lines deemed to be most sensitive to MIF depletion (Me1007, MelCV and MelRMu) 

tended to have more protein expression of nuclear MIF than those that were relatively resistant 

(MM200, MelRM and MelFH). This observation promoted the idea that the growth promoting 

effects of MIF were associated with its presence and presumably its function in the cell nucleus.  
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Figure 5.1 – Cellular distribution of MIF in human melanoma cell lines.  The indicated cell 

lines were grown on glass coverslips, fixed, permeabilised and immunostained with MIF mAb 

antibody and a fluorescent secondary conjugate (Alexa488 anti-mouse IgG). The cells were 

imaged using epifluorescence microscopy. The left panels are standard immunofluorescence 

(IF) microphotographs whereas the middle and right panels are optical sections of cells 

showing MIF staining or the nuclear marker DAPI as indicated. Scale bar = 20µm   
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5.2.2 The cellular distribution of CD44 in cultured human melanoma cells 

Using the methods employed to examine the localisation of MIF, the distribution of 

CD44 was also examined in melanoma cell lines. In this case the Hermes-3 mAb, directed 

against the extracellular domain of CD44, was employed. The results of this analysis are 

presented in Figure 5.2.  

Staining for CD44 in all 6 melanoma cell lines showed it to be a cell surface protein that 

was highly abundant, consistent with both the flow cytometric analysis and the Western blot 

analysis (Figure 4.1) Specific CD44 signals were observed on apical and basolateral surfaces 

but these were not strictly homogenous. Staining was often enriched in cell extremities and in 

microvilli located on the apical surface of cells. The strong membrane staining of CD44 provided 

some difficulty in assessing whether any CD44 was present in the cell nucleus. Therefore, 

optical sectioning was required to examine these samples. Comparison of CD44 staining with 

DAPI in the cell nucleus showed that no CD44 signals were present in the cell nucleus. All 

detectable CD44 signals in this analysis were confined to the cell membrane of all 6 melanoma 

cell lines.  
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Figure 5.2– Cellular distribution of CD44 in human melanoma cell lines.  The indicated cell 

lines grown on glass coverslips were fixed, permeabilised and immunostained with CD44 mAb 

antibody (Hermes3) and a fluorescent secondary conjugate (Alexa488 anti-mouse IgG). The left 

panels are immunofluorescence (IF) microphotographs whereas the middle and the right panels 

are optical sections of cells showing CD44 staining or the nuclear marker DAPI as indicated.

Scale bar = 20µm. 
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5.2.3 Characterization of CD44 sub-cellular localization in HT-29 and MCF10A cells  

 

In the preceding Section no evidence could be observed for the presence of intact 

CD44 in the nucleus of 6 different melanoma cell lines (Figure 5.2). Since the phenomenon of 

intact CD44 in the cell nucleus had not been previously described for melanoma cells, it was 

important to confirm the veracity of this finding by establishing the validity of the methods used. 

Two main reports have used immunofluorescence staining to visualise intact full-length CD44 in 

the cell nucleus, one using the HT-29 colon and H1299 lung carcinoma cells (171), and the 

other showed full-length CD44 localizes to the nucleus of several cell types, including prostate 

carcinoma (PC3), foetal fibroblasts (MRC5) and mammary epithelial cells (MCF10A) (170). 

The HT-29 cell line was readily available in the laboratory together with a large panel of 

monoclonal antibodies directed against the extracellular domain of CD44. HT-29 cells were 

grown under standard conditions and allowed to adhere to glass coverslips prior to 

immunostaining with a panel of 8 anti-CD44 mAbs. The resulting samples were processed for 

confocal microscopy with optical sections that transect the nucleus of the cells taken. The 

results are shown in Figure 5.3. No specific staining was observed with the detection reagents 

alone. Moreover, as observed in the previous Section, Hermes-3 staining decorated the plasma 

membrane of the cells but no staining of the cell nucleus was evident. Moreover none of the 

other 7 anti-CD44 clones produced any hint of nuclear staining despite exquisite staining of the 

plasma membrane. The chance that epitopes detecting one mAb was somehow masked 

seemed possible, but that 8/8 independent clones failed to identify intact CD44 in the nucleus 

was perplexing, given the recent findings published in high profile journals (170, 171).  

One possibility was that the in-house HT-29 cells were different to those published, or 

that the growth conditions employed were inappropriate for the translocation of CD44 to the cell 

nucleus. To further investigate, studies were next undertaken in MCF10A mammary epithelial 

cells, that had also been reported to have the intact CD44 molecule present in the cell nucleus 
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(170). One feature of these cells is the great morphological differences observed in cells 

cultured at low density (mesenchymal), high density (epithelial) and within matrigel (acini) (271). 

It is known that different culture conditions can affect the expression of adhesion 

molecules like CD44 (272), therefore the internalization and nuclear translocation could also be 

affected by cell density and culture conditions. For that reason, 3 different cell culture conditions 

were compared: low density and high density adherent cell culture, and 3D cell culture. As 

before, cells were permeabilised and immunostained with extracellular antibodies against 

CD44, in this case E1/2 that provides the highest signal to noise of all the available anti-CD44 

mAb (Figure 5.3). These results are shown in Figure 5.4A with the analysis showing that CD44 

staining again exhibited exclusively membrane staining. There was no co-localization of CD44 

staining with nuclear marker, DAPI, and the different culture conditions employed had no 

influence on the results.  

To further confirm this finding, the analysis was extended using different cellular 

markers. To visualise a larger number of cells, Figure 5.4B shows a low magnification field of 

MCF10A cells, and in addition to the nuclear marker DAPI, staining with the filamentous actin 

probe Alexa488 phalloidin was also performed. Again CD44 staining was strongly present at the 

cell surface and the merged images show that there was no co-localization of CD44 and the 

nuclear marker for any for the cells in the field. Closer details of the staining of CD44 are shown 

in Figure 5.4C. MCF10A cells were stained with an antibody against the mitochondrial marker 

Cytochrome C, in addition to the antibody against CD44 and the nuclear marker DAPI.  In this 

instance the visualisation of mitochondria is useful in delineating the cytosolic space of 

individual cells. Again there is strong localisation of CD44 to the cell membrane. This high 

resolution image shows some intracellular CD44 staining, but this was confined to the cytosol 

(mostly large vesicles), with no significant signal present in the cell nucleus.  
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Figure 5.3- Distribution of CD44 in HT -29 cells.  Cells grown on glass coverslips were fixed, 

permeabilised and immunostained with (i) detection reagents alone (anti-mouse IgG Alexa488 

conjugate) or  (ii - ix) mAb directed against the extracellular domain of CD44. The clones used 

were: (ii) Hermes-3 (in house); (iii) E1/2 (in house); (iv) Bu52 (Serotec); (v) F10-44-2 

(SouthernBiothech); (vi) 2F10 (RD); (vii) 3E8 (in house); (viii) 5F12 (NeoMarkers); (ix) Bu52 

(Ancell). The cells were analysed using confocal microscopy. The images are optical sections of 

cells stained with each CD44 antibody against the extracellular domain in combination with a 

fluorescent secondary conjugate (Alexa488 anti-mouse IgG). Scale bar = 20µm 
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Figure 5.4 – Immunofluorescence analysis showing the distribution of CD44 in MCF10A 

cells. The photomicrographs represent optical sections of cells stained with the CD44 antibody 

(clone E1/2) against the extracellular domain in combination with the secondary antibody 

Alexa555® anti-mouse IgG or other indicated markers. Cell nuclei were counterstained using 

DAPI. (A) Immunofluorescence analysis of MCF10A cultured under different conditions (low 

density, high density and acini) showing CD44 staining (red; left panel), nuclear staining by DAPI 

(blue; middle panel) and the merged images (right panel). No co-localization of CD44 and the 

nuclear marker is observed. (B; next page) Immunofluorescence analysis of MCF10A cells under 

low magnification showing filamentous actin staining (Green; Top left panel) using Alexa488®

phalloidin probe (Life Technologies); CD44 staining (Red; Top right panel); DAPI nuclear staining 

(Blue; Bottom left panel) and the merged images (Bottom right panel).  A large number of cells 

can be observed in the small magnification images but no co-localization of CD44 and the 

nuclear marker is observed. (C, next page)  MCF10A cells stained with anti-cytochrome C 

antibody as a mitochondrial marker (Green; top left panel), CD44 staining (Red; top right panel), 

DAPI (Blue, bottom left panel) or the merged images (bottom right panel). The Zenon® labelling 

kit was used to prepare direct fluorophore labelled-primary antibodies as described in Section 

2.16 Some intracellular CD44 appears withing the cytosol but no CD44 is seen in the cell 

nucleus. 
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5.2.4 Characterisation of antibodies against the extracellular and intracellular domain 

of CD44 in Western blotting 

 Since CD44 could not be detected in the nucleus of any of the cell lines tested by 

immunofluorescence staining, to eliminate the possibility of technical problems that could 

conceivably be at play, the Western blot technique was also employed in order to further 

investigate the subcellular localization of full length CD44, and its cleaved cytoplasmic tail (ICD). 

First, it was necessary to characterise the blotting characteristics of antibodies against the 

extracellular domain of CD44 together with the CD44 ICD. For reasons described above, this 

work was undertaken in HT-29 cells that have been described to translocate the intact CD44 

receptor to the cell nucleus (171). The HT-29 cells were transfected with siRNA against CD44 

(siCD44) or scrambled control siRNA (siNC), and 3 days after transfection, cells were lysed and 

subjected to Western blotting.  

Figure 5.5A shows the detection of CD44 using the Hermes-3 antibody, which 

recognizes the extracellular domain of CD44 (273). The bands represent the standard full length 

molecule (~90kDa) and the larger splice variants (100-150kDa), possibly V3 and V6 that have 

previously been reported in these cells (274, 275). It is clearly shown that the intensity of 

detected bands is decreased in cells transfected with siRNA against CD44. Although this 

represents partial knock-down of the receptor, it confirms the specificity of the antibody against 

the major reactive bands. The same samples were subjected to Western blot using CD44 ICD 

antibody, a commercial polyclonal antibody that recognizes the intracellular domain. This 

antibody detects, in addition to the full length molecule (90-100kDa), one band at 25kDa, which 

corresponds to the membrane bound cleaved CD44 containing the cytoplasmic domain (CD44 

CTF), and a ~16kDa band, which corresponds to the CD44 ICD fragment. To further confirm the 

validity of this antibody, cells were treated with PMA (phorbol myristate acetate), which is known 

to induce CD44 cleavage (276). The detection of CD44 ICD was increased after PMA treatment 

in a concentration-dependant manner. GAPDH expression under the same treatment conditions 

remained unchanged (Figure 5.5C). Therefore, the major reactive bands identified by the 

antibody detecting CD44 cytoplasmic domain were also confirmed to be specific.  
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Figure 5.5– Detection of CD44 by Western blotting using antibodies against extracellular 

and intracellular domain.  (A) HT-29 cells were transfected with siRNA against CD44 (siCD44) 

or scrambled siRNA (siNC) and after 3 days, were harvested and submitted to Western blotting 

with an antibody against the extracellular domain of CD44 (Hermes-3). The immunoreactive 

bands detected correspond to the different isoforms of CD44 with molecular weights ranging 

from ~90-150kDa (FL CD44). (B) Blotting with an antibody against the cytoplasmic tail of CD44

(CD44 ICD). Besides the full length molecule (90kDa), two additional specific bands were 

observed. The 25KDa band corresponds to the membrane bound cleaved CD44 containing the 

cytoplasmic domain (CD44 CTF). The CD44 intracytoplasmic domain (ICD) was also detected 

(~16kDa). (C) HT-29 cells were treated with 100 or 500ng/mL of PMA for 30 minutes. PMA 

treatment caused the appearance of bands at ~25 and ~16kDa representing the cleavage 

products of CD44. Note that different percentages of acrylamide were used to optimally detect 

FL CD44 (7.5%, A) and the cleaved products (12%, B and C) and therefore the migration 

patterns of markers appear different. 
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5.2.5 Biochemical determination of the subcellular localization of CD44 using a 

detergent-based lysis method  

 

After verifying the specificity of the anti-CD44 blotting reagents, the next step was to 

further investigate CD44 subcellular localization. HT-29 cells were lysed using detergent-based 

lysis, and the nuclear fraction was collected by centrifugation at 5,000 x g for 15 minutes. The 

supernatant was also kept and represents the cytosolic/cell membrane fraction. Both nuclear 

and cytosolic fractions were then submitted to Western blotting and probed with CD44 

antibodies against the extracellular or intracellular domain. The results show that full length 

CD44 detected by Hermes-3 antibody is strongly present in the cytoplasmic/membrane fraction, 

consistent with results obtained with the whole cell lysates (compare Figures 5.5A and 5.6A). 

Examination of the nuclear fraction also showed a faint band of identical size and appearance 

as the main CD44 immunoreactive band in lysates (Figure 5.6A). Therefore, some intact CD44 

can be found in a biochemical fractionation that enriches the cell nucleus.  

The same nuclear and cytosolic fractions were also subjected to analysis using the 

CD44-ICD antibody. As shown in Figure 5.6B, the full length molecule was again strongly 

detected in the cytoplasmic/membrane fraction, as well as the membrane bound CD44-CTF 

(25kDa). The CD44 ICD fragment (~16kDa) was also detected, but only in the nuclear fraction, 

consistent with the known nuclear transportation of the ICD fragment after cleavage. 

In order to better understand these results, further analyses were performed to 

understand the composition of these fractions. GAPDH antibody was used as a cytoplasmic 

marker, and Figure 5.6C shows that, although the strongest band is in the cytoplasmic fraction, 

some GAPDH was also detected in the nuclear fraction. Conversely, a nuclear marker, Lamin 

A/C, could also be detected in small amounts in the cytoplasmic fraction (Figure 5.6D). 

Furthermore, using an antibody against CD9, a cell-surface protein which is a member of the 
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tetraspanin family, analysis showed that most of the CD9 protein was detected in the 

cytoplasmic/membrane fraction although a faint band can still be seen in the nuclear fraction 

(Figure 5.6E). Collectively these results suggest that the method employed greatly enriches the 

presence of nuclear proteins in the nuclear fraction and cytosolic and transmembrane proteins 

in the cytosolic fraction. These observations are consistent with the notion that these 

fractionations represent enrichments rather than purifications. The presence of small amounts 

of intact CD44 in the cell nucleus in this context may therefore not provide irrefutable evidence 

of CD44 translocation to the cell nucleus.   
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Figure 5.6 - Subcellular localization of CD44 after cell fractionation using detergent -based 

lysis.   Nuclear and cytoplasmic fractions prepared from the HT-29 cell line were analysed by 

Western blotting using antibodies against CD44 extracellular domain (Hermes-3; A); CD44 ICD 

(B); GAPDH (C); Lamin A/C (D) and CD9 (E). Specific CD44 bands are highlighted as per Figure 

5.3:  full-length CD44 (FL CD44), intracytoplasmic domain (CD44 ICD) and membrane-bound C-

terminal fragment (CD44-CTF). Numbers on the left are Molecular Weights (KDa). 
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5.2.6  Determination of CD44 sub-cellular localization using nitrogen decompression 

lysis and fractionation by differential centrifugation  

In the previous Section, subcellular fractionation using a detergent-based method failed 

to provide convincing evidence that the full length CD44 molecule could translocate to the cell 

nucleus. Indeed, together with the results of immunofluorescent staining, some doubt was cast 

upon as to whether this occurs at all. As further verification, an alternative “non-detergent” 

method was employed.  

Cell disruption by nitrogen decompression from a pressurized vessel is a rapid and 

effective way to homogenize cells and tissues, to release intact organelles, and to prepare cell 

membranes. HT-29 cells were lysed by nitrogen decompression and cell fractions were 

separated by differential centrifugation (277, 278) as described in Chapter 2. Four fractions 

were collected: fraction 1 is a nuclei enriched fraction pelleted at 1,000 x g; fraction 2 is 

mitochondria enriched fraction, pelleted at 20,000 x g; fraction 3 is the light membrane enriched 

fraction pelleted at 100,000 x g; finally the supernatant containing cytosolic proteins is fraction 4. 

The different fractions were then submitted to Western blotting and probed with CD44 antibody 

Hermes-3 and specific markers: GAPDH for cytosolic fraction, Lamin A/C for nuclear fraction 

and CD9 for membrane fractions respectively.  

The results show that although the majority of CD44 was present in the membrane 

fraction as expected, some level of the receptor was also detected in the mitochondria- and 

nuclear-enriched fractions, as well as in the cytosol. Nevertheless, GAPDH, which is a cytosolic 

protein, was also detected at a lower level in all the other fractions; Lamin A/C, the nuclear 

marker, was also present in the mitochondria-enriched fraction and at lower levels in the 

membrane fraction; CD9, a cell-surface protein, was detected in both mitochondrial and nuclear 

fractions in addition to the cell membrane fraction. These results again suggest that these 

cellular fractions are not pure but only enriched.  Taken together, the most logical interpretation 

is that these fractionation procedures have the inherent limitation of small amounts of cross-

contamination between fractions.   
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Figure 5.7- Sub-cellular localization of CD44 in HT -29 cells after nitrogen decompression 

lysis and cell fractionation.  Cells were disrupted by nitrogen decompression and the 

subcellular fractions were separated by differential centrifugation. Fraction 1 is the nuclear 

fraction (Nuc), pelleted at 1000 x g; fraction 2 is the mitochondrial fraction (Mito) pelleted at 

20,000 x g; Fraction 3 contains light cell membranes (Mem) pelleted at 100,000 x g and the 

supernatant is the cytosolic fraction (Cyto; fraction 4). The different fractions were analysed by 

Western blotting using antibodies against CD44 extracellular domain (Hermes-3; A); GAPDH 

(B); Lamin A/C (C) or CD9 (D). 
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5.3 Discussion 

Consistent with the Western blotting data presented in Figure 4.1, an analysis of 6 

melanoma cell lines using indirect immunofluorescence staining for MIF showed abundant MIF 

protein present within all of the melanoma cells both in the cytoplasm and cell nucleus (Figure 

5.1). Cell lines that had more nuclear MIF staining were those most sensitive to the effects of 

MIF depletion using siRNA. The converse was also true, those with relatively less MIF in the cell 

nucleus were not as sensitive to the inhibition of proliferation that occurred as a result of MIF 

depletion. This result provided an indication that the significant functions of MIF, with respect to 

antagonising MIF and inhibiting melanoma cell growth, may occur within the cell nucleus. 

For reasons described in the Introduction to this Chapter, it was considered that CD44 

was a strong candidate for being involved in the delivery of MIF to the cell nucleus. The 

possibility of direct nuclear translocation of cell surface receptors has been known for many 

years, but with limited acceptance due to lack of knowledge of how such receptors might travel 

into the nucleus (279). One of the first full-length receptors reported to traffic to the nucleus was 

EGFR (epidermal growth factor receptor), and since then, other reports have shown different 

examples of receptor nuclear-translocation, like ErbB2, FDFR1, c-Met and IGF-1R (reviewed in 

(280, 281)) but the mechanistic basis of these findings remains hidden. Different mechanisms 

have been proposed for nuclear translocation, including classical nuclear localization signal 

(NLS) binding to the importin α/β complex (281), association of non-NLS containing receptors to 

an NLS-containing cytosolic binding partner (280), or by covalent binding of the small-ubiquitin-

like modifier-1 (SUMO-1; SUMOylation) (282). In the case of CD44, a nuclear localization signal 

(NLS) was mapped to the cytoplasmic tail, and it was thought to mediate its nuclear 

translocation through interaction with the carrier transportin-1 (170, 171).  

The immunofluorescence analysis of CD44 expression in melanoma cells showed 

strong cell surface staining for this receptor, but no detection was observed in the cell nucleus 



 

119 

(Figure 5.2). Using the same methodology, two different nuclear proteins could be readily 

recognised using both monoclonal and polyclonal antibody reagents (Appendix 3) indicating that 

the cell nucleus was permeabilised and nuclear proteins were readily accessible to staining. To 

confirm the veracity of this finding, the distribution of this receptor was further studied by 

immunofluorescent staining using HT-29 and MCF10A, cells which have been shown to contain 

nuclear FL-CD44 (170), using a panel of 8 mAb against the extracellular domain of CD44, and 

different culture conditions. Again, the staining pattern for immunoreactive CD44 indicated an 

exclusive membrane localization of CD44 with no co-localization was observed with the nuclear 

marker DAPI. Notably this assessment also included the exact antibody clone (Hermes-3) used 

to detect nuclear FL-CD44 in previous studies (170) indicating that the failure of our 

experiments was not due to epitope masking. 

Further analyses were performed using biochemical techniques to eliminate the 

possibility of technical problems. Antibodies against the extracellular or intracellular domain 

were validated by using siRNA mediated knockdown of CD44, after which the intensity of CD44 

immunoreactive bands was diminished (Figure 5.5). Detection of CD44-ICD was further 

confirmed by treatment with PMA, which is known to induce cleavage of the receptor (276) 

(Figure 5.5C). The same antibodies were then used to detect CD44 in different cell fractions 

prepared using different techniques. The first method used here was a detergent-based lysis 

followed by low speed centrifugation, in order to pellet the nucleus. The results show that full-

length CD44 detected by the extracellular domain antibody was strongly present in the 

cytoplasmic/cell membrane fraction and a less intense band could also be detected in the 

nuclear fraction. The CD44 ICD was only detected in the nuclear fraction (Figure 5.6). As an 

alternative method, cell disruption by nitrogen decompression from a pressurized vessel was 

used to homogenize the cells and 4 different fractions were separated by differential 

centrifugation. In this case, full length CD44 was strongly detected at the membrane fraction, 

but some level of the protein was also detected in the mitochondrial, nuclear and cytosolic 

fractions (Figure 5.7). 
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 It is essential to stress that with traditional sub-cellular fractionation procedures like the 

ones used here, complete purification is almost impossible but rather favours the enrichment of 

particular fractions. Therefore, it is important to assess the fractions quality and purity by 

analysing a set of sub-cellular marker proteins (283). GAPDH, a cytoplasmic glycolytic enzyme, 

was used as a cytoplasmic marker, and independently of the fractionation method used, this 

enzyme was detectable in all fractions, although more strongly in the cytoplasmic fraction 

(Figure 5.6 and 5.7). Lamin A/C are nuclear membrane structural components commonly used 

as nuclear markers. In the present work, Lamin A/C was present in the nuclear fraction, but was 

also detected in other fractions.  

To better understand the observed CD44 distribution in these experiments, another cell 

membrane protein, CD9, was also used as a control. CD9 was a cell-surface protein which is a 

member of the tetraspanin family. The results clearly show that CD9 is strongly present in the 

membrane fractions, but also detected in the nuclear fractions, as was the case for FL-CD44. 

Taken together, the distribution of markers across the different fractions confirms the presence 

of cross-fraction contamination, thus the presence of FL-CD44 in the nuclear fraction cannot 

support the conclusion that the molecule is internalized and translocated to the nucleus. Thus, 

despite two reports in high profile journals showing evidence of nuclear translocation of CD44, 

the results presented in this Chapter suggests that only a fragment of CD44 is translocated to 

the nucleus and full-length molecule is found exclusively at cell surface level. This does not 

invalidate the finding that nuclear MIF is important, and indeed this intriguing finding warrants 

further investigation.  
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6.1 General Conclusions  

6.1.1 Recent facts on melanoma 

Melanoma is considered Australia’s national cancer since our continent has the highest 

incidence of this disease in the world. As reviewed in Chapter 1, melanoma rates in Australia 

have doubled in the 20 years from 1986-2006, and are still on the rise, with an estimated 392 

extra cases per year. Especially among young Australians (15-44 years-old), melanoma is the 

most common cancer and among 20–34 year-olds, melanoma kills more young Australians than 

any other single cancer (4, 5). The statistics are alarming, and in response prevention 

campaigns have been implemented, with strategies involving sun avoidance, sun protection and 

also regular skin checks. However, in a large number of cases melanoma is not detectable in 

early stages, and it is not always related to sun exposure.  

Since current approaches to prevent melanoma have not been able to reduce the 

incidence rates, efforts have been directed to improve early detection and to develop more 

effective melanoma therapeutics. When detected early, melanoma is highly curable by surgical 

excision. However, melanoma is an insidious disease that has the propensity to metastasize 

early. Current treatments for disseminated disease are highly inefficient and once the tumour 

spreads beyond the primary site, melanoma is almost universally fatal. Despite intensive 

research into better ways to treat malignant melanoma, it remains refractory to conventional 

therapy. In fact, when surgery is not an available option, enrolment in a clinical trial is the 

recommended course of action, highlighting the desperate situation faced by sufferers of this 

disease (22, 36, 37) . 

The clinical management of melanoma remains a significant challenge, however 

discoveries made in recent years have substantially changed the outlook for melanoma 

therapies. Scientists like Professor Richard Marais changed the course of melanoma research 

with the finding that BRAF mutation was critical in a large proportion of melanomas (78). In 
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2002, the discovery of BRAF mutations in more than half of melanoma cases was a 

breakthrough in melanoma research and opened the doors to significant therapeutic advances 

against malignant melanoma (41). This discovery created the opportunity to develop a highly 

specific oncogene-directed therapy in a relatively short timeframe. In 2004, the Marais group 

was the first to solve the crystal structure of the BRAF protein, a discovery that allowed the 

development of PLX4032 (now referred to as vemurafenib), which is a specific inhibitor of the 

mutated BRAF protein (284, 285). A few years later (2011), orally available vemurafenib was 

approved by the FDA for the treatment of BRAF mutant metastatic melanoma. Treatment with 

vemurafenib shows a high response rate and survival advantage in comparison with standard 

chemotherapy. Disappointingly, the clinical benefit for most patients is limited and the great 

majority eventually exhibit disease progression due to acquired resistance to treatment. The 

mechanisms of resistance to BRAF inhibition are under intensive research and clinical 

programs attempting to abrogate resistance are already being pursued (286, 287). Although not 

a cure, uncovering the importance of BRAF was a crucial step toward developing new 

treatments for melanoma. However, melanoma is a heterogeneous disease, and the potential 

benefits brought by selective mutant BRAF inhibitors are only applicable to around 60% of 

melanoma patients. Thus while the melanoma landscape has now substantially changed, for 

those patients not presenting BRAF mutation, finding other targets is still urgent.  

The thinking for some time has been that the solution to the problem of melanoma lies 

with a better understanding of the alterations in melanoma signalling pathways. This idea 

comes about because the inherent resistance of melanoma to treatment is thought to be in 

large part due to the hyperactivation of survival signalling pathways. Virtually all melanomas 

display constitutive activation of the ERK/MAPK and Akt pathways and this is thought to be one 

of the earliest events in melanoma development as well as being essential in its progression 

(49, 69, 85). The hyperactivation of these pathways is primarily achieved by mutations in 

upstream proteins, including BRAF, NRAS and PTEN (6) and some of the resistance 

mechanisms to BRAF inhibitor treatment involves the “reactivation” of these enzymes through 

alternative pathways (61-63). In that context, it is important to emphasize that tumours that do 
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not contain any activating mutation on the above mentioned genes still present constitutive 

activation of ERK and Akt pathways and in such cases, the activation could be achieved by 

aberrant autocrine production of growth factors (86, 88). The work presented in this thesis 

focused on the role of one such growth factor, MIF.  MIF had previously been observed to act 

as the autocrine factor driving activation of survival pathways.  In the context of cancer, these 

properties of MIF are thought to contribute to uncontrolled proliferation and tumour 

aggressiveness. In melanoma, however, these proposed functions have not been explored in 

detail.  

6.1.2 MIF expression in melanoma progression 

The study presented in Chapter 3 used a combination of in silico analyses of relative  

MIF mRNA expression together with immunohistochemistry of tissue biopsies to show that MIF 

expression is higher in metastatic melanoma compared to normal skin, naevi or primary 

melanoma. The availability of microarray datasets with associated clinical follow-up data made 

possible further investigation to associate MIF transcript levels with patient survival. Although 

MIF expression has been shown to associate with cancer prognosis for a variety of human 

cancers like lung, prostate, colorectal, and gastric cancer (206, 208, 259, 288-291), there were 

no previous reports associating MIF expression with melanoma outcome. Here it was shown for 

the first time that high expression of MIF is associated reduced disease-free survival of patients 

with metastatic melanoma (Figure 3.3) implicating it in tumour aggressiveness. This is 

particularly significant for metastatic melanoma, since the majority of cases cause death, and 

there is a lack of molecular characteristics that are useful as biomarkers.   

Moreover, to verify if transcripts encoding MIF signalling receptors were also indicative 

of poor disease outcome, in silico analyses were also conducted for CD74, CD44 and CXCR4 

expression. From this analysis, only CD44 showed an association of high expression with worse 

prognosis. Surprisingly, CD74 and CXCR4 showed the opposite relationship, with lower 

expression being associated with worse disease-free survival (Figure 3.5). High CXCR4 in 

particular had been previously reported as a poor prognostic indicator in a range of cancers 
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including melanoma (189, 191, 240). The fact that CD74 and CXCR4 expression levels were 

differently associated with patient prognosis could indicate that these receptors have different 

roles in melanoma, independent of MIF signalling. Although CD44 has not been shown to 

directly bind MIF, the finding that both MIF and CD44 higher expression levels are associated 

with faster disease progression raised the hypothesis that MIF and CD44 could have associated 

roles in melanoma progression.  This notion was further addressed in Chapter 5, where the 

nuclear localization of MIF and CD44 were examined.  

6.1.3 The functional role of MIF in melanoma cell lines 

Having shown that MIF expression was associated with poor prognosis for patients 

with metastatic melanoma, the next step was to investigate the mechanisms of MIF signalling in 

these tumours. The approach taken in Chapter 4 was to investigate the effects of MIF 

expression on melanoma cell proliferation and survival in vitro, including the analysis of 

downstream signalling.  

MIF has previously been implicated in many aspects of tumour progression, including 

cell proliferation, invasion, and angiogenesis (94, 103, 104, 113), but very little was known 

about the function of MIF in melanoma cells. Here, the MIF protein was first found to be 

ubiquitously expressed in a large panel of 20 melanoma cell lines, confirming their suitability to 

examine the function of MIF. Thereafter, siRNA was used to inhibit MIF expression in 6 different 

cell lines selected to include different combinations of CD74 expression levels and BRAF 

mutation status (Chapter 4, Table 4.1). These experiments showed that MIF inhibition 

significantly decreased the ability of cells to proliferate in 4 out of the 6 cell lines analysed 

(Figure 4.4). Specifically, the depletion of MIF reduced the number of cells entering S-phase of 

the cell cycle, suppression of cell growth and the reduction of cell viability beginning 3 days after 

MIF knockdown. Additional experiments also showed that MIF depletion also impaired 

anchorage-independent cell growth in two human melanoma cell lines (Figure 4.5). Collectively 

these results promoted the notion that the proliferative capacity of the majority of melanoma 

cells is reliant upon their endogenous expression of the MIF protein.   
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An association was then established between MIF expression in melanoma and the Akt 

signalling pathway. MIF knock-down resulted in a decrease of Akt phosphorylation in several 

melanoma cell lines, and this effect was accompanied by a reduction in expression of Cyclin D1 

and Cyclin dependent kinase 1 (CDK1), and increased expression of p27 (Figure 4.6). In 

addition, the degree of MIF knockdown influence on Akt activation for each cell line was largely 

correlative with the functional effects of MIF expression, suggesting that MIF regulates cell-cycle 

by activating Akt pathway in melanoma cells.  

MIF signalling can act through both CXCR4 and CD74 receptors, the latter requiring 

CD44 to act as a co-receptor to permit signal transduction. Western blotting and flow cytometry 

analysis showed that although all 20 melanoma cell lines analysed expressed CD44 and the 

chemokine receptor CXCR4, only expressed CD74 (Figure 4.1 and 4.2).  Although the complex 

formed by CD74 and CD44 was the first proposed membrane receptor complex for MIF, here it 

was shown that the effects of MIF on melanoma cell lines were independent of CD74, since no 

association was seen between CD74 expression and the sensitivity of cells to MIF depletion. 

Although not presented in the thesis, further experiments were undertaken to examine the 

participation of these receptors in MIF signalling and melanoma proliferation. SiRNA mediated 

knockdown was also performed for each of the receptors, using at least 3 different siRNA 

sequences, followed by proliferation analysis by the ClickITTM assay. If MIF’s role in melanoma 

cell lines was dependent on one of the receptors, it would be expected that the receptor 

depletion would have the same effect as MIF depletion. However, the siRNA sequences used 

here to knockdown CD44, CD74 and CXCR4 were unable to completely deplete expression, 

with only 40-60% reduction in protein levels observed (data not shown). No significant 

difference was observed in the proliferation analyses, which could be in part due to incomplete 

knockdown, but it also suggests that MIF could function independently of these known MIF 

receptors.  

A large panel of melanoma cell lines was used for in vitro studies, in an attempt to 

account for the vast heterogeneity that is a characteristic of malignant melanoma. In this 
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context, recent advances in melanoma treatment using specific BRAFV600E inhibitors were 

considered. Most importantly, the sensitivity of individual melanoma cell lines to MIF depletion 

was not associated with BRAF mutational status. Therefore, MIF presents as a potential target 

for an alternative treatment for melanoma, particularly for patients that do not have mutated 

BRAF, or for the cases that develop resistance to BRAF inhibitor treatment.  

 

6.1.4 CD44 translocation to the nucleus: a potential mechanism for delivering the MIF 

signal? 

As mentioned in the previous section, siRNA inhibition studies were performed to 

directly examine the contribution of known MIF receptor expression to MIF signalling in 

melanoma. However, these experiments were confounded by technical issues. With respect to 

understanding how MIF functions in melanoma cells, another area of interest concerned the 

results of Chapter 3, where it was shown that in addition to its cytoplasmic pool, MIF was also 

present in the nucleus of melanoma cells. Considering that ligand-induced endocytosis of 

cytokine-receptor complexes and nuclear translocation have been suggested for several 

cytokines (224, 225) and that CD44 has recently been shown by two independent reports to be 

translocated to the nucleus (170, 171), we hypothesised that if CD44 was involved in the 

translocation of MIF to the nucleus of melanoma cells, this could indicate a novel mechanism for 

MIF signalling in melanoma. 

Accordingly, in Chapter 5 it was investigated whether MIF and CD44 co-localized in 

the nucleus of melanoma cells and this would provide preliminary evidence of the proposed 

mechanism. The presence of MIF was confirmed in the nucleus of melanoma cell lines by 

immunofluorescence staining (Figure 5.1). Interestingly the cell lines that presented higher 

expression of MIF in the nucleus were also the most sensitive to MIF depletion, suggesting that 

the effects of MIF in melanoma cell lines could be associated with its presence and function in 

the cell nucleus.  The same analysis was repeated for CD44 expression, but unexpectedly, 
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CD44 could only be detected at the cell surface of the melanoma cell lines examined (Figure 

5.2). This negative result provided a conundrum, since on the basis of recent publications, it 

was anticipated that the intact CD44 molecule would be found in the nucleus of melanoma cells. 

It was suspected that the inability to visualise intact CD44 in the nucleus could have occurred 

because of methodological issues, for example, by the epitope recognised by our mAb being 

masked. Consequently, it was decided to verify the method against other cells known to have 

intact CD44 in the nucleus, like the colon cancer cell line, HT-29 (171) and the human epithelial 

cell line, MCF10A (170) and also to evaluate a panel of anti-CD44 mAbs. For this purpose, 

different techniques were employed, including different methods of cell fractionation and 

immunostaining with confocal microscopy analysis, using antibodies against the extracellular 

region of CD44 to confirm the presence of the full length molecule in the nucleus. Subcellular 

fractionation is a technique commonly used to investigate nuclear localization of proteins, and 

we showed here that although FL-CD44 can be detected in the nuclear fractions, this was 

almost certainly due to cross-fraction contamination, as shown by the use of nuclear, 

cytoplasmic and membrane markers. Therefore, these methods should be used with caution, 

since the cellular fractions resulting from these processes are only enriched but not pure, 

potentially giving misleading conclusions.  

Probably the most convincing published evidence for the presence of FL-CD44 in the 

nucleus comes from the technique of immunofluorescence staining combined with confocal 

microscopy.  Surprisingly, exhaustive use of this technique showed no staining for CD44 in the 

nucleus in a variety of settings. Collectively with the biochemical evidence the results presented 

in Chapter 5 do not support the initial hypothesis that CD44 could be involved in the 

translocation of MIF to the nucleus in melanoma cells. Nevertheless, this is important since the 

functional consequences of CD44 signalling are highly relevant to a great number of cancers. 

The results however do support the well established paradigm of sequential cleavage and 

transport of the CD44-ICD to the cell nucleus. Therefore, it will be important to publish this work 

to allow a proper re-evaluation of this process.  
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6.2 Future Directions 

The targeting of components of cell survival pathways has been successfully 

employed in the treatment of several cancers. In melanoma, the development of selective 

BRAFV600E inhibitors in the last decade has brought hope of an efficient treatment for 

metastatic disease. While this has arguably produced the most spectacular results, the 

approach has not occurred in isolation and inhibitors of survival pathways have met with their 

own success in the other forms of cancer. In lung cancer, for instance, current targeted 

therapy includes the use of inhibitors of EGFR and drugs targeting EML4-ALK, which is an 

aberrant fusion gene product with constitutive kinase activity. In chronic myelogenous 

leukemia (CML), the tyrosine kinase enzyme ABL (V-abl Abelson murine leukemia viral 

oncogene homolog 1) in white blood cells is locked in its activated form, and imatinib, a drug 

used to treat this cancer, inhibits the tyrosine kinase activity of ABL. Breast cancer patients 

with tumours overexpressing ErB-2 (human epidermal growth factor receptor 2) are also 

treated with trastuzumab, a FDA approved monoclonal antibody targeting ErB-2.  

No matter how effective single anti-cancer agents have become, all too frequently 

they fail to eradicate disease. The development of drug resistance, involving secondary 

mutations or other aberrant signalling activations, circumvents the cytotoxic effects of both 

targeted and non-targeted treatments. It is now apparent for many cancers that multiple 

redundant aberrant signalling pathways are at play, and this circumstance requires the use 

of combined targeted approaches to achieve a cure for these malignancies. Indeed, new 

therapeutic strategies trying to address drug resistance mechanisms have been using 

combined therapy in an attempt to overcome this problem (292-295). Where then does this 

place the major findings of this thesis? 

First, being able to associate high MIF expression with faster disease progression in 

melanoma highlights the general importance of MIF to this disease. Therefore, this 

observation places MIF as a bona fide target in melanoma. Secondly, the targeting of MIF is 
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likely to be effective for patients independent of BRAF mutational status and indeed may be 

applicable to the majority of patients. A further important question then arises as to how 

practically to achieve the targeting of MIF in vivo. Towards this, it is encouraging that such 

work is already underway.  

MIF is known to have tautomerase activity and although the relationship between the 

catalytic activity and biological function of MIF is not fully understood, targeting MIF 

tautomerase activity using small-molecule inhibitors has emerged as an attractive 

therapeutic strategy (296, 297). To date, various classes of small molecule MIF inhibitors 

have been produced and MIF inhibition has proven beneficial in a number of disease 

models. However, most of the inhibitors available are not ideal for pharmaceutical 

development. For example, ISO-1, the most well characterized MIF inhibitor, displays only 

micromolar potency with respect to MIF inhibition, raising concerns about low potency and 

off-target effects. Recently, a great deal of work has been done to accelerate the 

development of clinically relevant MIF inhibitors, and superior performance inhibitors as 

compared to the prototypical ISO-1 have already been described (298). The new 

generations of MIF inhibitors could be of potential therapeutic benefit for treatment of 

melanoma, by itself or combined with BRAFV600E inhibitors and/or other drugs.  

Moreover, the present work used small interfering RNA (siRNA) to target MIF, and 

this has been shown to be very efficient in completely depleting MIF from melanoma cells 

and greatly reducing melanoma growth. Over the last decade, many research groups and 

pharmaceutical companies have been working on strategies to be able to efficiently use 

siRNA in cancer therapeutics. Significant advances in this field have been made so far, but 

several obstacles remain to be overcome, including effective tumour-specific siRNA delivery 

(299-303). One process where we hope to participate is by means of a recent collaboration 

in the development of dual compounds called aptamers that are able to both target cancer 

cells and simultaneously deliver siRNA. Should these be successful, this could represent an 

efficient strategy for inhibiting MIF function in melanoma.  
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Production of recombinant MIF in Pichia pastoris 
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1 Pichia pastoris system  

 

As discussed in Chapter 4, the use of commercial recombinant MIF (rMIF) raises the 

potential problem of undefined endotoxin contamination since all available are prepared in 

bacterial systems. To circumvent this serious drawback, an alternative method to produce 

recombinant MIF using yeast was undertaken. The system used for this purpose was the Pichia 

pastoris yeast system (256, 257, 304-306) which would potentially allow the production of 

bioactive endotoxin-free recombinant MIF. In addition, as a eukaryote, Pichia pastoris has many 

other advantages common of higher eukaryotic expression system. Unlike bacteria, the 

intracellular environment of these yeast undertake many of the post-translational protein 

processing events occurring in higher eukaryotes, while being relatively easy to manipulate 

(307). Post-translational modifications can also be a disadvantage, but this needs to be 

assessed on a case-by-case basis.  

Pichia pastoris can only poorly ferment sugars or other carbon sources. As a 

methylotrophic yeast, P. pastoris is capable of metabolizing methanol as its sole carbon source. 

Like many alternative carbon source pathways, growth on methanol requires the induction of a 

specific set of metabolic enzymes. The first step in the metabolism of methanol is the oxidation 

of methanol to formaldehyde using molecular oxygen by the enzyme alcohol oxidase. Alcohol 

oxidase has a poor affinity of O2, and Pichia pastoris compensates by generating large amounts 

of the enzyme. The promoter regulating the production of alcohol oxidase is the one used to 

drive heterologous protein expression in Pichia. Two genes in Pichia code for alcohol oxidase, 

AOX1 and AOX2, but the majority of alcohol oxidase activity in the cell is attributable to the 

product of the AOX1 gene. Expression of AOX1 is tightly regulated and induced by methanol to 

very high levels. The gene has been isolated and a plasmid-borne version of the AOX1 

promoter is used to drive expression of the gene of interest, encoding the desired heterologous 

protein (308-310). Expression of the AOX1 gene is controlled at the level of transcription. In 

addition, growth on glucose represses transcription, even in the presence of the inducer 
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methanol. For this reason, growth on glycerol is recommended for optimal induction with 

methanol (309, 311).  

There are three phenotypes of P. pastoris host strains with regard to methanol 

utilization. The Mut+ or methanol utilization plus phenotype, grow on methanol at the wild-type 

rate and require high feeding rates of methanol in large-scale fermentation (312). The MutS 

(methanol utilization slow phenotype) have a disruption in the AOX1 gene. Since the cells must 

then rely on the weaker AOX2 for methanol metabolism, a slower growing and slower methanol 

utilization strain is produced. The Mut- (methanol utilization minus phenotype) are unable to 

grow on methanol, since these strains have both AOX genes deleted. One of the advantages of 

this phenotype is that low growth rates may be desirable for production of certain recombinant 

products (313).  

The expression of foreign gene product in P. pastoris comprises four principal steps. 

The first step is to insert the gene into an expression vector, which can be for intracellular 

expression or for secreted expression. Once the gene is successfully cloned behind the AOX1 

promoter, the plasmid is linearized to stimulate recombination when it is transformed into P. 

pastoris host. It is advisable to transform both Mut+ and MutS, since one phenotype may favour 

better expression of some proteins than the other. The third step is to test the expression of 

both Mut+ and MutS recombinants in a small scale, using different time-points. Expression can 

be assessed by SDS-PAGE followed by Coomassie staining and/or Western blot. The Pichia 

recombinant strain which best expresses the protein of interest should then be used for further 

optimization and expression scale-up. The last step is purification of the recombinant protein 

using appropriate methods (256, 312, 313). To facilitate this step, affinity tags such as the poly-

histidine tag are frequently used. Since MIF had never been produced in this system, three 

synthetic constructs were designed and outsourced for synthesis (Table 1.1). These comprised 

a wild-type MIF with no affinity tags (MIF-WT), MIF containing a poly-histidine tag (MIF-6HIS), 

and MIF with mutation on potential glycosylation sites to avoid hyperglycosylation by yeast 

(MIF-NG). 
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2 Methods 

 

Production of recombinant MIF was performed using the EasySelectTM Pichia 

Expression Kit, from Invitrogen (#K1740-01). The composition of all growth media used was 

according to the protocols recommended by the supplier.  

 

2.1 Pichia pastoris Strains 

The kit included three different strains of P. pastoris. X-33 and GS115 are Mut+ strains 

while KM71H is MutS strain. X-33 is a wild-type strain that is useful for selection on ZeocinTM 

and large-scale growth. It will grow in Yeast Extract Peptone Dextrose Medium (YPD) and in 

minimal media. The Pichia strain GS115 has a mutation in the histidinol dehydrogenase gene 

(his4) that prevents it from synthesizing histidine. GS115 will grow on complex medium such as 

YPD, and on minimal media supplemented with histidine. The KM71H strain has a mutation in 

the argininosuccinate lyase gene (arg4) that prevents it from growing in the absence of arginine. 

Pichia pastoris grow in temperatures between 28-30oC in liquid cultures or plates. Growth above 

32oC during induction can be detrimental to protein expression and can even lead to cell death.  

 

2.2 Storage of Pichia strains 

Glycerol stocks were prepared for each Pichia pastoris strain. Briefly, a single colony of 

each strain was grown overnight in YPD. The cells were harvested and resuspended in YPD 

containing 15% glycerol at a final OD600 of 50-100 (approximately 1.5-5 x 109 cells/mL). Cells 

were then frozen in liquid nitrogen and stored at -80oC.  
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2.3 Pichia expression vector 

Two expression vectors were used, one to express MIF intracellularly (pPICZA) and one 

for secreted expression (pPICZαA). The vectors maps are illustrated in Figure A1.1.  

  

Figure A1. 1 – Maps of pPICZ and pPICZ α vectors.  The figure summarizes the features of the 

pPICZ (A) and pPICZα (B) vectors. Reproduced from EasySelectTM Pichia Expression Kit 

Manual (Invitrogen, MAN0000042).   
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2.4 Cloning MIF constructs into pPICZA vector and transformation into E. coli 

The vectors were first digested with EcoRI and XhoI and to prevent religation, a reaction 

with calf intestinal alkaline phosphatase (CIAP) was performed. This enzyme dephosphorylates 

the 5’-phosphorylated ends of DNA. Three different MIF constructs (Table A1.1) were ligated to 

the linearized vector, namely wild-type MIF (MIF-WT), MIF containing poly-histidine tag to assist 

purification (MIF-6HIS) and MIF with mutated glycosylation sites (MIF-NG). The ligation 

mixtures were then transformed into E. coli (DH5α) which were grown in Low Salt LB Medium 

(for ZeocinTM to be active, the salt concentration of the medium must remain low) containing 

25µg/mL ZeocinTM. Ten ZeocinTM-resistant transformants were picked and grown in 2mL Low 

Salt LB medium with ZeocinTM. Plasmid DNA was then isolated by miniprep for restriction 

analysis and automated sequencing performed to confirm that the coding sequence was in 

frame. Glycerol stocks of the purified clones were prepared and stored as described above. 
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Table A1.1– Synthetic MIF expression inserts synthesised by the GenScript Corporation 
for the project:  

Sequences* 

MIF-WT 
 
CTC GAG AAG CGT ATG CCT ATG TTT ATT GTT AAC ACC AAC GTT CCA AGA GCT TCT GTT CCA 
 XhoI            M   P   M   F   I   V   N   T   N   V   P   R   A   S   V   P 
GAC GGT TTC TTG TCT GAA TTG ACT CAG CAA TTG GCT CAG GCA ACT GGT AAA CCT CCA CAA 
 D   G   F   L   S   E   L   T   Q   Q   L   A   Q   A   T   G   K   P   P   Q 
TAT ATT GCT GTT CAT GTT GTC CCA GAT CAA TTG ATG GCT TTC GGA GGT TCT TCT GAA CCC 
 Y   I   A   V   H   V   V   P   D   Q   L   M   A   F   G   G   S   S   E   P 
TGT GCT TTG TGT TCT CTG CAT TCC ATC GGA AAG ATC GGT GGA GCC CAA AAT AGA TCC TAC 
 C   A   L   C   S   L   H   S   I   G   K   I   G   G   A   Q   N   R   S   Y 
TCT AAG CTT TTG TGT GGA CTT TTG GCT GAG CGT TTG AGA ATC AGT CCA GAT AGA GTT TAC 
 S   K   L   L   C   G   L   L   A   E   R   L   R   I   S   P   D   R   V   Y 
ATC AAT TAT TAC GAT ATG AAC GCC GCT AAT GTT GGA TGG AAC AAT TCT ACT TTC GCT TAA 
 I   N   Y   Y   D   M   N   A   A   N   V   G   W   N   N   S   T   F   A Stop 
TAG TCT AGA 
Stop  XbaI 

MIF-6HIS 

   G AAT TCT TCA AAC AAA ATG CCA ATG TTT ATT GTT AAT ACC AAC GTT CCA AGA GCT TCT 
    EcoRI                M   P   M   F   I   V   N   T   N   V   P   R   A   S 
GTT CCA GAC GGA TTT TTG TCC GAG TTG ACT CAA CAA TTG GCT CAA GCT ACT GGA AAG CCA 
 V   P   D   G   F   L   S   E   L   T   Q   Q   L   A   Q   A   T   G   K   P 
CCT CAA TAC ATT GCT GTT CAC GTT GTC CCA GAT CAA TTG ATG GCT TTT GGA GGT TCT TCT 
 P   Q   Y   I   A   V   H   V   V   P   D   Q   L   M   A   F   G   G   S   S 
GAA CCA TGT GCT TTG TGC TCT TTG CAC TCC ATT GGT AAA ATT GGA GGT GCT CAA AAT AGA 
 E   P   C   A   L   C   S   L   H   S   I   G   K   I   G   G   A   Q   N   R 
TCT TAC TCC AAG CTT TTG TGT GGT CTT TTG GCT GAA CGT TTG AGA ATT TCT CCT GAC AGA 
 S   Y   S   K   L   L   C   G   L   L   A   E   R   L   R   I   S   P   D   R  
GTT TAC ATT AAT TAT TAC GAT ATG AAC GCT GCT AAT GTT GGT TGG AAC AAT TCT ACG TTC 
 V   Y   I   N   Y   Y   D   M   N   A   A   N   V   G   W   N   N   S   T   F 
GCT CAT CAT CAC CAC CAT CAT TAG TAG CTC GAG 
 A   H   H   H   H   H   H  Stop Stop  XhoI 

MIF-NG 

CTC GAG AAG AGA ATG CCA ATG TTT ATT GTT AAC ACT AAC GTT CCA AGA GCT TCT GTT CCA 
  XhoI                     M   P   M   F   I   V   N   T   N   V   P   R   A   S   V      P 
GAT GGT TTC TTG TCT GAA TTG ACT CAA CAA TTG GCT CAA GCT ACT GGA AAG CCA CCA CAA 
 D   G   F   L   S   E   L   T   Q   Q   L   A   Q   A   T   G   K   P   P   Q 
TAC ATT GCT GTT CAT GTT GTT CCA GAT CAA TTG ATG GCT TTT GGT GGT TCT TCT GAA CCA 
 Y   I   A   V   H   V   V   P   D   Q   L   M   A   F   G   G   S   S   E   P 
TGT GCT TTG TGT TCT TTG CAT TCT ATT GGA AAG ATT GGT GGT GCT CAA AAC AGA TTT TAC 
 C   A   L   C   S   L   H   S   I   G   K   I   G   G   A   Q   N   R   F   Y 
TCT AAG TTG TTG TGT GGT TTG TTG GCT GAA AGA TTG AGA ATT TCT CCA GAT AGA GTT TAC 
 S   K   L   L   C   G   L   L   A   E   R   L   R   I   S   P   D   R   V   Y 
ATT AAC TAC TAC GAT ATG AAC GCT GCT AAC GTT GGT TGG AAC AAC TTC TTT TTC GCT TAA 
 I   N   Y   Y   D   M   N   A   A   N   V   G   W   N   N   F   F   F   A Stop 
TAG TCT AGA 
Stop  XbaI 

*Shading indicates the coding DNA sequence with corresponding amino acid sequence below. 
Restriction enzymes recognition sequences are shown in green and stop codons are in red. 
Mutated amino acids are highlighted in MIF-NG in yellow.  
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2.5 Electroporation of Pichia pastoris 

Plasmids identified above as containing MIF inserts were linearized using the PmeI 

restriction enzyme, and purified with PureLink PCR Micro Kit (Invitrogen, K310050). Each P. 

pastoris strain was grown in 5mL of YPD in a 50mL conical tube at 30oC overnight. Then, 

500mL of fresh medium was inoculated with 0.5mL of the overnight culture in a 2L flask and 

grown overnight again to an OD600 = 1.3-1.5. Cells were centrifuged at 1500 x g for 5 minutes at 

4oC and the pellet resuspended with 500mL of ice-cold sterile water. Cells were centrifuged 

again and resuspended with 250mL of ice cold sterile water. After the third centrifugation, cells 

were resuspended in 20mL of ice-cold sterile 1M sorbitol. Then the cells were centrifuged one 

more time and the pellet was resuspended in 1mL ice-cold sorbitol for a final volume of 

approximately 1.5mL.  

For electroporation, 80µL of the cell suspension above was mixed with 5-10µg of 

linearized DNA, transferred to an ice-cold 0.2cm electroporation cuvette and incubated on ice 

for 5 minutes. An electric pulse was applied to the cell suspension (1500V, 2000Ohm, 25µF) 

and 1mL of ice-cold 1M sorbitol was immediately added to the cuvette. The contents of the 

cuvette were transferred to a sterile 15mL tube and incubated at 30oC without shaking for 2h. 

Different volumes of the suspension (10µL, 50µL or 100µL) were spread on YPDS plates 

containing 100µg/mL ZeocinTM and incubated for 3-10 days at 30oC until colonies formed. 

Colonies from X33 and GS115 strains were then tested for Mut phenotype by plating the 

ZeocinTM-resistant transformants on MDH (Minimal Dextrose with Histidine) and MMH (Minimal 

Methanol with Histidine) plate and incubating then at 28-30oC for 2 days. Mut+ was supposed to 

grow on both plates while MutS would grow better on MDH plate, but show little or no grow on 

the MMH plate. Only Mut+ phenotypes were selected from both strains for rMIF expression. 

Since the KM71H strain is MutS, it did not need to be tested for Mut phenotype. The presence of 

the insert was confirmed by PCR for all the transformants (data not shown).   
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2.6 Expression analysis of recombinant Pichia strains and purification of rMIF 

ZeocinTM-resistant recombinant strains containing one of the MIF inserts (WT or 6HIS) 

were grown, first in a small scale to determine the optimal method and conditions for 

expression. Each recombinant strain was inoculated in 7mL BMGY media (Buffered Glycerol-

complex Medium) and grown overnight at 30oC shaking constantly. Then, cells were pelleted by 

centrifugation at 3000 x g and resuspended in 5mL of BMMY (Buffered Methanol-complex 

Medium). 1mL of cells were collected at different time points (0h, 5h, 10h, 24h and 48h), 

pelleted by centrifugation and kept at -80oC for later analysis.  

Expression of MIF was verified by SDS-PAGE (as described in Chapter 2) followed by 

Western blot and/or Coomassie blue staining. Scale-up of expression was performed for the 

recombinant strains that successfully expressed rMIF. Cells were lysed in Yeast Breaking Buffer 

(YBB; 50mM sodium phosphate, pH 7.4, 1mM PMSF, 1mM EDTA, 5% glycerol). Briefly, cells 

were pelleted by centrifugation and washed in YBB. After washing, the cells were pelleted again 

and resuspended to an OD600 of 50-100 in YBB. An equal volume of acid-washed glass beads 

(0.5mm) was added and the mixture was vortexed for 30 seconds and incubated on ice for 30 

seconds. Alternated vortex and cooling steps were repeated 7 times. The lysate was then 

centrifuged for 10 minutes at 12,000 x g and clear supernatant transferred to a new tube. 

Purification of rMIF as detailed here was performed using two different methods. The first was 

using TALON Metal Affinity Resins (Clontech Laboratories) and the second was using the His 

SpinTrap Kit (GE Healthcare). Varying concentrations of imidazole for elution were used as 

indicated.  
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3 Small-scale expression in recombinant Pichia strains 

To determine the optimal method and conditions for expression of rMIF, one of each 

Pichia strain (X33, GS116 and KM71H) containing each MIF insert was grown in BMGY 

medium and then induced in BMMY medium for 48 hours. A fraction of the culture was collected 

at different time-points. Cell pellets were lysed and submitted to Western blotting to verify MIF 

expression.  

MIF protein expression was not detected for any of Pichia strains containing the MIF-NG 

insert. Pichia strain X33 containing MIF-WT insert and the GS116 strain containing MIF-6HIS 

insert also did not show rMIF at detectable levels (data not shown). However, both the X33 

strain containing MIF-6HIS insert and GS116 with MIF-WT insert produced a reactive band with 

a molecular weight of ~100kDa (Figure A1.2A and B), which is far in excess of the predicted 

MIF molecular weight of 12.5kDa. Since the band is detected by a specific MIF antibody and its 

intensity increases with time, it is probably MIF-related. The high molecular weight could 

possibly be due to abnormal hyperglycosylation or formation of multimers.  

Further analysis of the KM71H strain containing MIF-WT also showed expression of the 

high molecular weight product (Figure A1.2C). However, more encouraging results were 

obtained using the transformant containing MIF-6HIS, since a band at the predicted MIF 

molecular weight (~12.5kDa) was detected. Although a single band was detected in the cells 

induced up to 10 hours, after 24 hours, an additional lower molecular weight band was also 

detected (Figure A1.2D), which could possibly represent a cleavage product after lengthy 

induction. Based on these results, the KM71H strain containing MIF-6HIS was selected for 

scale-up of expression but with methanol induction limited to 6 hours, to avoid the occurrence of 

the cleavage product. 
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Figure A1. 2 – Induction of rMIF expression in different transformed strains of P. 

Pastoris. The three different strains containing MIF-WT or MIF-6HIS insert were grown in 

media containing methanol for the indicated times. The cells were lysed and the homogenates 

were subjected to Western blotting using MIF monoclonal antibody. GS116 containing MIF-

WT (A) and X33 containing MIF-6HIS (B) showed a band at ~100kDa and the expression 

increased with time. A similar high molecular weight band was also observed for the strain 

KM71H with MIF-WT, but the intensity of the bands was not time-related (C). The only 

transformant to produce a protein at the anticipated molecular weight predicted for MIF 

(12.5kDa) was KM71H transformed with MIF-6HIS (D). 
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4 Large-scale rMIF expression  and purification 

 

The Pichia strain KM71H containing MIF-6HIS insert was inoculated in 25mL BMGY 

media and grown overnight until an OD600 1.7 was reached. The cells were than pelleted, 

resuspended in 200mL of induction media (BMMY) and were induced for 6 hours at 30oC under 

constant shaking. Proteins were then extracted as described in Section 2.6, and submitted to 

purification.  

 

4.1 Purification of rMIF-6HIS using Talon Metal Affinity resin 

Talon Metal Affinity resin is a durable immobilized metal affinity chromatography (IMAC) 

resin, charged with cobalt, which has a high affinity and specificity for his-tagged proteins. To 

purify rMIF using Talon Metal Affinity resin, the lysates were 5X diluted in washing buffer (50mM 

sodium phosphate, pH 7.0, 300mM NaCl) and incubated with the resin for 20min at room 

temperature. After washing the resin, the elution was performed using gravity-flow columns and 

5mL of 150mM imidazole in washing buffer. The eluate was collected in 500µL fractions, run in 

a Tris-tricine gel and submitted to Western blotting as described in Chapter 2. Analysis showed 

that although a strong band for rMIF can be detected in the lysate before purification, MIF was 

not detected in any of the elution fractions, except for a very faint band in fraction 8. A very 

weak band is also detected in the flow through fractions (the lysate supernatant collected after 

binding with the resin) (Figure A1.3A). This result likely indicates that most of the protein bound 

to the resin, but was not successfully eluted. Higher concentrations of imidazole up to 500mM 

were used in attempt to elute rMIF from the column, but no improvement in elution was 

observed (Figure A1.3B).  
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Figure A1. 3 – Purification of rMIF -6HIS using Talon Metal Affinity resin.  The KM71H strain 

containing MIF-6HIS was induced with methanol for 6 hours, and the lysates submitted to 

purification by IMAC using Talon resin. Eluate was collected in 8 fractions of 500uL, which were 

then submitted to Western blot for MIF detection. Different concentrations of imidazole were used 

in the elution buffer namely 150mM (A) or 500mM (B) with no significant elution of rMIF 

observed. L = Lysate; F = Flow through.   
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4.2 Purification of rMIF-6HIS using His SpinTrap Kit 

Since the attempt to purify rMIF using the Talon Metal Affinity resin was not successful, 

an alternative IMAC chemistry was used. His SpinTrap Kit consists of a single-use spin column 

charged with nickel for purifying histidine-tagged proteins. To purify rMIF using the His SpinTrap 

Kit, the column was equilibrated with binding buffer provided with the kit and the sample was 

added for binding.  After the recommended washes, rMIF was eluted with different 

concentrations of imidazole ranging from 5mM to 1M and the eluates were submitted to 

electrophoresis, followed by either Coomassie gel staining or Western blotting. The Western 

blotting analysis shows that rMIF is only detected in the eluate when imidazole concentrations 

were 500mM or above (Figure A1.4A). Although a strong band was detected by Western 

blotting, rMIF was not visible in the Coomassie stained gel, but significant contaminant proteins 

were present in all the elutions (Figure A1.4B). Coomassie stain is able to detect as little as 

100ng of protein, while Western analysis can detect as little as 1pg of protein. Since rMIF was 

not detected in the Coomassie stained gel, this result suggests that the purification failed to 

yield more than 100ng of rMIF.  

Another attempt was made to improve the yield by generating more biomass before 

induction. KM71H containing MIF-6HIS insert was inoculated in a larger volume (250mL) of 

BMGY media in a 2L flask and grown for two days instead of overnight. The cells were than 

pelleted, resuspended in 200mL of induction media (BMMY) and were induced for 6 hours at 

30oC under constant shaking. Protein purification was performed as before, but this time, using 

2M imidazole for elution in 3 consecutive 200µL elution steps. Western blot analysis showed 

that the larger amount of MIF was eluted in the first fraction (Figure A1.4C), and this time a very 

faint band could be observed in the Coomassie stained gel (Figure A1.4D), but many other 

contaminant protein bands were also observed.  
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Figure A1. 4 – Purification of rMIF -6HIS using His SpinTrap Kit. The KM71H strain 

containing MIF-6HIS was induced with methanol for 6 hours, and lysates submitted to 

purification by IMAC using His SpinTrap kit. Different concentrations of imidazole were used in 

the elution buffer (5-1000mM), and eluates were submitted to electrophoresis followed by 

Western blot or Coomassie staining. (A) The Western blot shows that rMIF was present in the 

lysate [L], and was bound to the column, since no MIF is detected in the flow-through fraction 

[F]. The elution of MIF was successful at 500mM and 1M imidazole concentration.  (B) The 

Coomassie-stained gel did not show any band at the molecular weight of MIF in the eluates. (C-

D) Modifications to the method were attempted in order to produce more biomass and increase 

yield. This time, elution was done in three steps with 2M imidazole denoted E1, E2 and E3 

respectively. 
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5 Conclusions 

In order to study effects of MIF in vitro, the addition of recombinant MIF to cells in 

culture is commonly the method of choice. For that purpose, the best option would be to use 

rMIF produced in yeast to overcome the problem raised by the presence of endotoxins, which 

can themselves elicit significant biological responses when applied to cells. Significant 

difficulties were encountered, with some constructs failing to transform into yeast and even 

when successful, the rMIF protein produced appeared to be abnormally large. Only one 

construct (MIF-6HIS) in one yeast strain (KM71H) looked hopeful and although rMIF was 

successfully induced, it failed to be purified in sufficient quantities and purity to perform the 

intended in vitro experiments.  

Moreover, in addition to the work described here, alternative protocols were also 

attempted. For example, repeated transformations were performed to obtain multiple-copy 

recombinants and increase expression levels. Purification by using zinc-based columns was 

also attempted, and although these provided better purity, they also failed to provide enough 

yield to perform the intended in vitro experiments. As mentioned in the Methods, the production 

of secreted MIF using the pPICZα secretion vector was also attempted. If successful, this would 

have possibly negated the need for additional purification, as the yeast secrete few other 

proteins. However, only low amounts of the high molecular weight expression product was 

detected in the culture supernatant of induced yeast (data not shown). The optimization 

attempts to prepare rMIF were very time consuming and labour intensive, but ultimately, the use 

of Pichia pastoris system was abandoned and the analysis of MIF function pursued by 

alternative means, as described in Chapter 4.  
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Cut-point determination for survival analysis 

In clinical research the assessment of prognostic factors is often based on the division 

of the patients into two groups: a high risk and a low risk group. A common strategy is to select 

an optimal cut-off value in the prognostic factor which defines the two groups. The effect is then 

measured as difference between the groups. In the absence of any a priori clinical information 

regarding the prognostic relationship between a continuous covariate and outcome, the 

appropriateness of a cut-point model must be determined empirically (314-316). In the present 

thesis, outcome-based methods were used to allow an optimal cut-point to be estimated; the 

optimal cut-point being defined as that threshold value of the continuous covariate distribution 

which best separates low and high risk patients with respect to disease-specific survival (314, 

317). 

To determine the appropriated cut-point for the expression of the genes of interest, the 

largest clinical dataset available was used (GSE8401). First, frequency distribution histograms 

were used in order to visualise if any natural cut-point is suggested by data distribution (Figure 

A2.1).  While most of the transcript expression levels showed nothing of particular interest, the 

distribution of expression values for CD74 looked slightly bimodal, which could suggest a 

natural cut-point  for “high-expressors” and “low expressors”.  

Next, expression of each gene was divided into quartiles and Kaplan-Meier survival 

curves were generated for patients with primary melanoma and metastatic melanoma (Figure 

A2.2). Although the transcripts analysed were not prognostic in the primary tumour (Figure 

A2.2A-D), they appear to be in the melanoma metastasis and a separation of low and high risk 

patients with respect to outcome can be visualised. Using the quartiles as a starting point, the 

optimized cut-points were determined and utilized in the survival curves presented in Chapter 3. 

For MIF survival analysis, it appears to be a separation between the 50% upper expression 

levels compared to the lower 50% in regard to outcome (Figure A2.2E). Therefore, a median 

cut-point was used for MIF transcript expression in all later analysis. For CXCR4 and CD74, 
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higher 25% cut-point was used given that, as seen in Figure A2.2F and H, these groups 

comprise patients with lower risk in regard to outcome compared to the lower quartile groups. 

Conversely, for CD44 the lower 25% quartile seemed to represent the lower risk group in regard 

to outcome, therefore this was the optimized cut-point for CD44 transcript expression. These 

optimized cut off points defined here were used for all datasets analysed in Chapter 3.  
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Figure  A2.1 – Frequency distribution histograms of MIF and receptors transcripts in 

patients with Primary or Metastatic melanoma.  The bar graphs show the relative expression 

level of each indicated transcript versus the frequency among the patients with primary 

melanoma (A-D) or metastatic melanoma (E-H).  
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Figure A 2.2 – Survival analysis of MIF and receptors expression in primary and 

metastatic melanoma clinical samples using GEO dataset GSE8401 . Kaplan-Meier survival 

curves were generated for patients with primary melanoma (A-D; n=31) and metastatic 

melanoma (E-H; n=52) based on quartiles of the relative expression of MIF (A and E), CD74 (B 

and F), CD44 (C and G) and CXCR4 (D and H) transcripts. 
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Validation of immunofluorescence methods used 

to analyse proteins located in the nucleus  
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Rationale and results  

This thesis aimed to characterise the subcellular distribution of MIF and CD44 in 

melanoma cell lines, particularly their presence in the cell nucleus where translocation of intact 

CD44 had previously observed. In Chapter 5 there was no evidence that intact CD44 was 

present in the nucleus, even in cells where this has previously been identified.  

Therefore in order to confirm that the methods used were appropriate to detect nuclear 

proteins, experiments with nuclear control proteins were undertaken. Melanoma cell lines were 

grown on glass coverslips and processed for intracellular staining by permeabilization using 

Triton X-100 exactly according to the methods described in Section 2.16. The cells were then 

immunostained for CREAP (rabbit anti-CREAP, a gift of Dr. Kristy Shipman), a transcription 

factor found in the nucleus (318), and SC-35 (also known as Splicing factor SC35 and Splicing 

factor, arginine/serine-rich 2). This protein is found in bodies in the nucleus that are highly 

enriched in poly(A) RNA. These nuclear bodies are referred to as speckles, SC 35 domains, or 

splicing factor compartments (SFCs) (319).  

After indirect immunofluorescent staining the cells were counterstained with DAPI to 

decorate nuclear DNA. Optical sectioning was then employed to determine if the nuclear 

proteins could be detected and were co-incident with DAPI staining. The results of this analysis 

are presented in Figure A3.1 and clearly show the presence of both CREAP and SC-35 in the 

cell nucleus, co-localizing with DAPI staining. These results illustrate that proteins found in the 

nucleus are readily stained using the methods employed. The failure of the experiments in 

Chapter 5 to detect intact CD44 in the cell nucleus cannot be attributed to the inability of the 

reagents to permeabilize the nucleus. 
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Figure A3. 1 - Immunofluorescence analysis showing the staining of nuclear proteins 

CREAP and SC-35. The photomicrographs represent optical sections of cells stained with the 

anti-SC-35 (green; top left panel), or anti-CREAP (red; top right panel) antibody in combination 

with the secondary antibody Alexa488® anti-mouse IgG and Alexa549® anti-rabbit IgG 

respectively. Cell nuclei were counterstained using DAPI (blue, bottom left panel). The merged 

images (bottom right panel) show co-localization of CREAP, SC-35 and the nuclear marker.  
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