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Summary

Mycosis fungoides (MF) is a Cutaneous T-Cell lymphoma (CTCL) of unknown aetiology, and the 

mechanisms of tumourigenesis of this lymphoma are unclear. The diagnosis of MF is extremely 

challenging due to the fact that, in early stages, it closely resembles many common benign 

inflammatory skin conditions. Molecular studies of MF are also hampered by the low number of 

tumoural cells, which infiltrate the skin, with tumoural cells often accounting for less than 5% of the 

total number of cells in the tissue. At present, no curative treatment is available for MF patients and 

many commonly used therapeutic strategies achieve remission in only a subset of cases.

In order to delineate the mechanisms responsible for MF tumourigenesis, cDNA microarrays have 

been employed, and the expression profiles of the MF tumoural T-cells have been compared with 

the expression profiles of infiltrating benign T-cells in inflammatory dermatoses (ID). These studies 

revealed 27 genes including CD40 and clAP2, which are involved in the tumourigenesis of MF. 

From this set of 27 genes, a prediction model of just 6 genes was constructed. This prediction 

model allows the correct diagnostic prediction in 97.3% of cases. In an external blind set of 

patients, diagnosis was accurately predicted in 97% of cases.

Microarray studies of a large patient series, allowed the identification of 2 MF clusters, one of which 

tends to consist of more aggressive cases, including patients with tumour stage disease and 

increased expression of activated STATS. This aggressive subgroup of patients showed increased 

expression of oncogenes (FOS, MYC, PIM1 and VAV3), cell cycle regulators (cyclin D2) and anti- 

apoptotic genes (clAP1). Furthermore, reduced expression of a number of tumour suppressor 

genes (DLEU1, PTEN) is observed in these aggressive cases.

The 27-gene MF tumourigenesis model contains a large number of genes involved in NF-kB 

activation and endogenous TNF production. Subsequent studies in an enlarged series of MF cases 

showed overexpression of a large number of receptors and ligands involved in NF-kB activation, 

NF-kB transcription factors and NF-kB target genes. Overexpressed receptors and ligands include 

interleukin family and TNF superfamily receptors and ligands. Paradoxically, some important 

apoptosis promoting receptors and ligands are also overexpressed, such as TRAIL and FAS 

receptor, although tumoural cells simultaneously express a large number of anti-apoptotic 

molecules, allowing them to circumvent apoptotic signals. Additionally, a large number of critical 

NF-kB target genes are overexpressed in MF cases, including molecules related to NF-kB 

inhibition such as IkBq, a classical marker of NF-kB activity, inhibitor of apoptosis protein family 

members such as clAP2, XIAP and survivin and other anti-apoptotic genes such as c-FLIP and 

BCL-xL. Studies of kB a  phosphorylation, illustrated that NF-kB activation is an active process in all 

MF samples studied. In terms of the 2 MF clusters identified, certain differences in NF-kB activation 

pathways are observed, such as the overexpression of TRAIL and FAS receptor, cyclin D2 and 

anti-apoptotic genes clAP1, clAP2 in aggressive cases (cluster 2 cases) and overexpression of 

TNFRSF11A and c-REL and anti-apoptotic XIAP in less aggressive cluster 1 cases.
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A common treatment strategy for MF is the use of IFNa, a cytokine that normally induces apoptosis 

in tumoural cells. Time course experiments in the MF derived cell line huT78, showed that IFNa  

induces changes in cell cycle control genes including upregulation of p18, contributing to tumour 

suppression, cell cycle inhibition, transcriptional repression and inhibition of protein kinase C 

activity. Downregulation of a number of important genes including cyclin G2, CDK4 and RNA 

polymerase subunits is also observed, contributing to direct inhibition of cell cycle progression, 

gene transcription, DNA repair and mismatch repair, V(D)J recombination, splicing and helicase 

activity. Changes in apoptosis genes include induction of TRAIL, HSXIAPAF1, BNIP3, BAD and 

TRADD, all potent apoptosis inducers.

Although IFNa is a commonly used therapy in MF, a large proportion of MF patients show 

resistance to treatment, and the factors responsible for this resistance are unknown. The huT78R 

cell line, resistant to IFNa and derived from the huT78S IFNa sensitive cell line, was used as a 

model system for the study of IFNa resistance. A total of 29 genes showed significant expression 

differences between sensitive and resistant cell line variants, including deregulation of lipid raft and 

caveolae cell membrane microdomains. This results in deregulation of signal transduction, and 

contributes to poorly controlled cell growth, transformation, entry into the cell cycle and 

tumourigenesis. Additionally, growth control by external signals is lost due to downregulation of cell 

adhesion and receptor molecules. Overexpression of oncogenes and downregulation of tumour 

suppressor genes is another feature of IFNa resistance in huT78R. Defects in apoptotic signalling 

in the huT78R cell line also play a critical role in IFNa resistance, such as the downregulation of 

SMAC/DIABLO, a potent activator of apoptosis. Finally, activation of NF-kB survival signalling may 

play a role in IFNa resistance as signalled by upregulation of TNFSF7 {CD27) in huT78R.

Time course experiments of huT78R revealed that JAK/STAT and other signal transduction 

mechanisms are deregulated in huT78R including reduced upregulation of IRF7 and lack of 

upregulation of IRF1 and a large number of other IFN stimulated genes, which are upregulated in 

huT78S. The failure of IFNa to induce cell cycle arrest in huT78R is signalled by induction of 

positive cell cycle regulators and failure to downregulate other positive cell cycle regulators such as 

RNA polymerases, the PAK2 oncogene and tumour suppressor genes. Induction of apoptosis is 

also disturbed, with failure of huT78R cells to upregulate, or sustain upregulation of important pro- 

apoptotic genes such as TRAIL, BAD, HSXIAPAF1 (XAF1), TRADD and BNIP3. Finally, NF-kB 

activation appears to play a role in escape from IFNa induced apoptosis by induction of 

lymphotoxin and RELB in IFNa resistant cells.

The gene upregulated to the highest degree at basal level in huT78R, MAL, was found to be a 

prediction factor for IFNa treatment outcome in a clinical series. MAL overexpression was 

significantly associated with a slow response to IFNa treatment and may act as a marker for 

predicting treatment outcome in patient samples.
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Chapter 1 Introduction

1.1 Mycosis Fungoides (MF)

The term "mycosis fungoides" was first used by Alibert^ in 1806 to describe a skin eruption that 

developed into tumours shaped like mushrooms. Mycosis fungoides (MF) is a peripheral non- 

Hodgkin’s cutaneous T-cell lymphoma (CTCL) characterised by the infiltration and accumulation of 

tumoural T-cells in the skin (epidermal and dermal in filtra tion f”̂  (Figure 1.1 A). Sezary syndrome 

(SS), a leukaemic variant of CTCL, is characterised by the presence of circulating malignant T- 

lymphocytes, in addition to skin involvement.

MF is the most frequent type of CTCL, representing approximately 65% of all lymphomas 

originating in the skin®. It occurs with an incidence of approximately 0.5 cases per 100,000 per 

year, although its incidence is rising. For example in 1973 the incidence was as low as 0.18 cases 

per 100,000 per year and in 1984 the incidence had risen to 0.42 cases per 100,000 per year'*'®. 

During the same time period, the incidence of other types of lymphoma increased by an average of 

only 26%. Currently the incidence of extranodal non-Hodgkin’s lymphoma (NHL) is increasing, with 

lymphomas originating in the skin increasing by an average of 69% per year. In spite of this 

increase in incidence, mortality has decreased by 22% between 1979 and 1991 (0.071 vs. 

0.055/100,000/year).

MF is approximately 1.4 - 2.2 times more frequent in men than in women and approximately 1.6 

times more common in black patients. The average age of onset of this disease is 50 to 60 years. 

However, onset may occur at any age, from infancy upwards. MF may present with patch type skin 

lesions (Figure 1 .IB ), plaque type lesions (Figure 1.1C) or tumour type lesions (Figure 1.1D).

Staging in MF is based on the tumour-node-metastasis system^. Stage lA and IB patients are those 

who present patch or plaque lesions affecting less than 10% (stage I A) or more than 10% (Stage 

IB) of the body surface, but show no lymph node or visceral involvement. Stage HA patients 

present with patch or plaque stage disease covering any proportion of the skin surface with 

palpable lymphadenopathy, while stage MB patients present with tumour stage disease with or 

without lymphadenopathy. Visceral involvement is absent in both cases. Stage III patients present 

with generalised erythroderma with or without lymphadenopathy. Finally, stage IVA and IVB 

patients present with patch, plaque, tumour or erythrodermic skin lesions. IVA patients are 

characterised by the presence of histopathologically involved lymph nodes and absence of visceral 

involvement while stage IVB patients exhibit visceral involvement with or without lymph node 

involvement^'^ (Table 1.1).
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The overall 5-year survival rate for all stages of MF is approxim ately 85-90% but is dependent on 

disease stage at diagnosis. Stage II patients have an average 5-year survival of 70%, while stage 

III and stage IV patients have a 5-year survival rate o f 50% and 30% respectively. Stage IA patients 

do not appear to have any alteration in overall survival. Although MF tends to fo llow  an indolent 

course and proceeds very slowly over 5 to 10 years, it u ltimately leads to death, generally during 

more advanced stages, as a result of rapidly growing and ulcerating tumours and immune 

disorders.

Figure 1.1

Histological and clinical manifestation of MF

A: Haematoxylin and Eosin (H/E) staining of MF showing infiltration of tumoural T-cells in the epidermis.

B: Patch stage lesions are erythematous macules with a fine scale. Patch lesions may be intensely pruritic or 

entirely asymptomatic.

C: MF plaques are infiltrated lesions due to epidermal hyperplasia or significant neoplastic lymphoid infiltrate. 

These lesions may develop from pre-existing patches or de novo.

D: Tumour-stage CTCL may arise from patches, from plaques or de novo. Lesions are typically erythemato- 

violaceous, exophytic, mushroom-shaped tumours that preferentially affect the face and body folds. Lesions 

often undergo ulceration or necrosis and secondary infection.
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Table 1.1

Staging of CTCL: Tumour-Node-Metastasis (TNM) Classification

Classification Description
T: Skin
TO Lesions clinically and/or histopathologically suggestive of CTCL

T1
Limited plaques, papules, or eczematous patches covering <10% of the skin 
surface

T2
Generalised plaques, papules, or erythematosus patches covering >=10% of 
the skin surface

T3 Cutaneous tumours
T4 Generalised erythroderma
N: Lymph nodes
NO No palpable lymphadenopathy, lymph node pathology negative for CTCL
N1 Palpable lymphadenopathy; lymph node pathology negative for CTCL
N2 No palpable lymphadenopathy, lymph node pathology positive for CTCL
N3 Palpable lymphadenopathy, lymph node pathology positive for CTCL
M: Viscera
MO No visceral organ involvement
Ml Visceral organ involvement, pathology present

Stage T N M
lA 1 0 0
IB 2 0 0
IIA 1-2 1 0
MB 3 0-1 0
III 4 0-1 0
IVA 1-4 2-3 0
IVB 1-4 0-3 1

1.1.1 Aetiology, Diagnosis, and Molecular Markers in MF

Clinical and pathological diagnosis of early MF has proved very difficult since it bears many 

resemblances to common inflammatory dermatoses (ID) such as interface and spongiotic 

dermatitis, involving infiltration and accumulation of benign T-cells in the skin. This difficulty in 

diagnosis is responsible for an average of 6 years delay between disease onset and diagnosis of 

MF. The problems related to the study of MF are further compounded by the small number of 

tumour cells, present in the skin, with tumoural T-cell infiltrate often accounting for only 1-5% of the 

total tissue cells.
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The aetiology of MF remains largely unknown, although some triggering factors have been 

proposed"*. These include chronic antigen stimulation® or viral infection including cytomegalovirus® 

and human T-cell lymphotropic virus type However, some of these findings have been 

somewhat contentious^°'^V The current approach to accurate diagnosis of MF relies upon 

morphological examination of H/E stained sections and the use of classical histological markers 

such as CD4, CDS, CD7 and CDS, in combination with clinical and immunological data, including 

examination of T-cell receptor rearrangements. Clonal T-cell populations are observed in up to 

92%^^ of MF patients although this is variable between studies and dependent on disease 

stage’ '̂ \̂

Most MF cases have the phenotype of T-helper memory lymphocytes (CD3+, CD4+) with only a 

minority of cases showing phenotypes such as CD4- or CD8+, with CD8+ cases possibly 

representing a subset of aggressive cases'®. CD8/CD3 ratios may be helpful in diagnosis of MF, 

with MF cases showing a lower CD8/CD3 ratio than ID cases'®. Additionally, loss of CD7 

expression is considered a distinguishing characteristic of MP'^. However, recent studies show that 

loss of CD7 may not be a very reliable marker for MF diagnosis, since it is also lost in some non 

tumoural ID cases'®. Molecular studies of MF have revealed some interesting data, which may help 

explain the tumourigenesis of MF and may provide additional diagnostic tools, although many of 

these studies have mainly been focussed on the examination of small groups of genes and 

markers.

1.1.1.1 Molecular Markers: Evasion of Apoptosis in MF

A critical mechanism responsible for cancer cell growth is evasion of apoptosis. Defective FAS 

signalling has been suggested as a possible causative agent in MF pathogenesis due to defects in

apoptosis signalling in skin-homing T-cells'®. Reduction of FAS expression has been documented
20in peripheral blood CD4+ T-lymphocytes in CTCL and decreased FAS expression may be the 

result of FAS mutations which are infrequent but are present in some cases'®. Defective 

downstream FAS signalling may also be responsible for apoptosis escape and may involve 

mutations or defects in caspases or pro-apoptotic BCL2 family members or by overexpression of 

anti-apoptotic BCL2 family members. Furthermore, it has been suggested that reduction of FAS 

receptor expression may be an important mechanism in progression of MF cases and may 

contribute to an unfavourable prognosis^'.

BCL2, an important anti-apoptotic gene, has been shown to be overexpressed in many lymphoma 

types, including Mantle Cell Lymphoma^^ and Hodgkin’s lymphoma^® amongst others. In vitro 

studies support a role for BCL2^*'^^ and BAX^‘* in MF pathogenesis although a role for molecular 

alterations in these genes is not favoured'®'^®.
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Studies of other BCL2 family members have shown overexpression of anti-apoptotic MCL1 and 

BCL-xL in vitro and in vivo with increasing MCL1 expression associated with disease progression^®. 

Some pro-apoptotic BCL2 family members show overexpression in vitro and in vivo including BAX 

and BAD suggesting a fine balance between pro and anti-apoptotic factors in these cells. However, 

evidence exists that the protein products may be inactivated by phosphorylation and/or other 

mechanisms of protein modification, or these pathways may be deregulated further downstream by 

apoptosis regulators such as c-FLIP^®.

1.1.1.2 Molecular Markers: Uncontrolled cell growth in MF

Tumour cell growth is critically aided by processes including deregulation of cell cycle control or 

loss of tumour suppressor gene function, independence from external growth stimulation (by 

overexpression of oncogenes or growth factors) and the ability of cells to proliferate limitlessly (by 

telomerase maintenance).

Studies of cell cycle control defects in MF have revealed that defects in the basic cell cycle control 

machinery are infrequent and tend to be associated with tumour progression rather than initial 

tumourigenesis. For example, no reports of defects in cyclin expression or cyclin dependent kinase 

(CDK) expression have been reported in MF cases to date.

Allelic loss is frequently observed in MF cases on chromosomes 9p, 10q and 17p^^ and losses on 

chromosome 9p21 have been observed in 16% of MF patients and 46% of SS patients^®. CDK 

inhibitor genes such as p15 {INK4b/CDKN2B) and p16 (INK4a/CDKN2A) are found in this region 

and studies have revealed that their promoters are methylated in 42% and 29% of patients 

respectively. This leads to aberrant levels of p15 and p16 protein expression in 85% and 59% of 

patients with p15 and p16 gene aberrations respectively^®. Additionally, alterations in these genes 

may be more common in progressing MF lesions^®’̂ °.

Molecular analysis of tumour suppressor genes has revealed that despite being the most frequently 

mutated gene in human cancer, and despite its critical role as a tumour suppressor gene, essential 

for detection of DNA damage and induction of apoptosis, p53 mutations are relatively rare in MF 

cases, with 40% of tumour stage disease but no patients with early stage disease, found to have 

p53 mutations^®'^'. Abnormal p53 protein expression has been observed in late stages of the
32  33disease ' and loss of the chromosomal region 17p, where the p53 gene is located, has also been 

detected in a subset of SS patients^'*. Since p53 abnormalities and mutations are limited to 

advanced stages, it is unlikely that p53 plays an important role in the early pathogenesis of MF.

Meanwhile, analysis of other genes involved in DNA repair such as MLH7, revealed that 

microsatellite instability in MF is associated with MLI-11 promoter hypermethylation in the majority of 

cases and again this is more prevalent in tumour stage MF than early stage disease and may
35contribute to disease progression in MF .
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As mentioned above, allelic loss is frequently observed in MF on chronnosome 10q̂ ® and is 

observed in approximately 25% of MF patients but is more common in late stage patients. The 

tumour suppressor gene PTEN is found in this chromosomal region and analysis of PTEN showed 

homozygous deletion of this gene in a small number of cases although no tumour-specific 

mutations were found^®. This suggests that PTEN may play a role in tumour progression of MF in 

addition to playing a role in the pathogenesis of the disease^®.

Early research on the role of oncogenes in the tumourigenesis of MF showed that in advanced MF 

stages, increased protein expression of K-RAS2 is detected in tumoural cells^^. Other studies have 

shown that copy number increases of oncogenes such as RAF1, CTSB, PAK1, and JUNB are 

detected in over 70% of MF and SS cases and FGFR1, PTPN, BCR, MYCL1, PIK3CA, HRAS, 

MYBL2 and ZNF217 copy numbers are increased in 40-70% of MF and SS cases^®. Further 

analysis of JUNB in terms of RNA and protein expression, confirmed overexpression of JUNB in 

30-50% of patient samples^®. In vitro studies have shown constitutive overexpression of the 

oncogene STATS in MF cells, inducing tumour survival and growth through upregulation of anti- 

apoptotic BCL2 and downregulation of pro-apoptotic BAX '̂*. More recent studies have confirmed 

the critical role of STATS in MF progression. However, it appears that while constitutive STATS 

activation is a common feature of tumour stage MF, indolent patch and plaque stage cases show 

only sporadic and low levels of STATS activation^®. Recent studies have illustrated that genes such 

as TWIST and EPHA4, which may have oncogenic properties, are overexpressed in both MF and 

SS cases'*'’. Additionally, a role for MYC and other JUN/FOS family members such as JUND in 

pathogenesis and tumour progression has been suggested®^ ‘*\

Up to 90% of human cancer cells have increased telomerase activity in which their shortening 

telomere length is preserved. The function of telomeric repeats is to protect the termini of linear 

chromosomes from fusion and degradation, and to promote chromosomal end replication. 

Telomerase is a telomere-synthesising reverse transcriptase, responsible for the extension of 

telomeric repeat sequences at the ends of chromosomes. If telomerase activity is repressed or 

absent, telomeres will shorten to a critical point where the chromosome becomes unstable. 

Increased telomerase activity has been detected in skin infiltrated lymphocytes and peripheral 

blood lymphocytes from MF patients, even in the very early stages'*^.

1.1.1 .S Molecular Markers: Chemokines, Cytokines and JAK/STAT

signalling in MF

Mechanisms of skin-specific homing of T-cells in MF is of interest to the understanding of the 

disease, and chemokines and their receptors have been implicated in the homing of lymphoma 

cells to various tissue sites^. TARC (CCL17) is a chemo-attractant for CCR4 and CCR8 and studies 

have shown that the TARC protein is expressed in lesional keratinocytes in the patch, plaque, and 

tumour stages of MF''^. CCR4 has been found to be expressed on tumour cells in the early patch 

and plaque stages of MF and this may help explain T-cell homing to the skin in MF cases'*''.
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Furthermore, CCR7 a chemokine receptor central for the entry of T-cells to lymphatic tissue was 

also found to be highly expressed in MF cases'*''.

Except in late MF stages, lymphocyte accumulation remains restricted to the skin. This may imply 

that MF cells remain dependent on growth factors preferentially produced in the skin. Such 

candidates include cytokines such as interleukin 7 (IL7), produced by keratinocytes'*^, and IL15, 

which is expressed in normal skin'*®. MF cell lines spontaneously produce interleukins such as IL5, 

IL6 and IL13. In vitro both IL15 and IL7, are CTCL growth factors'*^. They prolong the survival of 

malignant T-cells and are more potent than IL2, IL4 and IL9. Furthermore, IL15 has been detected 

in MF patient samples'*^'*® and increasing endogenous IL15 production during tumour progression 

may help explain how tumour cells become independent of the cutaneous environment in later 

stages of disease"*®. IL16 overexpression is observed both in early and late stage MF cases and 

like IL15, its expression increases with disease stage''® ''®. It has also been suggested that IL16 may 

play a role in the recruitment and stimulation of CD4+ lymphocytes in MF lesions''®.

Some data suggests that in advanced stages, a shift in cytokine profile is observed, coinciding with 

eosinophilia, high levels of immunoglobulin (Ig) E, and increased susceptibility to bacterial 

infections. The importance of interleukins in disease progression is reflected in IL15 as discussed 

above. Additionally, IL4 and IL5 messenger RNA (mRNA) species are more frequently detected in 

lesions of advanced stages, while MF progression is also associated with significantly higher IL10 

and lower interferon-gamma (IFNy) mRNA expression®®. This overexpression of IL10 in MF may be 

of importance for tumour progression, because this immunosuppressive cytokine might be involved 

in downregulation of immunological tumour surveillance®°.

Interleukins signal through the JAK/STAT signalling pathway. Each interleukin receptor is bound to 

a tyrosine kinase of the Janus kinase (JAK) family. These, in turn, activate transcription factors of 

the Signal Transducer and Activator of Transcription (STAT) family, which subsequently bind to 

DNA and mediate the transcription of hormones and growth factors, such as colony stimulating 

factor and platelet derived growth factor. In several leukaemias and lymphomas, constitutively 

activated JAK/STAT signalling pathways have been detected. Constitutive activation of the 

STAT3®^ oncogene, has been associated with MF as discussed previously. Additional studies have 

shown that STATs 1, 2, 3, 5, and 6 are constitutively active in MF cell lines and that they can be 

stimulated by IL7 and IL15® .̂ In addition, these 5 STATs have also been detected in the nuclei of 

malignant T-cells in MF skin lesions.

Suppressors of cytokine signalling (SOCS) proteins are negative regulators of JAK/STAT 

signalling, and therefore aberrant SOCS expression may play a role in neoplastic transformation. 

Constitutive S0CS3 expression has been reported in MF cell lines, and its expression coincides 

with a constitutive activation of STAT3 in MF tumour cells®®.
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1.1.1.4 Chromosomal Abnormalities in MF

Some chromosomal aberrations are commonly observed in MF cases, including deletions and 

allelic loss on chromosomes 1p, 9p, 10q, 17p, and 19®'*. The 1p chromosomal region contains the 

tumour suppressor gene p73 in addition to other important genes such as the cell cycle inhibitor 

p18. Chromosome 9p21 contains genes such as p15 and p16 cell cycle regulators as previously 

discussed. The PTEN tumour suppressor gene is found on chromosome lOq while the 17p 

chromosomal region contains the p53 tumour suppressor gene. Chromosome 19 contains 

GLTSCR1, a putative glioma tumour suppressor gene and the NES1 acute lymphoblastic 

leukaemia putative tumour suppressor gene. This region also contains genes important in induction 

of apoptosis such as BAX, which acts as a BCL2 antagonist. 17p and 10q deletions tend to be 

associated with advanced stage disease while allelic losses on 1p and 19 are common in all MF 

stages^®.

In addition to chromosome losses, gains are commonly observed on chromosomes 4q, 17q and 

18^ while rearrangements involving chromosome 2p have also been observed. Chromosome 4q 

includes the IL2 gene, while important genes in JAK/STAT signalling such as STAT3 and SOCS3 

are found on chromosome 17q in addition to cell cycle progression genes such as CDC6 and 

apoptosis inhibitors such as BIRC5 (survivin). Finally, BCL2, a potent inhibitor of apoptosis is 

encoded on chromosome 18. The 2p chromosomal region contains the c-REL oncogene, an NF-kB 

transcription factor that plays an important role in cell survival and proliferation.

Other chromosomal aberrations have been documented in individual studies of MF and SS. These 

include numerical anomalies of chromosomes 2, 4, 5, 6, 8, 13, 15, and 20 and structural 

abnormalities of chromosomes 1, 3, 6, 8 11 and 13®®'®®. Aberrations of chromosomes 8 and 17 may 

be associated with active or progressive disease®®. Since most of these studies also include SS 

cases, which tend to show multiple chromosomal changes, the importance of these chromosomal 

aberrations in initial tumourigenesis of MF is unclear.
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1.2 Nuclear factor kappa B (NF-kB)

The regulation of the immune system depends critically on the choice between survival and death, 

whereby auto-reactive lymphocytes are killed by apoptosis and those, which specifically recognise 

foreign antigen, are stimulated to proliferate. After the immune response, the majority of these cells 

are eliminated in order to maintain a balance in the number of circulating lymphocytes. One of the 

most important regulators of this process in lymphocytes is Nuclear Factor kappa B (NF-kB).

NF-kB is induced by inflammatory cytokines and infection by-products in all cell types, and NF-kB 

defective mouse models have illustrated its central role in inflammation, immunity and normal 

lymphoid organ development®®. NF-kB mediates innate immunity through the activation of genes 

encoding enzymes, chemokines, cytokines and anti-microbial peptides, and its role in adaptive 

immunity is mediated through its induction of anti-apoptotic genes. Major Histocompatibility 

Complex (MHC) molecules and cytokines such as IL2, IL12 and IFNy.

However, NF-kB also plays a critical role in apoptosis inhibition and induction of cell proliferation, 

and its activation has been proposed as a primary feature in the oncogenesis of different 

malignancies, especially those tumours of lymphoid origin®” . Evidence for this is provided by viral 

oncogenes, which interfere with the NF-kB system, thereby inducing the development of tumours. 

For example, the product of the viral reticuloendotheliosis (v-REL) oncogene, homologous to the 

REL subunit of the NF-kB transcription factor in humans, causes rapidly progressing lymphomas 

and leukaemias®' ®̂, while the TAX oncoprotein of the human T-cell leukaemia virus 1, also 

activates NF-kB®^.

The NF-kB/REL transcription factor family consists of 5 family members, namely RELA (p65), 

RELB, REL (c-REL), NFKB1 (p105/p50) and NFKB2 (p100/p52). These transcription factors form 

dimers and are regulated via shuttling between the cytoplasm and the nucleus in response to cell 

stimulation. In the absence of stimulation, inactive NF-kB dimer complexes are sequestered in the 

cytoplasm by interaction with the NF-kB inhibitor, inhibitor of kB (IkB). Cell stimulation results in IkB 

phosphorylation by the IkB kinase complex, IkK, composed of two catalytic subunits, k K a  and 

IkK(3 and the regulatory kK y  (NEMO) subunit. This allows IkB to be recognised by ubiquitin 

ligases, which mediate the ubiquitination of IkB and its proteasome-mediated degradation. This 

permits NF-kB to translocate to the nucleus where transcription of target genes is activated, 

including cytokines, chemokines, adhesion molecules and secondary inflammatory response 

mediators®” (Figure 1.2).

An alternate NF-kB pathway exists, in which the inactive NFKB2 precursor p100 is dimerised with 

other NF-kB transcription factors in the cytoplasm. In order for these transcription factors to 

become active, p100/NFKB2 is phosphorylated by IkK and processed to its active form which 

translocates to the nucleus and activates transcription®''.
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Figure 1.2

The NF-kB activation pathway

In the absence of cell stimulation, NF-kB is found in an inactive state in the cell cytoplasm, where it is bound to 

its inhibitor, Ik B. Cell stimulation by cytokines, Tumour Necrosis Factor (TNF) superfamiiy ligands and other 

stimuli associated with NF-k B activation, provoke the activation of TNF receptor associated factor (TRAF) 

proteins, phosphorylation of IkB by Ik B kinases and the separation of the IkB-NF-kB complex. Subsequently 

IkB is degraded, permitting the translocation of NF-kB to the nucleus, where target gene transcription is 

activated.

NF-kB can be activated through a variety of different pathways, the most common of which being 

through the activation of the TNF superfamiiy of receptors. The TNF receptor superfamiiy consists 

of 2 distinct types of receptors, those containing a death domain such as TRAIL, FAS and TNFR1 

(TNF receptor 1) and those lacking a death domain such as CD40, LTBR (Lymphotoxin p receptor) 

and TNFR2 (TNF receptor 2).
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The members of the TNF superfamily, lacking a death domain, are potent inducers of NF-kB and 

act by activating TRAF proteins. This results in phosphorylation and subsequent degradation of the 

NF-kB inhibitor, IkB. The death receptors are normally involved in induction of apoptosis through 

recruitment of TRADD and adapter proteins such as FADD, thereby activating caspase 8 and the 

caspase cascade®^. However, when apoptosis through these receptors is inhibited by downstream 

apoptosis inhibitors, such as those of the Inhibitor of Apoptosis Protein (lAP) family, BCL2 family 

members or c-FLIP, the death receptors are capable of inducing NF-kB activation®®.

NF-kB can also be activated through secondary pathways involving the B- and T-cell receptors, 

growth factors, interleukins and TOLL-like receptor complexes. B-celi receptors activate NF-kB 

through activation of BLK, FYN and LYN kinases and protein kinase C activation. Meanwhile in the 

case of the T-cell receptor complex, protein kinase C activation relies on VAV and Zap70, which 

bind to the activated receptor complex. Protein kinase C activates the CARMA1/BCL10/MALT 

paracaspase signalling complex, the BCL10 component of which, is responsible for ubiquitination 

of NEMO ( Ik K y )® .̂ Toll-like receptors and interleukin receptors activate NF-kB through association 

of the receptors with TIRAP and MyD88. The IRAK (Interleukin Receptor Associated Kinase) family 

of proteins is activated, producing subsequent activation of the TRAF proteins and 

IkB phosphorylation. Some of these receptor complexes are also capable of directly inducing 

IkB degradation through association of TOLLIP (TOLL interacting protein) with the receptor 

complex, and TOLLIP association is also responsible for PIS kinase pathway activity in some 

cases.

The NF-kB signalling pathway is extremely versatile, given the multiple members of each gene 

family at all stages of the pathway, and the fact that many alternative pathways are available for 

NF-kB activation. The TNF family of receptors and ligands includes over 50 different members, all 

of which are capable of inducing NF-kB. The TRAF family of signal transducer molecules, 

important for signal transduction by these receptors, consists of 6 family members (TRAF1-6) and 

there are a total of 5 NF-kB transcription factors. Meanwhile, the IkB inhibitor family consists of at 

least 4 members (kB a, kB p , IkBe and BCL3) and the IkB kinase family consists of at least 4 

members including kK a , kK p, kK y  (NEMO) and IkKe.

While signalling by receptor complexes may give rise to very specific NF-kB transcription factor 

activation and induction of specific target genes®®, due to the redundancy and flexibility of the 

system, there is likely to be a degree of overlap in the target genes induced by different signals. 

Furthermore, although each NF-kB dimer is likely to have distinct regulatory functions, many if not 

all NF-kB targets are common to all NF-kB transcription factor subunits. These targets fall into 4 

broad categories, namely immunoregulatory and inflammatory genes, anti-apoptotic genes, genes 

that positively regulate cell proliferation and genes that encode negative regulators of NF-kB 

activity, all of which may contribute to tumourigenesis.
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1.2.1 NF-kB target gene transcription and their role in tumourigenesis

The importance of NF-kB target gene transcription in cancer is reflected in the transcription of anti- 

apoptotic genes such as BCL2 family members, BCL2 and BCL-xL (BCL2L1), lAP genes BIRC 1-8, 

TRAF 1-6 and c-FL/P and growth promoting genes such as CCND1/2 (cyclin D1/D2) and cytokines 

such as /L2, granulocyte and macrophage colony stimulating factor (GM-CSF) and CD40 ligand, 

which stimulate proliferation in lymphoid and myeloid cells (Figure 1.2).

The lAP family are critically important in the inhibition of apoptosis by NF-k B and they are 

responsible for binding and directly inhibiting effector caspases including caspases 3 and 7 while 

also preventing the activation of pro-caspases 6 and 9®®. Thus, apoptosis induced by death 

receptors and via mechanisms involving the mitochondria, are inhibited by NF-kB activation. The 

TRAFs are important signalling molecules in NF-kB activation and their transcription by NF-kB is 

likely to lead to an amplification of NF-kB activity and an increased anti-apoptotic effect®®. c-FLIP is 

a potent inhibitor of apoptosis^°'^^ and is similar in structure to caspase 8. It is recruited to the 

FADD adapter molecule on death receptors and interferes with caspases 8 activation and potently 

inhibits death induced by FAS and TRAIL and other death receptors^V In fact this inhibition of 

death signals through death receptors, allows these receptor complexes to induce NF-kB 

activation®®'^^.

Pro-survival BCL2 family members, including BCL2, BCL-xL and BFL1 (BCL2A1) are induced by 

NF-kB, BCL2 is a potent inhibitor of apoptosis and it suppresses cell death by controlling 

mitochondrial membrane permeability. It inhibits caspase activity either by preventing the release of 

cytochrome C from the mitochondria and/or by binding to the apoptosis-activating factor APAF1. 

Constitutive expression of BCL2, such as in the case of translocation of BCL2 to the Ig heavy chain 

locus, is thought to be the cause of follicular lymphoma. BCL-xL inhibits apoptosis by regulating the 

outer mitochondrial membrane channel (VDAC) opening, thereby regulating mitochondrial 

membrane potential, and the production of reactive oxygen species and release of cytochrome C.

Activation of NF-kB induces cell proliferation through activation of proliferation promoting genes 

such as cyclin D1 and D2. The cyclins are highly conserved and are characterised by a dramatic 

periodicity in protein abundance throughout the cell cycle. Cyclins D1 and D2 form a complex with 

and function as regulatory subunits of CDK4 or CDK6, whose activity is required for ceil cycle G1/S 

transition. Mutations, amplification, and overexpression of cyclin D1 are observed frequently in a 

variety of tumours including mantle cell lymphoma, while high-level expression of cyclin D2 is 

observed in ovarian and testicular tumours. Other NF-kB targets include interleukin family 

members such as /L2 and IL13, the former of which is required for T-cell proliferation and 

regulation of the immune response.
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NF-kB target gene transcription may also contribute to other aspects of tumour growth including 

angiogenesis and metastasis, by increasing the expression of the inflammatory protein Cox-2. 

Metalloproteinases (MMPs) are proteolytic enzymes that promote tumour invasion of surrounding 

tissue, and their expression is also induced by NF-kB. Furthermore, NF-kB activation is 

responsible for induction of expression of ICAM1 and V C A M f^  adhesion molecules, important in 

inflammatory and immune responses, and angiogenic chemokines such as IL8^*. Finally, induction 

of chemokine receptor gene expression such as CCR7 is linked to NF-kB activity. CCR7 is 

involved in the migration of memory T-cells to inflamed tissues, as well as stimulation of dendritic 

cell maturation'*'*.

1.2.2 The role of NF-kB activation in MR

Studies in patient samples and cell lines^®'^^ have illustrated that NF-kB activation may play a 

critical role in MF, and has also been associated with resistance to chemotherapy^®'^®. However, 

the precise mechanism, frequency, relevance and extent of this NF-kB activation in lymphoid 

tumours remain to be fully elucidated. In vitro studies have shown that MF cells constitutively 

express activated NF-kB, and this constitutive activation is blocked by antibodies against TNF, 

suggesting that in MF cell lines, constitutive NF-kB activation may be the result of autocrine TNF 

production^®’̂ .̂ Furthermore, inhibitors of NF-kB such as BAY11 and proteasome inhibitors MG132 

and gliotoxin, have been shown to increase apoptosis in MF cell lines by inhibiting nuclear 

translocation and DNA binding of NF-kB^®. Moreover, strong expression of the activated NF-kB 

transcription factor RELA (p65)^®, underlines the importance of NF-kB activation in MF 

lymphomagenesis.

Other TNF superfamily members responsible for NF-kB activation, which have been described as 

playing a role in MF development include CD40®° and OX40®\ CD40 is an NF-kB activating TNF 

family member implicated in prevention of apoptosis and enhancement of cell proliferation®^®^. 

CD40, expressed on the surface of T-cells, regulates B-cell function by engaging CD40 on the B- 

cell surface and inducing Ig class switching. Expression of CD40 has been reported in cases of 

MF, where it was suggested that CD40 might play a role in a paracrine loop important for 

preventing apoptosis and/or positively regulating growth®” . It has also been suggested that CD40L 

expression may be important for homing of neoplastic T-cells to the skin®°. 0X40, or CD134, is a 

marker of T-cell activation, especially in the CD4+ subset. The engagement of 0X40 by its ligand, 

causes co-stimulation of T-cells and prevents their activation-induced cell death, thereby enhancing 

long-term survival®'*, in addition to activating NF-kB. Moreover, the OX40-OX40L interaction has 

been shown to be involved in the adhesion of activated CD4+ T-lymphocytes to vascular 

endothelium®®.
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1.3 Treatment of MF

At present, no curative treatm ent for MF is available, and the currently used therapeutic strategies 

have failed to show a survival benefit in MF patients. Choice of therapeutic strategy depends on 

disease stage, bearing in mind that the majority o f MF cases follow an indolent course for many 

years, and therefore aggressive therapeutic strategies should be avoided. In early stage cases, 

skin directed therapy (such as potent corticosteroids, carmustine, nitrogen mustard, bexarotene, 

photo-chem otherapy or radiotherapy) is usually employed, frequently in association with well- 

tolerated drugs including Interferon alpha ( I F N a f I n  m ore advanced cases, total body irradiation 

with electrons, photopheresis, DAB389IL2  or chem otherapy can be used^'*. Bone marrow 

transplantation, IL12, IFNy, anti-CD52, suberoylanilide hydroxamic acid (SAHA) and other 

approaches are under investigation.

1.3.1 Topical treatments

Early-stage MF cases, particularly those cases w ith patch-stage disease, can be treated with 

topical corticosteroids such as betamethasone dipropionate or m ometasone furoate, with complete 

rem ission rates of approximately 60-65%, and partial response rates of 30%. W here more than 

10% of the skin surface is affected, complete and partial rem ission rates are 25% and 57% 

respectively. However, suspension of therapy invariably leads to reappearance of lesions. Topical 

chem otherapeutic treatments may also be used such as nitrogen mustard (mechloretham ine) and 

carm ustine (BCNU), which are effective in the treatm ent of m inimal disease burdens. Complete 

rem ission of skin lesions is achieved in 60-75% o f patients, with best results achieved in early 

d isease stages and with lesions o f reduced size. However, these strategies may be impractical if 

lesions are extensive, and additionally, some patients experience hypersensitivity to these drugs. 

For example, in some patients BCNU produces pancytopenia.

1.3.2 Photochemotherapy I Phototherapy

The clinical benefit o f photochemotherapy such as PUVA (Psoralen in combination with ultraviolet 

A  (UVA) radiation) is well established and response rates of 79-88%  in stage lA  and 52-59%  in 

stage IB patients have been reported. Despite this high success rate in achieving remission, 

relapse is frequent after suspension of treatm ent and in most cases patients need to continue 

receiving treatm ent after rem ission. Flexural sites (sanctuary sites) often fail to respond completely 

and the duration of response varies. There is no significant response in tum our stage disease. 

PUVA is an ideal therapy for patients with stage IB / HA disease who are intolerant of, or fail to 

respond to, topical therapies such as m echloretham ine, although both therapies can be 

com plem entary for some patients. Many patients will inevitably have a high total cumulative UVA 

dose, and consequently the risks of non-melanoma skin cancer are increased.
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Broadband and narrowband UVB (ultraviolet B radiation) and high-dose UVA phototherapy have 

also been used with benefit in MF cases. Phototherapy using UVB, although not widely used, can 

induce remission in 60-70% of early stage MF patients.

PUVA therapy is rarely tolerated in erythrodermic disease but some patients will respond 

repeatedly. Extracorporeal photopheresis represents a better treatment option for patients with 

erythrodermic disease and involves exposure of photosensitised peripheral blood lymphocytes to 

UVA radiation in an extracorporeal circuit (an aphaeresis machine) and continuous re-infusion into 

the patient. The photosensitising agents used include methoxsalen. Results are variable with about 

60% of patients showing some improvement with remission achieved in about 20% of patients.

1.3.3 Radiotherapy

MF and other CTCL variants are very radiosensitive malignancies. Individual thick plaques, eroded 

plaques or tumours can be treated successfully with low-dose superficial orthovoltage radiotherapy, 

often administered in several fractions (e.g. two or three fractions of 400 cGy at 80-120 kV). Large 

tumours may be treated with electron beam radiation, the choice of energy being dependent on 

tumour size and thickness. Closely adjacent and overlapping fields can often be retreated because 

of the low doses used. Total Skin Electron Beam (TSEB) therapy has been evaluated extensively 

in CTCL although it is not widely available. Different field arrangements have been used in an 

attempt to treat the whole skin uniformly to a depth of 1 cm with various total doses administered 

and with additional radiotherapy to shielded areas. Responses are stage-dependent with complete 

responses of 96% in stage lA, IB and ilA disease but disease relapse rates are very high, 

indicating that this approach is not curative even in early stage disease. Response rates are similar 

between TSEB and topical mechlorethamine. TSEB therapy should be reserved for advanced MF 

patients and for those who fail to respond to first and second-line therapies, in stage liB disease, 

complete responses are less common (36%) but erythrodermic (stage III) disease shows complete 

responses of 60%. Greater skin surface dose (32-36 Gy) and higher energy (4-6 MeV electrons) 

are associated with a higher rate of complete response and 5-year relapse-free survivals of 10- 

23%. Adverse effects of TSEB include temporary alopecia, telangiectasia and skin malignancies, 

and the treatment is only available in a limited number of centres.

1.3.4 Standard chemotherapeutic treatments

Standard monochemotherapy regimens are usually reserved for patients with systemic disease or 

tumoural lesions, which do not respond to other treatments. In slowly progressive disease that has 

systemic manifestations or has proven refractory to topical therapy and/or retinoids, single-agent 

therapies such as low-dose oral methotrexate, chlorambucil, cyclophosphamide or etoposide may 

be employed, with a very low risk of side effects.
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For more aggressive disease, m ulti-agent chem otherapy is usually considered. Regimens often 

include one or more of cyclophosphamide, vincristine, vinblastine, prednisolone, m ethotrexate or 

m echlorethamine. Other effective agents include liposomal doxorubicin and nucleoside analogues 

or nucleoside pathway inhibitors such as 2 -chlorodeoxyadenosine, deoxycoformycin, fludarabine or 

gemcitabine. Combination chem otherapy is restricted to patients with nodal or visceral 

involvement. Remissions are often achieved but are o f short duration and no im provement in 

overall survival has been shown.

1.3.5 Biological response modifiers

The treatm ent of MF is continually evolving, as new and emerging drugs are added to the growing 

arsenal of therapies. D ifferent forms of imm unotherapy have been evaluated in CTCL with the 

intention of enhancing anti-tum our host immune responses, by promoting the generation of 

cytotoxic T-cells and Th1 cytokine responses. The availability of newly approved investigational 

therapies, such as bexarotene, denileukin diftitox (ONTAK, DAB 3 8 9 IL2 ) and monoclonal antibodies, 

in addition to more classical biological modifiers such as interferon (IFN), comprise a very important 

group of treatm ent strategies in MF.

Recently a novel antibody approach has been used in the treatm ent of MF. Denileukin diftitox, a 

DAB 3 8 9 -IL 2  fusion toxin (Onzar in Europe / Ontak in the U.S.A.) has completed phase I / II studies 

and has received provisional Food and Drug Adm inistration (FDA) approval for the treatm ent of 

resistant or recurrent CTCL. Denileukin diftitox is a recombinant fusion protein consisting of peptide 

sequences for the enzym atically active domain (389) o f diphtheria toxin and the membrane 

translocation domain of IL2, and can inhibit protein synthesis in tumour cells that express high 

levels of the IL2 receptor, thereby resulting in cell death. The human IL2 receptor is normally found 

on activated T- and B-lymphocytes and m acrophages, and malignant cells expressing one or more 

of the subunits of the IL2 receptor are found in certain leukaem ias and lymphomas, including MF. 

A fter binding the IL2 receptor, the drug complex undergoes receptor-mediated endocytosis, and 

the diphtheria toxin undergoes cleavage and further processing, allowing its catalytic domain to be 

exposed. In the cytosol, the diphtheria toxin inactivates protein synthesis and cells undergo lysis or 

programmed cell death. Phase III studies of 71 heavily pre-treated patients with stage IB -IV A  MF 

and more than 20% CD25+ lymphocytes, showed an overall response rate (defined as lasting at 

least 6  months) o f 30%, including 10% with complete response.

Other antibody-based treatm ents include LMB-2, an anti-IL2 recombinant immunotoxin, which 

comprises the antibody Fv fragment fused to a truncated Pseudomonas exotoxin. LMB-2-induced 

m ajor responses have been observed in some patients with chem otherapy-resistant 

haematological m alignancies, including MF.
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A humanised chimeric anti-CD4 monoclonal antibody has been tested in a small number of 

patients with MF and although the majority show a clinical response, response duration is limited. 

Additionally, a radiolabelled anti-CD5 antibody has been used in MF with some objective results 

and alemtuzumab (CAMPATH, anti-CD52) has also been administered to stage III CTCL patients 

with demonstrable but short-lived clinical responses. Other small pilot studies have shown that both 

IL12 and IFNy can produce clinical responses in CTCL, but their therapeutic value remains to be 

established.

Retinoids belong to the family of steroid hormones that bind to the nuclear receptors and 

subsequently interact with various transcription factors such as c-JUN and c-FOS, and regulate a 

large number of essential biological processes including differentiation, proliferation and apoptosis. 

The use of retinoids such as all-trans retinoic acid (ATRA), has been successful in the treatment of 

disorders such as Acute Promyelocytic Leukaemia (APL), which typically carries the t(15;17) 

translocation involving the retinoic acid receptor (RAR) and the PML gene®®. Various retinoids 

derived from retinoic acid have long been used alone or in combination with other agents in MF. 

Bexarotene is the first highly selective synthetic retinoid X receptor (RXR) retinoid to be studied in 

humans. Bexarotene (Targretin) is a synthetic retinoid analogue and is the only retinoid that 

selectively binds and activates the retinoid X receptor (RXR). Early clinical trials of this drug 

demonstrated activity in CTCL. Subsequent Phase ll/ill trials have demonstrated that its topical or 

oral use produces responses in 20%-67% of patients with all stages of CTCL. Side effects are 

transient and generally mild, but most patients require treatment for hyperlipidaemia and central 

(hypothalamic) hypothyroidism while on therapy. At doses of 300 mg/m^/day in early stage disease 

(lA-IIA) response rates of 54% have been noted, whereas patients with advanced MF (stage IIB- 

IVB) have shown response rates of 45%, with a notable reduction in pruritus in stage III disease. 

Due to the low level of bone marrow toxicity of this treatment, bexarotene can be combined safely 

with other treatments including PUVA, UVB, photo-chemotherapy, IFN, denileukin diftitox and 

cytotoxic chemotherapy in the treatment of CTCL. Molecular studies have shown that Bexarotene 

promotes apoptosis and inhibits cell proliferation. It is relatively selective and therefore should have 

little effect on RAR, which is involved in cell differentiation. The use of Bexarotene and has recently 

been approved in Europe for the treatment of advanced stage MF (stages IIB-IVB).

Control of chromatin structure is an important mechanism in cell growth control, and chromatin 

modelling is controlled by the balance between histone acetylation and deacetylation. 

Deacetylation of histones leads to compact nucleosomes and condensed chromatin, which is 

inaccessible for the transcriptional machinery and therefore leads to silencing of gene expression. 

This deacetylation is maintained by the continuous action of histone deacetylases (HDACs). 

HDAC inhibitors are members of a new class of agent able to regulate gene expression by 

modulating chromatin structure. Their in vitro activity against tumoural ceils makes them a 

promising new strategy for the treatment of cancer.
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At present, a phase 1 clinical trial of SAHA, a HDAC inhibitor, is underway in patients with 

advanced malignancies including MF and other lynnphomas and leukaemias. Other phase 1 trials in 

small numbers of patients have shown that this treatment is well tolerated and has anti-tumour 

activity in solid and haematological tumours®^. Molecular analysis of SAHA function has shown that 

SAHA may downregulate NF-kB activation pathways®®. Since studies in patient samples and cell 

lines^®'^^ have illustrated that NF-kB activation may play a critical role in MF and has also been 

associated with resistance to chemotherapy^®'^®, SAHA may therefore be a useful therapeutic 

strategy for MF patients. Other HDAC inhibitor compounds may also be useful for MF treatment 

Including depsipeptide (FK228) which is currently in phase 2 clinical trials and demonstrates clinical 

activity in patients®®. Combination of depsipeptide with other available treatments such as 

denileukin diftltox or bexarotene, demonstrates synergy in vitro.

IFNa therapy is widely used in the treatment of MF, especially in combination with PUVA. IFNa 

monotherapy has been shown to produce positive results in over 50% of patients®” . Recent studies 

have shown that IFNa monotherapy (3-36 Million units three times per week) results in overall 

response rates of 45-74%  of patients, with complete responses in 10-27% of patients. Response 

rates improve with higher doses (overall responses of 78% i/s. 37% for the lower dose schedule). 

Overall response rates are also higher in early (IB / IIA 88%) compared with late (III / IV 63%) 

stages cases (EORTC Annual Clinical Meeting, Helsinki, June 2003). IFNa and retinoid 

combinations produce similar response rates to IFNa alone and are not recommended. When IFNa 

is used in combination with PUVA, both response and response duration are improved®\ Recent 

studies have shown that MF and SS show an overall response rate of 100% with 62% of cases 

showing complete responses using IFNa plus PUVA. A randomised study comparing PUVA with 

PUVA and IFNa in early-stage MF, suggests that the response rates are similar, but the cumulative 

dose is lower and the duration of response is prolonged for the combined regimen (EORTC Annual 

Clinical Meeting, Helsinki, June 2003).

In addition to its use in the treatment of MF, IFNa is also commonly used in the treatment of other 

neoplasms including chronic myelogenous leukaemia, multiple myeloma, renal cell carcinoma, 

AIDS-related Kaposi’s sarcoma, hairy cell leukaemia and malignant melanoma. In all cases the 

individual response to this therapy is essentially unpredictable, and in spite of the favourable effect 

in a large proportion of patients, a significant group of patients show initial or acquired resistance to 

this therapy.
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1.4 Interferons (IFNs)

IFNs are naturally occurring polypeptides produced by eukaryotic cells in response to stimulation 

by a variety of agents and were first described in the 1950s, when they were identified as 

molecules capable of interfering with viral propagation®^. IFNs are members of the cytokine family 

of proteins with pleiotropic cellular effects, such as immunomodulatory, anti-proliferative and pro- 

apoptotic effects. Additionally, they possess anti-viral and anti-tumoural properties®® (Figure 1.3).

IFNs can be divided into 2 main groups based on the type of receptor complex to which they bind. 

Type 1 IFNs represent predominantly IFNa and Interferon beta (IFNp), while IFNy is a type 2 IFN. 

IFNa and IFN(3 genes are found on chromosome 9, while the genes encoding their receptors are 

found on chromosome 21. In total there are more than 20 subtypes of IFNa, which is produced by 

leukocytes and lymphoblastoid cell lines following induction by viruses, B-cell mitogens, foreign 

cells and tumour cells.

IFNa effects are variable depending on the cell type, a characteristic that makes them difficult to 

study. IFNa exhibits a stimulatory effect upon natural killer (NK) cells and macrophages, inducing 

them to produce IFNy and IL1 in addition to stimulating their cellular cytotoxicity and inducing 

cellular proliferation®'* (Figure 1.3). This stimulatory effect on NK cells and macrophages may be 

antagonised by the IFNa mediated upregulation of MHC1 by tumour cells®''. IFNa plays a critical 

role in proliferative expansion of T-lymphocyte effector cells during the immune response and is 

involved in T h i differentiation®'*. In addition to indirect immune regulating effects through regulation 

of the development of specific T-cell subsets, IFNs including IFNa are responsible for the 

regulation of B-cell functions, such as development and proliferation, Ig secretion and Ig heavy 

chain switching®® (Figure 1.3).

Direct cytostatic effects, induction of apoptosis and inhibition of cell growth are observed in tumour 

cells in response to IFNa, with targeting of specific components of the cell cycle control apparatus 

such as c-MYC, retinoblastoma (Rb), CyclinD3 and CDC25A^^'^^. Some of the recognised IFNa 

targets that explain its anti-tumoural role are BCL2^°°, Rb^^, CyclinD3^^, CDC25A^^’̂ ’̂^̂ , other cell

cycle regulators such as p15, p21 and p27^°^ and Interferon Regulatory Factor (IRF) transcription
102factors . Additionally, MHC1 expression is modified by IFN in tumour cells to promote CD8+ T-cell 

responses'^ and tumour specific antigen and adhesion molecule expression are also modified to 

increase immune responses against tumour cells®'' (Figure 1.3). Apoptosis and growth inhibition 

are disparate responses of cells to IFNa and the sensitivity towards these phenomena may vary 

independently between different cell types'®''.

Many stages of viral replication are targets for IFN inhibition including cell entry, virus uncoating, 

transcription, RNA stability, translation initiation, maturation, assembly and release'®® (Figure 1.3). 

IFNa also exhibits anti-angiogenic effects mediated indirectly by IFNy®'' (Figure 1.3).
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Figure 1.3

Pleiotropic cellular effects of IFNa

IFNa is a cytokine with pleiotropic cellular effects, such as anti-proliferative, pro-apoptotic, and 

immunomodulatory effects, in addition to possessing anti-viral and anti-tumoural properties. Direct cytostatic 

effects, induction of apoptosis and inhibition of cell growth are observed in tumour cells in response to IFNa, 

with targeting of specific components of the cell cycle control apparatus. MHC1 expression is modified by IFN 

in tumour cells, to promote CD8+ T-cell responses. Tumour specific antigen and adhesion molecule 

expression are also modified to increase immune responses against tumour cells. Many stages of viral 

replication are targets for IFN inhibition including cell entry, virus uncoating, transcription, RNA stability, 

translation Initiation, maturation, assembly and release. IFNa exhibits anti-angiogenic effects mediated 

Indirectly by IFNy. IFNa exhibits a stimulatory effect upon NK cells and macrophages. IFNa plays a critical 

role in proliferative expansion of T-lymphocyte effector cells during the Immune response and Is Involved In 

Th1 differentiation. In addition to Indirect Immune regulating effects through regulation of the development of 

specific T-cell subsets, IFNs Including IFNa are responsible for the regulation of B-cell functions such as 

development and proliferation, Ig secretion and Ig heavy chain switching.
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Although the basic pathway, through which IFNs act, is only partially understood, there is an 

increasing flow of data concerning IFN targets. Thus IFNa binds to its cognate receptor on the 

surface of cells, mainly lymphocytes, monocytes and some neoplastic cells^°®, thereby initiating a 

signal cascade involving the JAK/STAT signalling pathway^°^. The JAK proteins are members of a 

family of tyrosine kinases, able to phosphorylate and thereby activate members of the STAT family 

of transcription factors. These phosphorylated STAT proteins translocate to the nucleus where they 

activate the transcription of a set of IFN stimulated genes by binding to IFN-response elements in 

the DNA^°®. This signal transduction pathway is also commonly used for signalling by growth 

factors, interleukins and other cytokines, and therefore IFNa signalling may be involved in cross 

talk with other signalling pathways.

Homozygous and hemizygous deletions of the IFNa gene^°®, alterations in some of the IFNa 

response genes, such as well known members of the JAK/STAT signalling pathway, (STAT1, 

STAT2, STATS, S0CS1 or IFNR)^^°'^^^, and viral infection such as infection by Epstein Barr 

Virus^^®, have all been implicated in IFNa resistance. However, these studies are largely confined 

to in vitro studies and have therefore not been able to explain the frequent clinical phenomenon of 

IFNa resistance.
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1.5 Systems of High-Throughput Molecular Analysis: Microarrays

Currently a variety of methods are available for the quantification of mRNA expression, including 

RNase protection assays, in situ hybridisation, northern blot hybridisation, microarrays and RQ- 

PCR (Real Time Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)).

RQ-PCR is an accurate and sensitive technique based on kinetic fluorescence RT-PCR that 

measures PCR product accumulation during the exponential phase of the PCR reaction. RQ-PCR 

is performed using dual labelled oligonucleotide probes, which anneal to the cDNA between the 

two PCR primers. These dual labelled oligonucleotide probes, TaqMan probes, emit a fluorescence 

signal only when cleaved, based on the principle of fluorescence resonance energy transfer^’®. The 

probe is labelled with a reporter dye such as 6-carboxyfluorescein (FAM) at one end and with a 

quencher dye such as TAMRA (6-carboxytetramethylrhodamine) at the other end of the probe. 

When the probe is intact, the fluorescence of the reporter dye is absorbed by the quenching dye. 

On cleavage of the probe by Taq polymerase during the extension phase of the PCR, quenching 

no longer occurs, resulting in an increase In the emission of the reporter fluorescence. This process 

occurs in every cycle of the PCR and is detected and recorded electronically. Additionally, DNA 

binding dyes such as SYBR-green, although less specific than TaqMan probes, can be used to 

detect PCR product formation, thus avoiding the expense associated with TaqMan probe use'^°.

cDNA microarrays are a powerful technique, which allow the analysis of the expression of 

thousands of genes simultaneously’ ^V The arrays consist of physical support matrices (such as 

glass) on which the cDNA from thousands of genes are arranged in an organised manner, with 

each spot on the array corresponding to a defined gene target. mRNA extracted from samples of 

interest is converted to cDNA and labelled with fluorescent probes such as cyanine 5-conjugated 

dUTP (Cy5) and cyanine 3-conjugated dUTP (Cy3), which fluoresce red and green respectively. To 

compare the expression of two samples, each sample is labelled with a different fluorochrome and 

hybridised simultaneously to the cDNA microarray. Since the hybridisation is competitive, the 

fluorescence of each spot will correspond to the relative expression of the gene corresponding to 

that spot in each sample (Figure 1.4). Gene expression is visualised by exciting the fluorescein- 

labelled hybridised samples using a laser, and a digital image of the array is captured using a 

confocal scanning laser microscope^^^. The raw data collected is a monochrome image, which is 

subsequently converted to numerical matrices, allowing analysis to be carried out using 

bioinformatical techniques.
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Figure 1.4

cDNA Microarray Analysis of Gene Expression

mRNA is extracted from the samples of interest and converted to cDNA labelled with fluorescent probes. 

Typically the reference sample is labelled with Cy3 (green) and the test sample is labelled with Cy5 (red). The 

labelled cDNA from both samples is hybridised simultaneously to a cDNA microarray, a glass slide on which 

the cDNA from many thousands of genes is spotted. The fluorescein-labelled hybridised samples are excited 

using a laser and an image is captured and analysed. Genes that appear red are overexpressed in the test 

sample compared with the reference sample, while the genes that appear green are overexpressed in the 

reference sample compared with the test sample. Genes, which appear yellow, are equally expressed in the 

two samples.
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Other formats of microarray are also widely used. The most commonly used microarrays, which are 

not of the cDNA format, are oligonucleotide chips or Gene chips such as those produced by 

Affymetrix. Most commonly, the production of these arrays involves synthesising oligonucleotides 

on the chip surface by using a combination of photolithography and combinatorial chemistry. The 

substrate used is quartz wafers treated with a blocking substance, which is an ideal substance to 

which chemicals can be attached. A set of masks is used, which are designed with windows that 

allow light to pass through in locations where a specific nucleotide is needed. Such a mask is laid 

on top of the array and ultraviolet (UV) light is shone onto it. Probe locations that have windows are 

exposed to the light and the blocking compound is removed from that probe. The quartz wafer is 

then washed with a solution of the desired nucleotide that is linked to the same blocking 

compound, causing the nucleotide to attach to the probes that were exposed to light, while the 

nucleotide-attached blocking compound ensures that all of the probes are protected again. The 

process is repeated until all of the probes are complete (25-70 nucleotides each). In terms of 

hybridisation, normally only one sample is hybridised to a single array during these experiments. 

The label commonly used is biotin (Figure 1.5).

Comparison of fluorescence intensities using microarrays is quite a robust method, and correlates 

well to other methods used to quantify gene expression, such as northern blot hybridisation and 

RQ-PCR’ ®̂'̂ '̂*. Microarray studies have revolutionised the study of cancers including lymphoma 

and leukaemia, allowing finer tumour classification, prediction of treatment response, prediction of 

overall survival and the identification of new therapeutic targets^^ '^®'^^ .̂ Additionally, studies using 

microarrays have been employed to study the activity of commonly used drugs and the 

mechanisms of resistance to such treatments’ "̂*'’ ®̂.

MF tumourigenesis is poorly understood and molecular studies have shown that there are many 

different genes potentially involved. Additionally, since IFNa exerts its action through different cell 

pathways involving a large number of genes, and there may be cross-talk with other signal 

transduction pathways, only a system of high-throughput molecular analysis would be sufficiently 

powerful to allow the identification of a significant proportion of the genes involved in both biological 

processes and giving information about the diversity of the cell pathways involved.
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Oligonucleotide chip production and analysis

A: Production of oligonucleotide arrays such as Affymetrix Gene Chips involves a combination of 

photolithography and combinatorial chemistry. The quartz substrates are treated with a blocking substance 

and a set of masks is used to allow light to pass through only at specific locations. The mask is laid on top of 

the array and exposed to UV light, whereby the blocking compound is removed from exposed probe locations. 

The quartz wafer is then washed with a solution of the desired nucleotide, linked to the same blocking 

compound. The process is repeated until all of the probes are complete (25-70 nucleotides each).

B: mRNA is extracted from the sample of interest and converted to double stranded cDNA. The cDNA is 

subsequently converted by in vitro transcription to cRNA and is labelled with biotin. Fragmented biotin labelled 

cRNA is hybridised to the oligonucleotide array and subsequently stained and analysed. More intense colour 

indicates genes whose expression is high while low intensity signifies that genes are expressed at a low level.
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C h ap te r 2 M aterials and M ethods

2.1 Case selection

53  M F , 11 ID and  6 norm al skin sam ples w ere  selected  from  the m edical records of hospitals  

included in the S panish  T u m o u r B ank Netw ork. All paraffin  em b ed d ed  and frozen  tissue sam ples, 

w e re  collected through the protocols of the tum our bank of the C entro  Nacional de Investigaciones  

O ncologicas (C N IO ) and represented  random ly chosen consecutive biopsies. Inform ed consent 

w as  obtained from  all patients enrolled in the study under the supervision of the local ethical 

com m ittees . All sam p les  w ere  centrally review ed by a pan el of pathologists and d iagnosed using  

uniform  criteria based  on clinical, histological, im m unophenotypical, and  m olecular characteristics.

T h e  M F  cases com prised a total of 53  cases, 2 9  of w hich represen t lesion sam p les  of patients  

diagnosed  at various d isease  stages, including p laque and tum our skin lesions. T h e  rem ain ing 24  

patients w ere  enrolled in a random ised  clinical trial to test the efficacy of IF N a  and /or P U V A . T h e s e  

2 4  cases represented  low stage cases and all patients w ere  stages I or HA. S am p les  w ere  selected  

b ased  m ain ly on diagnosis and availability of frozen  biopsy sam p les . C linical d ata  and o ther factors  

w e re  not taken  into account w hen selecting sam ples to avoid introducing bias into subsequent 

analysis of M F  heterogeneity , survival and response to treatm en t. For biopsy, all treatm ents , 

including topical treatm ents , w ere  w ithdraw n at least 1 m onth prior to biopsy. B iopsies w ere  

p erform ed using standard punch or shave techniques with the s ize  of the biopsy being  

appro xim ate ly  6 -8 m m  diam eter.

In the M F  series used here, the m ean  ag e  at d iagnosis w as  4 9  years  (49  years in the 29 -p a tie n t 

test set and 50  in the clinical trial set of patients) with a  rang e  from  17 to 8 7  years  (1 7 -6 9  and 18 -87  

years  respectively in the 29 -p a tie n t test set and clinical trial set of patients). T h e  m ean  d e lay  in 

diagnosis w as 54  m onths/5  years  (4 4  and 69  m onths in the 29 -p a tie n t test set and  clinical trial set 

of patients respectively) with a rang e from 2 to 4 0 8  m onths (0 -3 4  years ) (2 -1 8 6  and 2 -4 0 8  m onths  

in the 29 -p a tie n t test set and clinical trial sets respectively). In g en era l M F  is m ore com m on in 

m ales  than in fem ales . H ow ever, in this series the M ale: F e m a le  ratio is 1 :1 .2 (T a b le  2 .1 ).

T h e  11 ID sam ples used, represented  cases of in terface and spongiotic derm atitis including  

ro sacea, lupus erythem atosus, derm atitis herpetiform is, seborrhe ic  derm atitis and spongiotic  

derm atitis  and biopsies w e re  collected under the s a m e  conditions as the tum oural sam ples.

2.2 Tumour cell lines

h u T 7 8  cells w ere  obta ined from  the A m erican  T yp e  C ulture C ollection (A T C C , Rockville, M D ). Cells  

w e re  m ain tained  in R P M I1 6 4 0  m edium  (S igm a C h em ica l C o ., S t Louis, M O ) supplem ented  with 

2 0 %  foetal bovine serum  (S igm a C h em ica l C o ), 2 m M  L -g lu tam ine (L ife T ech nolog ies Inc., G rand  

Island, N Y ), 50m g /m l penicillin (L ife T ech n olog ies Inc.), 50m g /m l streptom ycin (Life Technologies  

Inc .) and 2 .5 |ig /m l fung izone (L ife Technolog ies Inc.) and grown at 37 °C  in a hum id a tm osphere  

and  5%  C O 2 .
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Pacient
number

Sex
Age at 

diagnosis 
(years)

Delay to 
Diagnosis 
(months)

Stage at 
diagnosis

Survival
(months)

Pre-diagnosis treatments Post-diagnosis treatments
Best

Response
CR duration 
> 6 months

Current
status

01-0715 M 18 48 1 B >68 T odIcbI corticoids, sun Topical corticoids, sun PR No Alive, MF
01-1059 M 74 95 1 B >14 ToDical corticoids NA NA NA Deceased
01-1459 F 68 78 1 B >8 ToDical corticoids, sun NA NA No Alive, MF
01-1539 F 20 8 1 B >35 PUVA, Combination chemotheraDV (CVP) PUVA CR Yes NA
01-1578 F 85 183 1 B >34 Topical corticoids NA CR Yes Alive, CR
01-1852 M NA NA NA NA NA NA NA NA NA
02-0612 F 41 72 1 A >61 PUVA Sun CR Yes Alive, CR
01-0133 M 50 12 II A >192 Topical corticoids none SD No Alive, MF
01-0156 F 51 37 1 A >51 none PUVA CR Yes Alive, CR
02-0608 F 87 186 1 B >25 ToDical corticoids, sun Sun PR No Alive, MF
02-1616 F 69 4 1 B >33 none PUVA+IFN CR Yes Alive, CR
02-1615 M 55 11 III >43 Topical corticoids PUVA+IFN CR Yes Alive, CR
01-0134 M 40 26 1 A >91 Tooical corticoids, sun IFN, Sun PR No Alive, MF
02-0292 M 65 5 II B >31 none surqical removal CR Yes Alive, CR
02-1617 F 75 102 1 B >31 Topical corticoids IFN. Sun SD No Alive, MF

02-0486 F 38 2 II B 5
Combination chemotherapy (ABVD), 

Radiotherapy
Combination chemotherapy 

(CHOP, ABVD) PD No Deceased

02-0554 F 38 30 1 B >27 Topical corticoids PUVA, Sun CR Yes Alive, CR
02-0573 M 45 6 1 B >26 Tooical corticoids. IFN. retinoids PUVA+IFN CR Yes Alive. CR
02-0579 M 24 6 1 A >39 none PUVA PR No Alive, MF

01-0158 F 24 31 1 B >72
Topical corticoids, PUVA+IFN, BCNU, 

Methotrexate
Methotrexate, radiotherapy, 

PUVA+IFN
PR No Alive, MF

01-1160 M 41 26 1 A >111 PUVA PUVA CR Yes Alive, MF
01-0155 M 39 36 1 6 >168 PUVA+IFN, IFN Intralesional IFN CR Yes Alive, MF

00-0273 F 24 31 1 B >72 Topical corticoids, PUVA+IFN, BCNU, 
Methotrexate

Methotrexate, radiotherapy, 
PUVA+IFN PR No Alive, MF

01-0154 F 53 36 IV A 106
Photopheresis, IFN, BCNU, Metotrexate, 

Methotrexate+prednisolone
NA PR No Deceased

00-0312 M 73 16 III >46 Topical corticoids PUVA+IFN PR No Alive, MF

01-0047 F 56 33 1 A >43
Topical corticoids, 

Methotrexate+prednisolone
PUVA PR NA Alive, MF

01-0545 M NA NA NA NA NA NA NA NA NA
01-0057 F 44 8 1 A >41 none PUVA CR Yes Alive, CR
01-0135 M 65 48 1 B >72 PUVA+IFN , BCNU Radiotherapy PD No Alive, MF

CR Complete remission 
PR Partial Remission 
PD Progressive disease 
SD Stable disease 
NA Data not available

Combination Chemotherapies
ABVD Adriamycin (Doxorubicin), Bleomycin, Vinblastine, Dacarbazin (DTIC)
CVP Cyclophosphamide, vincristine and prednisolone
CHOP Cyclophosphamide, Adriamycin (doxorubicin / hydroxydoxorubicin). Vincristine (Oncovin), Prednisone

Other treaments
PUVA Psolaren + ultavlolet A irradiation 
BCNU Carmustine 
IFN Interferon
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Pacient
number

Sex
Age at 

diagnosis 
(years)

Delay to 
Diagnosis 
(months)

Stage at 
diagnosis

Survival
(months)

Pre-diagnosis treatments
Post-diagnosis

treatments
Best

Response
CR duration 
> 6 months

Current
status

00-0220 M NA NA NA NA NA P U V A +IFN NA NA NA

00-0271 F NA NA NA NA NA PUVA + IFN NA NA NA

00-0292 M 38 120 1 B >45 Topical Corticoids P U V A + IFN CR No Alive, MF

00-0295 F 60 72 1 B >240 Topical Corticoids, PUVA PUVA CR Yes Alive, CR

00-0296 F 36 8 1 A >139 Topical Corticoids, PUVA P U V A + IFN CR Yes Alive, CR

00-0406 F 44 48 1 A > 131 PUVA PUVA CR Yes Alive CR

01-0002 F 59 13 1 B >30 none PUVA CR Yes Alive, MF
01-0024 F 49 6 1 B >83 IFN, PUVA+IFN PUVA CR Yes Alive, CR
01-0157 M 32 12 1 B >249 Oxoralen, sun PUVA + IFN CR Yes Alive CR
01-0204 M 66 11 1 6 >29 none PUVA CR Yes Alive CR

01-0205 F 69 36 1 A >30 none PUVA + IFN CR Yes Alive, MF
01-0209 M 62 17 1 B >57 Topical corticoids PUVA PR No Alive, MF
01-0544 F NA NA NA NA NA PUVA NA NA NA

01-0851 M NA NA NA NA NA PUVA NA NA NA
01-0867 F 34 166 1 A >107 PUVA PUVA CR Yes Alive, MF

01-1051 F 51 87 1 B >237 PUVA, BCNU PUVA + IFN CR No Alive, MF

01-1640 M 68 2 1 A >22 none PUVA CR Yes Alive CR

01-1676 M 55 408 1 B >76 PUVA, PUVA+IFN PUVA + IFN CR Yes Alive, MF

01-1855 M 59 6 1 B >25 none PUVA + IFN PR No Alive, MF
01-1960 F 28 36 1 B >39 none P U V A + IFN CR No Alive, MF
02-0628 F 17 36 1 A >94 PUVA, IFN P U V A + IFN CR Yes Alive, CR
02-1679 M 47 36 1 A >65 PUVA P U V A +IFN PR No Alive, MF
02-1770 F 44 237 1 6 >14 Topical corticoids PUVA CR Yes Alive, MF

01-0025 F 65 12 1 A >40 none PUVA CR Yes Alive, CR

PUVA Psolaren + ultavio let A  irradiation 
BCNU Carm ustine 
IFN Interferon
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Chapter 2 Materials and Methods

2.3 RNA isolation

Total RNA extraction from whole frozen tissue was carried out using the Trizol reagent (Life 

Technologies Inc.) as follows: Sections of the frozen tissue were made using a microtome at -20°C 

and 1ml of Trizol was added to the tube containing the sectioned tissue and kept in dry ice until 

homogenisation. The tissue was homogenised using a polytron or syringe, and 1|il of linear 

acrylamide (Life technologies Inc.) was added. The sample containing the linear acrylamide was 

incubated at room temperature for 5-10 minutes. 200^il of chloroform was added and the tubes 

mixed for 15 seconds. The tubes were Incubated at room temperature for 10 minutes and 

centrifuged at 12,000g for 15 minutes at 4°C. The aqueous phase was removed to a fresh tube and 

the RNA precipitated using isopropanol. The pellet was washed twice using cold 70% ethanol and 

the pellet dried and re-suspended in RNase-free water. The resulting RNA was further purified 

using the RNeasy kit (Qiagen Inc., Valencia, CA) and digested with RNase-free DNase I following 

the manufacturer’s instructions. The integrity of RNA was verified by electrophoresis and/or 

automatically using the 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA) and the quantity 

was measured by spectrophotometry or by the 2100 bioanalyzer (Agilent Technologies).

In the case of RNA extraction from cell lines, total RNA was extracted from 3-10 million cells using 

the RNeasy mini-kit (Qiagen Inc.) and digested with RNase free DNase I following the 

manufacturer’s instructions. The integrity of RNA was verified by electrophoresis and the quantity 

was measured by spectrophotometry.

2.4 T7 in vitro transcription

T-7 based mRNA amplifications were carried out as described previously^^^'^^®. Briefly, 0.5-5|^g of 

total RNA were converted to double stranded cDNA. For first strand cDNA synthesis, an oligo-dT 

primer containing a T7 RNA polymerase promoter (Ambion, Austin, TX) was used. The first strand 

cDNA synthesis reaction was performed using Superscript II Reverse Transcriptase, DTT 

(Dithiothreitol) and lOmM dNTPs (2'-Deoxyribonucleoside-5'-triphosphates) (all supplied by Life 

Technologies Inc) and RNase inhibitor (RNAsin) (Promega, Madison, W l) and was incubated for 2 

hours at 42°C. Second strand cDNA synthesis was performed using DNA polymerase, 

Escherischia coli DNA ligase, RNaseH and dNTPs (all from Life Technologies Inc.) at 16°C for 2 

hours. The double stranded cDNA was purified using phenol-chloroform-isoamyl alcohol (25:24:1) 

Ph8 (Ambion) and precipitated using ethanol, 7.5M ammonium acetate (Sigma Chemical 

Company) and linear acrylamide (Ambion). T7 in vitro transcription was carried out using the 

Megascript T7 in vitro transcription kit (Ambion), following the manufacturer's instructions. T7 in 

vitro transcription was allowed to continue for between 2 and 14 hours at 37°C, depending on the 

quantity and quantity of total RNA used.
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Chapter 2 Materials and Methods

2.5 cDNA microarray design and fabrication

For all microarray studies, the CNIO OncoChip was used. The OncoChip is a cDNA microarray that 

has been especially designed for the study of cancer and contains 6386 genes including a core of 

2489 cancer-relevant genes in addition to genes involved in drug-response, tissue-specific genes 

and control genes. The 6386 genes are represented by a total of 7237 clones represented by 

13057 spots on the array. The genes comprising the OncoChip can be separated into three 

sections, based on the criteria of selection of the genes (Table 2.2).

The first group of genes, of known molecular function, accounts for 40% of the total number of 

genes and is comprised of named genes with a described or inferred role in cellular processes, 

especially those implicated in cancer, such as cell cycle control, apoptosis, angiogenesis and 

adhesion. Additionally, genes implicated in response to drugs such as IFN and taxol, are included 

in addition to genes involved in hereditary cancer and genes described as oncogenes and tumour 

suppressor genes. The core cancer gene group consists of 2489 genes, although some overlap is 

seen between functional groups (Table 2.2).

The second group of genes, totalling 3899, consists of a variety of tissue specific genes (both 

normal and neoplastic tissues) or genes selected by chromosome location. Within this group are 

genes, which are expressed exclusively or differentially between pools of normal libraries or tumour 

libraries of the tissue of interest. Genes were also selected based on information from Comparative 

Genome Hybridisation (CGH) and Loss Of Heterozygosity (LOH) in cancer. CGH, a technique 

which identifies DNA imbalances without cytogenetic studies^^®, was used to study almost 30 NHL 

cases, to search for chromosomal regions which may be implicated in tumour progression. The 

most recurrent changes were found at regions in chromosomes 9, 11, 13, 17, 19 and 

Previous investigation of 43 NHL cases identified LOH in areas including regions of chromosomes 

1, 9 and 10 ‘̂‘V Genes from these regions are included on the OncoChip (Table 2.2).

Finally, both positive and negative control genes have been included. The positive controls are a 

list of housekeeping genes totalling 68 whose expression is expected to be similar in all tissues and 

states. The negative control group consists of a small group of genes from species other than 

human. All genes in this group have been tested using BLAST searches against human gene 

sequences to ensure that homology scores to human sequences are low, so that hybridisation to 

the array under stringent conditions is not expected. The list includes antibiotic resistance genes in 

Escherischia coli and genes from Arabidopsis thaliana. Additionally, spots containing water, buffer 

and clone PCR negative control blanks have been included. The full list of the genes on the array 

(S2.1) can be found in the supplementary information at http://redlinfomas.cnio.es/publications/ 

tracey_thesis and on the supplementary information CD.
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Human cDNA clones were purchased from Research Genetics (Huntsville, AL). The set consists of 

7237 sequence-validated I.M.A.G.E. clones, including 5253 clones representing known genes and 

the remaining 1984 clones representing Expressed Sequence Tags (ESTs), Individual clones were 

grown in 96-well plates at 37°C for 6 hours. The bacterial culture was used for PCR amplification 

and the products were purified and verified by agarose gel electrophoresis. cDNAs were printed 

onto chemically activated glass slides (CMT-GAPS, CORNING, NY) using the spotter Multigrid II 

(BioRobotics, Woburn, MA) and stored in the dark at room temperature and low humidity.

Table 2.2

OncoChip Functional Groups

A: Molecular Function Core Group. Total 2489 Genes

Functional Group Number of Genes
Adhesion Molecules 94
Angiogenesis 72
Apoptosis 166
Cell Cycle Control 

General 131
Chromatin Structure 43
DNA Repair And Replication 71

Cell Structure And Cytoskeleton 104
Differentiation And Development 167
Genes Implicated In Hereditary Cancer 57
Genes Implicated In Drug Response 

General 3
Interferon 147
Taxanes 81

Growth Factors And Receptors 129
Hormones 89
Signal Transduction 274
Metastasis And Tumour Invasion 120
Immune Response 

General 22
Interleukins 67
Cytokines And Chemokines 53
MHC Genes 7
Immunoglobulin Genes 7
Tumour Necrosis Factor 54

Oncogenes / Proto-Oncogenes 227
Ribosomal Genes Implicated In Cancer 3
Stress Response 113
Transcription Factors 105
Tumour Suppressor Genes 114
Ubiquitin Pathway And Chaperones 144
Viral Genes Involved In Cancer 90
Metabolism 15
Miscellaneous 21
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Table 2.2 (Continued) 
OncoChip Functional Groups

B; Tissue Specific Group. Total 3899 Genes

Neoplastic Tissues Number of Genes
Breast Cancer 1988
Chronic Myelogenous Leukaemia 448
B-Cell Lymphoma 1083
T-Cell Lymphoma 1302
Melanoma 279
Ovarian Cancer 1595
Endometrial Cancer 1648
Thyroid Cancer 1669
Lung Cancer 158
Prostate Cancer 8

Normal Tissues Number of Genes
Adipose Tissue 8
Endothelial Cells 4
Epithelial Cells 29
Fibroblasts 18
Macrophages 62

LOH And CGH Subgroups Number of Genes
CGH Regions (9q34, 11q13, 13q14.3-q21, 19q13.1) 622
LOH Regions (1p32-36, 9p21-23, 9q22-34, 10q23-24, 14q32) 1194

2.6 cDNA microarray target preparation and hybridisation

Fluorescent first strand cDNA was made with 2.5 or 5|ig of amplified RNA (aRNA) in the presence 

of Cy3 or Cy5 (Amersham, Uppsala, Sweden), random hexamer primers (Promega), DTT (Life 

Technologies Inc), RNase inhibitor (RNAsin) (Promega), unlabelled dNTPs (Fermentas Life 

sciences, Lithuania) and Superscript II Reverse Transcriptase (Life Technologies Inc). 10|ag of 

Cot1 human DNA (Life Technologies Inc.) was added to the labelled probe. The microarray slides 

were denaturalised by placing in boiling water for 3 minutes. Slides were incubated in a buffer 

filtered using a 45|jm filter and containing 4X SSC (Saline Sodium Citrate buffer), 1X BSA (Bovine 

serum albumin)(Sigma Chemical Co.), 2|ig/ml denatured salmon sperm DNA (DNAs) (Sigma 

Chemical Co.) and 0.1% SDS (Sodium Dodecyl Sulphate) for 45 minutes at 65°C, followed by 

washing with sterile water. The probe was added to a solution containing 50% formamide, 20X 

SSC (Saline Sodium Citrate buffer) and 10% SDS (Sodium Dodecyl Sulphate) and incubated at 

100°C for 3 minutes followed by 20 minutes at 42°C before applying to the microarray slide. 

Hybridisation was carried out at 42°C for 15 hours. Slides were scanned for Cy3 and Cy5 

fluorescence using the Scanarray 5000 XL (GSI Lumonics, Kanata, Ontario, Canada) and 

quantified using the Quantarray software (GSI Lumonics) and/or GenePix Pro 4.0 software (Axon 

instruments Inc., Union City, CA)
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2.7 Data analysis

Fluorescence intensity measurements were subjected to automatic background subtraction and the 

Cy5/Cy3 ratio values were normalised to the median ratio value of all spots in the array. For patient 

samples, the sum of the median background for each channel was calculated and spots with total 

intensity values below the calculated sum of median backgrounds were discarded. Additionally, all 

spots with total intensity values less than 250 were discarded. For cell line samples, spots with 

background subtracted signal intensities lower than 500 fluorescence units (sum of the 2 channels) 

were excluded from the analysis. Furthermore, bad spots or areas of the array with obvious defects 

were manually flagged and discarded from analysis. All ratio values were log-transformed (base 2). 

Inconsistent duplicates were discarded and all consistent duplicate spots and genes were 

averaged''*^.

In all cases, gene biological functions were assigned using the Genecards database^''^'^"''' 

(http://bioinformatics.weizmann.ac.il/cards) and Gene Ontology database (www.geneontology.org). 

All raw data can be found in the supplementary information at: http://redlinfomas.cnio.es/ 

publications/tracey_thesis and on the supplementary information CD.

2.8 Immunohistochemistry

Immunohistochemical assays were performed on paraffin embedded tissue and on cell culture 

cytospin preparations, which had been previously fixed for 5 minutes using acetone. A Heat- 

Induced Epitope Retrieval (HIER) step was performed in a solution of sodium citrate buffer with 

0.01 M tri-sodium citrate solution, and heated for 2 minutes in a conventional pressure cooker. After 

heating, slides were rinsed in cool running water for 5 minutes. They were then quickly washed in 

Tris-buffered-saline pH 7.4, and incubated with mouse monoclonal primary antibodies. Following 

incubation with the primary antibody, immunodetection was performed with biotinylated anti-mouse 

Ig, followed by peroxidase-labelled streptavidin-biotin (DAKO-Cytomation, Glostrup, Denmark) with 

diaminobenzidine chromogen as substrate. All immunostaining was performed using the TechMate 

500 (DAKO-Cytomation) automatic immunostaining device.

The primary monoclonal antibodies used in this study were: CD3, CDS and KI67 antibodies 

(DAKO-Cytomation); CD4 and TIA1 antibodies (Master Diagnostica, Granada, Spain); CD7 and 

CD30 antibodies (Novocastra Laboratories Ltd, Newcastle upon Tyne, UK), STAT3 and STAT1 

antibodies (Santa Cruz, San Francisco, CA); Phospho-lkappaB-alpha antibody (Cell signalling 

technology Inc., Beverly, MA) and MAL antibody''*®.
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The specificity of each antibody was tested at first use as per the specification sheet of each 

commercially available antibody and/or according to details in the literature regarding protein 

expression. In the case of the phospho-lkappaB-alpha antibody, the correlation between its 

expression and activation of NF-kB was examined by comparing western blot analysis of 

phosphorylated IkBq and NF-kB binding measured by Electromobility Shift Assay (EMSA) analysis 

in 6 chronic lymphocytic leukaemia samples (data not shown). Negative controls consisted of 

incubation omitting the specific primary antibody and incubation with unrelated antibodies. Negative 

controls were performed simultaneously to all immunohistochemical assays.

2.9 Real Time Quantitative RT-PCR (RQ-PCR)

cDNA for use in RQ-PCR studies was synthesised using AMV Reverse transcriptase (Access RT- 

PCR system, Promega) or Superscript I! Reverse Transcriptase (Life technologies Inc.) and 

random hexamer primers supplied by Life technologies Inc. or Promega. In all cases 1-1.5ng of 

total RNA was transcribed.

The control gene used in all cases was GAPDH supplied as a 20X Pre-Designed Assay Reagent 

(Applied Biosystems, Foster City, CA). All RQ-PCRs were carried out using approximately 25- 

lOOng of cDNA in a total volume of 25^1 using 2X RT-PCR TaqMan® Universal PCR master mix 

(Applied Biosystems) or 2X SYBR® Green PCR master mix (Applied Biosystems). The RQ-PCR 

was carried out using the ABI prism 7700 (Applied Biosystems) and analysis and normalisation of 

results were carried out using the sequence detector software (Applied Biosystems). RQ-PCR 

thermocycler conditions were; 50°C 2 min, 95°C 10 min and 50 cycles of 95°C 15 sec, 60°C 1 min.

In all cases a standard curve containing at least 3 concentrations (represented in duplicate or 

triplicate) of a control cDNA was constructed for both the endogenous GAPDH control gene 

(Applied Biosystems) and the gene under examination. In all cases standard curves had a 

coefficient of correlation greater than 0.98. In each case, all samples were represented in duplicate 

or triplicate for calculations.
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Chapter 3 Mechanisms of MF Tumourigenesis

3.1 Introduction and aim

MF is characterised by infiltration and accumulation of tumoural T-cells in the epidermis and dermis 

of the skin^, and its clinical and pathological diagnosis have proven difficult since it bears many 

resemblances to common inflammatory skin conditions, which involve infiltration and accumulation 

of benign T-cells in the skin. The difficulties for the study of MF are further compounded by the fact 

that the tumoural T-cell infiltrate often accounts for only 1-5% of the total tissue cells.

At present, the mechanisms contributing to MF development are poorly understood, and molecular 

studies have shown that a large number of genes are potentially involved. Most studies performed 

to date have involved small numbers of patients and/or a limited number of markers. 

Characteristics which have been associated with MF tumourigenesis include defective FAS 

signalling^®’̂ °, changes in expression of BCL2 family members^® and other genes involved in 

apoptosis such as c-FLIP^®, changes in cell cycle regulation including methylation of CDK inhibitors 

such as p15 and and expression of cytokines such as IL7, IL15 and 1116'* '̂'®. In vitro

studies have suggested that NF-kB activation may play a critical role in MF tumourigenesis and this 

may involve endogenous production and survival signalling by TNF^®'^^. Receptors such as CD40®° 

and OX40®\ implicated in NF-kB activation have also been associated with MF development. 

Furthermore, strong nuclear expression of the RELA (p65) transcription factor^®, underlines the 

possible importance of NF-kB activation in MF lymphomagenesis.

The aim of the current study is to delineate the mechanisms of MF tumourigenesis, using cDNA 

microarray analysis in a series of MF and ID patients, in order to determine the factors responsible 

for the development of MF. The use of microarrays allows the measurement of the expression of 

over 6000 genes and should therefore permit the identification of a large number of factors, which 

may play a role in MF tumourigenesis. From the genes identified, a prediction model will be 

constructed, allowing the differentiation of MF and ID cases using a minimal number of markers. 

This prediction model will be validated in a blind set of patients to ensure its applicability to other 

patient series. The blind set of patients used will consist entirely of patients with low clinical stages, 

which are the most difficult to distinguish from ID cases, therefore underlining the power of the 

prediction model.

It is plausible that MF cases may consist of more than one sub-type, as is the case for many types 

of lymphoma, such as diffuse large B-cell lymphoma, which has classically been treated as a single 

entity^^^. cDNA microarray analysis of the entire MF series may allow the identification of patient 

subsets, whose clinical, morphological and immunophenotypical characteristics will be examined. 

This will include the examination of expression of classical markers such as CDS, CD4, CD7, CDS, 

CD30, STAT1, STATS and TIA1, proliferation status as measured by KI67 expression, presence of 

large cells, lesion type (patch, plaque or tumour) and response to treatment.
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3.2 Specific materials and methods

3.2.1 cDNA microarray target preparation

Total RNA from 53 MF, 11 ID and 6 normal skin samples was extracted and amplified using T7 in

vitro transcription. From each MF and ID case, 2.5ng of aRNA were directly labelled with Cy5. The

reference sample used in all cases was 2.5ng of aRNA from the Universal Human Reference RNA 

(Stratagene, La Jolla, CA) labelled with Cy3.

3.2.2 Data normalisation

In order to identify a gene expression signature associated with MF development, the expression 

profile generated by normal ceils in the skin tissue had to be eliminated or reduced. In order to 

minimise the background noise caused by the presence of normal cells in the tissue used, two 

methods were employed: (1) median centering normalisation of the genes in all MF and ID cases 

and (2) normalisation of MF and ID samples against a pool of normal skin samples. The latter 

method was found to be more effective in separation of MF and ID cases using clustering analysis, 

and therefore each sample in the study was normalised against a collection of normal skin 

samples. 6 non-photoexposed normal skin samples were chosen and an average for each gene 

was calculated, for those genes for which data was available for at least 4 of the samples. This 

average was used to normalise all ID and MF samples. All raw data and normalised data (S3.1, 

S3.2) can be found in the supplementary information at: http://redlinfomas.cnio.es/publications/ 

tracey_thesis and on the supplementary information CD: S3.1 Raw Microarray data for MF, ID and 

normal skin samples, S.3.2 Normalised microarray data for MF and ID samples (Normalisation 

against normal skin samples).

3.2.3 Clustering and statistical analysis

Throughout the study, case clustering was carried out using unsupervised hierarchical clustering 

techniques. Gene clustering was performed using the Self Organising Tree Algorithm (SOTA)^'*®, in 

the case of identification of MF subgroups while the Self Organising Map Algorithm (SOM)^"*^ was 

used in the construction of the MF prediction model. Trees/gene expression data were viewed 

using the TreeView program. For SOTA gene clustering analysis, genes for which more than 30% 

missing values were recorded, were discarded from the analysis (unless otherwise stated).

To identify the genes important in distinguishing between MF and ID cases, and to identify the 

genes significant in distinguishing between patient clusters within our patient set, a T-statistic 

(Welch's version that does not require equal variances^'*®) was used, and unadjusted p-values were 

obtained from permutation tests (50,000 permutations in all cases).
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Missing values are tolerated so long as each subgroup contains at least 1 value during permutation 

tests. In the comparisons between MF and ID cases and within MF clusters, genes were excluded 

if missing values surpassed 25% and 45% respectively.

In the case of microarray data, since many t-tests are being examined simultaneously (i.e. one t- 

test for each of many hundreds or thousands of genes), the individual p-value of each t-test cannot 

be used to examine the significance of the difference between the groups. If p-values smaller than 

0.05 for example were to be considered significant, the Type I family wise error rate (i.e. over the 

many tests performed) would be much larger than 0.05 (the Type I error rate is the probability of 

rejecting the null hypothesis when the null hypothesis is in fact true). In other words, the result 

would be an excessive number of false rejections of the null hypothesis or an excessive number of 

false positive results. Therefore multiple testing must be accounted for in order to gain an accurate 

reflection of the significance of gene expression differences. In the analysis presented here, 

multiple testing was accounted for by adjusting the p-value according to Benjamini & Hochberg's
149procedure for the control of the False Discovery Rate

In the comparisons between MF and ID cases, genes with unadjusted p-values <0.001 and 

adjusted p-value<0.1 were deemed to be significant. In the comparisons between MF clusters, 

genes with unadjusted p-value <0.001 and adjusted p-value <0.006 were deemed to be significant. 

These procedures are implemented at http://gepas.bioinfo.cnio.es^®°.

In order to validate the 27-gene MF prediction model identified, gene clustering was carried out 

using the SOM algorithm defining a maximum of 7 gene clusters. An average for each gene cluster 

was calculated and this average was used for validation using discriminant analysis in the study 

group and blind set of patients, utilising the software SPSS Base version 10.0 (SPSS Inc., Chicago, 

IL). Additionally, in order to identify a smaller subset of class predictor genes, the gene with the 

lowest p-value was selected from each SOM cluster. Again these genes were validated by 

discriminant analysis in both the study set and the blind patient set.

To compare histological and clinical characteristics between the two MF clusters identified, the 

Fisher’s exact test was used. This test examines whether the pattern of counts in a 2x2 cross

classification table departs from expectations based upon the marginal totals for the rows and 

columns. This test consists of calculating the actual probability of the observed 2x2 contingency 

table with respect to all other possible 2x2 contingency tables with the same column and row totals.
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3.2.4 Histology and Immunohistochemistry

H/E staining of all paraffin embedded tissue was performed, to confirm diagnosis and to identify 

cases with tumour type lesions compared with plaque type lesions, and to identify cases with a 

large cell component. Additionally, CD3, CD4, CD7, CDS and CD30 antibodies were used to 

confirm MF diagnosis in all cases. Furthermore, KI67, TIA1, STAT1 and STAT3 along with the 

aforementioned antibodies were used to examine the differences between the two MF subgroups 

identified and to identify cases with abnormal phenotypes and other characteristics associated with 

aggressive disease. Common phenotype was defined as CD3+/CD4+/CD8-/CD7- while any other 

phenotype was considered aberrant. In this series all cases were CD3+ and CD7-. High 

proliferative index was defined as samples displaying high or intermediate levels of Ki67 (more 

than 30% of tumoural cells staining positive) while low proliferative index cases are those with low 

KI67 expression. MF patients were treated with curative purposes, including a combination of 

PUVA, IFNa and standard chemotherapy. Responders are defined as patients who achieve 

complete remission at any stage during the treatment under any treatment regimen.

The primary monoclonal antibodies used were: CD3, CDS and Ki67 antibodies (DAKO- 

Cytomation); CD4 and TIA1 antibodies (Master Diagnostica, Granada, Spain); CD7 and CD30 

antibodies (Novocastra Laboratories Ltd, Newcastle upon Tyne, UK) and STAT3 and STAT1 

antibodies (Santa Cruz, San Francisco, CA). The specificity of each antibody was tested at first use 

as per the specification sheet of each commercially available antibody and/or according to details 

in the literature regarding protein expression. Negative controls consisted of incubation omitting the 

specific primary antibody and incubation with unrelated antibodies. Negative controls were 

performed simultaneously to all immunohistochemical assays.
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3.3 Results

3.3.1 Data normalisation

Preliminary studies were carried out using 6 ID and 8 MF samples. Hierarchical clustering of MF 

and ID cases did not separate cases clearly into two groups (Figure 3.1 A). Taking into account that 

in most MF and ID cases, the T-cell infiltrate accounts for less than 10% of the total tissue, we 

attempted to eliminate the signal coming from normal surrounding tissue in both sample types. Two 

methods to reduce background were used; (1) median centering normalisation of each gene in MF 

and ID samples and (2) normalisation of each sample against a pool of normal skin samples. 

Optimal results were achieved by normalising each MF and ID sample against a pool of 3 normal 

non-photoexposed skin samples (Figure 3.1 B). Therefore, this method of normalisation against 

normal skin samples is a valid method for enriching the microarray data from samples where the 

number of tumoural cells is low, allowing better clustering and classification of these tumours. This 

normalisation was used for all cases of MF and ID in this study, using a total of 6 normal skin 

samples for normalisation.

A
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□ I  i D ^ ^ D p g
B

ID cases MF cases

Figure 3.1

Unsupervised Clustering of Raw and Normalised MF and ID data

A; Using raw data from 8 MF patients and 6 ID patients, group separation was not possible.

B: Normalisation of all samples with normal skin samples reduced background noise and allowed the 

separation of MF from ID cases.
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3.3.2 MF signature: Genes differentially expressed between MF and ID
cases

To identify genes implicated in MF tumourigenesis a total of 29 samples from MF patients and 11 

ID samples were used. Data from microarray studies of each of these cases was normalised 

against the average signal from 6 normal skin samples. Using a Student’s T-Test, with an adjusted 

p-value to control the false discovery rate, 27 genes significant in the separation of MF from ID 

samples, were identified (Table 3.1). Figure 3.2 shows the notably different expression of these 27 

genes between MF and ID cases, with red symbolising upregulation and green symbolising 

downregulation of gene expression. Of the 27 genes, which are differentially expressed between 

MF and ID cases, 20 genes are upregulated in MF cases while the remaining 7 genes are 

downregulated.

These genes are involved in a large variety of functions such as cell cycle control, apoptosis and 

signal transduction. However, the most striking finding is the upregulation of a number of genes 

implicated in activation of NF-kB, including genes such as TRAF1, BIRC3 and TNFRSF5.

Table 3.1

27 genes significant in differentiating between MF and ID cases

Gene Symbol Unadjusted p- 
value

Adjusted p- 
value

Function

FJX1 0.00002000 0.021089 Differentiation and development
Hs.439064 0.00002000 0.021089 H. Sapiens transcribed sequences -  Unl<nown function
STAT4 0.00002000 0.021089 Signal transduction, T-cell differentiation / proliferation
SYNE1 0.00004000 0.021089 Signal transduction
CDC16 0.00004000 0.021089 Cell cycle control
BCL7A 0.00004000 0.021089 Oncogenesis, Actin binding
TRAF1 0.00006000 0.021089 NF-kB activation, TNF signalling, Apoptosis Regulator
BIRC3 (CIAP2) 0.00006000 0.021089 NF-kB transcription target, Inhibition of apoptosis
PR00823 0.00006000 0.021089 Hypothetical protein -  similarity to FYN binding protein
WBSCR14 0.00006000 0.021089 Role in cell differentiation and/or proliferation
ITGAX 0.00010000 0.031953 Integrin, Cell adhesion
PRKCH 0.00014000 0.039543 Protein Kinase C -  Signal transduction/NF-KB activation
LYN 0.00016000 0.039543 Signal transduction, Oncogene, NF-kB activation
EBI2 0.00016000 0,039543 EBV induced, receptor signalling, immune response
BARX2 0.00018000 0.039543 Differentiation and Development, cell adhesion
FNBP1 0.00018000 0.039543 Forming binding

RASSF2 0.00022000 0.045487 Oncogene
WASPIP 0.00026000 0.050771 Cytoskeleton organisation, signal transduction
LCP2 0.00031999 0.056238 T-cell signalling
PCTAIRE2BP 0.00031999 0.056238 Cell cycle control
HCK 0.00033999 0.056908 Signal transduction
DEDD 0.00037999 0.060712 Apoptosis
ACTN1 0.00039999 0.061129 Actinin, Cytoskeleton organisation
SELP 0.00043999 0.064440 Selectin, cell adhesion
CDS 0.00047999 0.067486 T-cell marker, T-cell proliferation
UBE2L3 0.00061999 0.083817 Ubiquitination
TNFRSF5 (CD40) 0.00069999 0.091127 T-cell activation, apoptosis inhibitor, NF-kB activation
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Figure 3.2

Genes Differentially Expressed Between MF and ID cases

Using a T-statistic and an adjusted p-value, 27 genes significant In the separation of MF from ID cases were 

Identified, of which 7 are downregulated and 20 are overexpressed in MF compared with ID cases.

3.3.3 MF prediction model construction and validation by blind testing

Clustering using the SOM algorithm, of the 27 genes significant in separating MF and ID cases, 

revealed 6 gene clusters (Figure 3.3). An average was calculated for each cluster, and using these 

averages, the 27-gene model was validated by discriminant analysis, both in the original sample 

set, and in a blind set of 24 MF samples. Discriminant analysis classifies cases based on the gene 

expression pattern for each case. Table 3.2 shows the results of the discriminant analysis for both 

the original patient set and the 24 patient blind set using the average of each gene cluster as 

identified by SOM clustering. In the case of the original patient set, 29/29 MF cases (100%) and 

11/11 ID cases (100%) are correctly classified (Table 3.2). In the case of the blind set, 24/24 MF 

cases (100%) were correctly classified as were 11/11 (100%) ID cases (Table 3.2).
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Figure 3.3

SOM clustering: Selection of a 6-gene MF prediction model

SOM clustering revealed 6 gene clusters within the 27-gene MF tumourigenesis model. The gene with the 

lowest p-value from each cluster was chosen to construct a 6-gene MF prediction model.
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Table 3.2

Discriminant analysis of the averaged 27-gene MF prediction model in study group 

of 29 MF and 11 ID cases and in blind test group of 24 MF cases

Class

Predicted group 

membership

TotalMF ID

Study group Count MF 29 0 27

% ID 0 11 10

Count MF 100 0 100

% ID 0 100 100

Blind set Count MF 24 0 23

% ID 0 11 10

Count MF 100 0 100

% ID 0 100 100

100% of original study group cases correctly classified 

100% of blind set cases correctly classified

In order to identify a smaller subset of class predictor genes, the gene with the lowest p-value 

(Table 3.1) was selected from each of the 6 clusters generated by the SOM algorithm (Figure 3.3). 

The final class prediction model of 6 genes (Table 3.3) was validated by discriminant analysis using 

only the samples for which all data was available for all 6 genes in the model, without imputation of 

missing values. Table 3.4 shows the results of the discriminant analysis for both the original patient 

set and the 24 patient blind set, using the 6-gene prediction model. In the case of the original 

patient set, 27/27 MF cases (100%) and 9/10 ID cases (90%) are correctly classified, giving an 

overall success rate of 97.3% (Table 3.4). In the case of the blind set, 22/23 MF cases (95.7%) 

were correctly classified, as were 10/10 ID cases (100%), giving an overall success rate of 97.0% 

(Table 3.4).
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Table 3.3

6-gene MF prediction model

Gene Symbol Unadjusted

p-value

Adjusted

p-value

Function

FJX1 0.0000200 0.0210896 Differentiation and development

Hs.439064 0.0000200 0.0210896 H. Sapiens transcribed sequences -  Unknown function

STAT4 0.0000200 0.0210896 Signal transduction, T-cell differentiation/ proliferation

SYNE1 0.0000400 0.0210896 Signal transduction

TRAF1 0.0000600 0.0210896 NF-kB activation, TNF signalling, Apoptosis Regulator

BIRC3 (CIAP2) 0.0000600 0.0210896 NF-kB transcription target, Inhibition of apoptosis

Table 3.4

Discriminant analysis of 6-gene MF prediction model in study group of 29 MF and 11 ID cases and 

in blind test group of 24 MF cases

Class

Predicted group 

membership

TotalMF ID

Study group Count MF 27 0 27

% ID 1 9 10

Count MF 100 0 100

% ID 10 90 100

Blind set Count MF 22 1 23

% ID 0 10 10

Count MF 95.7 4.3 100

% ID 0 100 100

97.3% of original study group cases correctly classified 

97.0% of blind set cases correctly classified

3.3.4 Identification of MF clusters

In order to identify subgroups of MF patients, unsupervised hierarchical clustering analysis was 

performed on all 53 MF samples (i.e. test group and blind test samples) using data from all genes 

(3393) for which at least 80% of the data was available, and 2 main clusters of MF cases were 

identified (Figure 3.4).
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Figure 3.4

Heterogeneity of MF: The Presence of 2 Main MF Clusters

Hierarchical clustering analysis of approximately 3400 genes in 53 MF cases, revealed 2 main MF clusters. 

Cluster 2 contained more patients with a tendency to show a high proliferation index, tumour lesions, increased 

large cell component and expression of nuclear STAT3, characteristics associated with aggressive disease.

In parallel, the heterogeneity of the MF samples was analysed in terms of clinical (treatment 

responders vs. non-responders), histological (plaque vs. tumour lesion; large cell component) (Figure 

3.5A-D), or immunophenotypical (common vs. aberrant phenotype, high proliferative index vs. low 

proliferative index and immunostaining for STAT1, STATS, CD30 and TIA1 antibodies) (Figure 3.5E-T) 

characteristics of the patients. This data was not available for all patients due to a lack of paraffin 

embedded tissues. Additionally clinical data regarding treatment response was not available for all 

patients, in some cases due to subsequent withdrawal of patients from the study or loss of follow-up 

due to re-location. Additionally, due to the fact that MF is an indolent disease, survival analysis was 

impaired due to the low number of deceased patients. Common phenotype was defined as 

CD3+/CD4+/CD8-/CD7- while any other phenotype was considered aberrant. In this series all cases 

were CD3+ and CD7-. High proliferative index was defined as samples displaying high or intermediate 

levels of Ki67 (more than 30% positive tumoural cells) while low proliferative index cases are those 

with low Ki67 expression (Figure 3.5). MF patients were treated with curative purposes, including a 

combination of PUVA, IFNa and standard chemotherapy. Responders are defined as patients who 

achieve complete remission at any stage during the treatment under any treatment regimen.
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Figure 3.5

Relevant histological and immunophenotypical characteristics of MF cases

(A) Plaque lesion; (B) Tumour lesion (original amplification); (C) Tumour lesion (higher amplification - 20x); (D) 

Case with a large cell component; (E) CD4+; (F) CD4-; (G) CD8+; (H) CD8-; (I) CD3+; (J) CD7-; (K) CD30+; 

(L) CD30-; (M) KI67 high; (N) KI67 low; (O) STAT1+; (P) STAT1-; (Q) STAT3+; (R) STAT3-; (S) TIA1+; (T) 

TIA1-. Common phenotype is defined as CD3+ (I), CD4+ (E), CD7- (J), and CDS- (H). In this series all cases 

were CD3+ (I) and CD7- (J). The primary monoclonal antibodies used were: CD3, CDS and Ki67 antibodies 

(DAKO-Cytomation); CD4 and TIA1 antibodies (Master Diagnostica, Granada, Spain); CD7 and CD30 

antibodies (Novocastra Laboratories Ltd, Newcastle upon Tyne, UK) and STAT3 and STAT1 antibodies 

(Santa Cruz, San Francisco, CA). The specificity of each antibody was tested at first use as per the 

specification sheet of each commercially available antibody and/or according to details in the literature 

regarding protein expression (data not shown). Negative controls consisted of incubation omitting the specific 

primary antibody and incubation with unrelated antibodies. Negative controls were performed simultaneously 

to all immunohistochemical assays (data not shown).
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The Fisher’s exact test was used to find significant differences in these characteristics between the 

two clusters. Some characteristics associated with more aggressive phenotypes have a tendency 

to be found in cluster 2. For example, all tumour lesions samples (100%, p:0.061), along with cases 

expressing activated nuclear STATS are over-represented in Cluster 2 (47% compared with 17%, 

p:0.069). Other characteristics associated with aggressive disease (large cell component and high 

proliferative index) are more predominant in cluster 2 although these differences do not reach 

significance. No differences in treatment response, staining for STAT1, CD30 or TIA1, distribution 

of aberrant phenotype cases or distribution of cases with advanced disease stages at diagnosis 

was observed.

To identify the biological factors responsible for the clustering observed within the MF cases, a 

Student’s T-test comparing MF clusters 1 and 2, was performed. A total of 557 genes, whose 

expression was significantly different in distinguishing between these MF clusters were identified. 

To simplify the analysis, all ESTs and hypothetical genes were excluded from further analysis 

leaving a total of 368 named genes implicated in the differentiation of MF cluster 1 and cluster 2 

(Figure 3.6, Table 3.5). 204 genes were upregulated in cluster 1 compared with cluster 2 while 164 

genes were upregulated in cluster 2 compared with cluster 1.

L0G2 scale

1.00000 -2 4 0 +2.4

Figure 3.6

Heterogeneity of MF: Genes differentially expressed between IVIF clusters 1 and 2

Using a T-statistic and an adjusted p-value, genes significant in the differentiation of MF cluster 1 and MF 

cluster 2 were identified. After removal of ESTs and hypothetical genes, a total of 368 named genes were 

found. The expression pattern of these 368 genes is notably different between MF cluster 1 and cluster 2 

cases.
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Table 3.5

Named genes significant in the separation of MF cluster 1 and MF cluster 2 

(Clusters defined in Figure 3.4)

A: Genes upregulated in MF Cluster 1 compared with MF cluster 2
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Chapter 3 Mechanisms of MF Tumourigenesis

Table 3.5 (Continued)

Named genes significant in the separation of MF cluster 1 and MF cluster 2 

(Clusters defined in Figure 3.4)

B: Genes upregulated in MF Cluster 2 compared with MF cluster 1
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Chapter 3 Mechanisms of IVIF Tumourigenesis

Cluster 1 cases, which tend to be less aggressive in terms of STAT3 expression and lesion type 

(plaque vs. tumour), show increased expression of growth factors (including members of the 

epidermal, fibroblast, vascular endothelial and transforming growth factor families) and interleukins 

(including IL1 and IL7). Higher expression of some oncogenes (e.g. HRAS) and positive cell cycle 

regulators (e.g. CCNA1, CDC14B, CDC20 and CDC27) is also observed. Additionally, 

overexpression of a limited number of genes implicated in the NF-kB pathway is observed in 

cluster 1 cases, including BIRC4 (XIAP) and receptors and ligands such as TNFRSF11A (RANK) 

and TNFSF4 (OX40L).

Cluster 2, which tends to include the more aggressive cases, shows upregulation of some genes 

implicated in NF-kB activation including BIRC2 {clAP1) and TNFRSF12 (AP03LITW EAK receptor). 

In parallel, upregulation of a large number of oncogenes (including FOS, MYC, PIM1 and VAV3), 

positive cell cycle regulators (including CCND2 and CDC23) and anti-apoptotic genes (including 

BIRC2) is observed. Furthermore, reduced expression of some important tumour suppressor genes 

(including DLEU1 and PTEN) is observed compared with Cluster 1 cases.
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Chapter 3 Mechanisms of MF Tumourigenesis

3.4 Discussion

3.4.1 In silico microdissection of MF and ID cases

In order to better understand MF tumourigenesis, samples from MF and ID patients have been 

analysed using the OncoChip cDNA microarray, which has been specifically designed for the study 

of cancer. In both MF and ID samples, the number of infiltrating T-lymphocytes is extremely low, 

and therefore the majority of the microarray signal comes from normal surrounding skin cells. The 

most efficient way to overcome this problem Is to carry out laser capture microdissection of the 

frozen tissue samples and this has been attempted in this study. While RNA extraction from 100 

microdissected skin cells (not lymphocytes) from a frozen MF sample was sufficient to carry out 

RQ-PCR of 150-200bp gene regions, the RNA was not of sufficient quality to allow various rounds 

of RNA amplification, necessary for microarray analysis. Furthermore, many MF and ID samples 

contain such a low number of infiltrating T-lymphocytes, that in order to dissect a sufficiently large 

number of cells, many sections would need to be used. Moreover, the microdissection process can 

take up to 4 hours per sample, allowing RNA degradation to occur. This problem is compounded by 

the fact that skin samples contain a large quantity of RNase molecules, which rapidly cause RNA 

breakdown, especially at temperatures above 0°C. Laser capture microdissection is normally 

performed at room temperature. Using currently available techniques for RNA extraction and 

microdissection, only MF samples representing tumoural skin lesions can feasibly yield sufficient 

quality and quantity of RNA for microarray analysis. To date no studies have been published in 

which laser capture microdissection has been used in MF cases for RNA based analysis.

Since the majority of samples in this series do not represent tumoural lesions, the problem of 

background noise has been overcome using “in silico microdissection” . The raw data from each 

sample was normalised against the average of the signal from a pool of normal non-photoexposed 

skin samples, in an effort to reduce the signal coming from surrounding normal tissue in the 

samples. In other words, the signal from normal skin cells was subtracted from the signal from MF 

and ID samples (normal skin plus infiltrating T-cells), theoretically leaving only the signal pertaining 

to the T-cell infiltrate. This step has allowed the reduction of background noise in these samples 

where tumour cells account for less than 10% of the total cells, and subsequent clustering of 

samples into the correct subgroups (Figure 3.1 B). Without this normalisation separation of the 

samples by hierarchical clustering methods was not possible (Figure 3.1 A). Therefore, where 2 

sample types from the same tissue are to be compared, when in both cases the cells of interest 

account for a small percentage of the total tissue cells, normalisation against a normal tissue 

sample is a valid method, by which to enrich data and minimise interference from background 

noise, when techniques such as laser capture microdissection are not practicable.
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Chapter 3 Mechanisms of MF Tumourigenesis

3.4.2 Activation of the NF-kB survival pathway and TNF anti-apoptotic

signalling in the tumourigenesis of MF

Using the normalised microarray data from 29 MF patients and 11 ID patients, 27 genes were 

identified whose expression is significantly different between MF and ID cases (Table 3.1, Figure 

3.2). Twenty of the 27 genes identified were upregulated In the MF cases while the remaining 7 

genes were downregulated in the MF cases. Most interesting is the upregulation of 6 genes directly 

implicated in the regulation of TNF signalling and NF-kB activation including BIRC3, TRAF1, LYN, 

HCK, TNFRSF5 and PRKCH  in addition to other important genes, which may play an indirect role 

in TNF signalling and NF-kB activation such as STAT4.

NF-kB Is activated primarily through signalling by TNF superfamily receptors and ligands such as 

TNFRSF5 (CD40), a gene found to be overexpressed in MF cases. This receptor complex lacks an 

intracellular death domain and is therefore a potent inducer of NF-kB activation (Figure 3.7). CD40 

is known to play a critical role in prevention of apoptosis and enhancement of cell proliferation®^'®^ 

and has previously been Implicated in MF where it was suggested that CD40 might play a role in a 

paracrine loop important for preventing apoptosis and/or positively regulating growth®®. It has also 

been suggested that CD40 expression may be important for homing of neoplastic T-cells to the 

skin®° (Figure 3.7).

The TRAF protein family plays a critical role in NF-kB activation, by binding to the activated 

Intracellular domains of the TNF receptor family and subsequently inducing phosphorylation and 

degradation of the NF-kB inhibitor, IkB. In addition to being members of the NF-kB activation 

pathway, TRAFs are also transcriptional targets of NF-kB. TRAF1 has been identified here as 

being upregulated in MF cases, extending previous observations concerning TRAF1 relevance in 

B-cell lymphomas^^V TRAF1 is Inducible by NF-kB’^  ̂and interacts with many members of the TNF 

superfamily of receptor complexes including TNFR2^®^. TNFR2, a TNF receptor superfamily 

member lacking an intracellular death domain, mediates survival signalling by recruiting TRAF1, 

TRAF2'®^’^^ and lAPs such as BIRC3 (clAP2), thereby activating NF-kB and JNK survival 

pathways®®''®^"'®®. The lAP/BIRC protein component of the complex inhibits apoptotic signalling 

(Figure 3.7). Other TNF superfamily receptors lacking an intracellular death domain, capable of 

directly inducing NF-kB activation and which contain TRAF1 binding domains include TNFRSF5 

(CD40) overexpressed in MF cases, Lymphotoxin p receptor (LTBR), XEDAR, TNFRSF4 (0X40), 

TNFRSF8 (CD30), TNFRSF9 (4-1 BB), TNFRSF11A (RANK), TNFRSF12A (TWEAK-R), TNFRSF14 

(HVEM), TNFRSF17 (BCMA), TNFRSF18 (GITR) AND TNFRSF19L (RELT)^®® (Figure 3.7).

The lAP family of proteins consists of 8 members (BIRC1-8). The genes of this family are 

characterised by the presence of lAP repeat or BIR (Baculoviral lAP Repeat) domalns^®^, essential 

for their anti-apoptotic effects^®®. These proteins Inhibit apoptosis, including apoptosis induced 

through signalling by death domain containing TNF superfamily receptors or death receptors, such 

as FAS, TRAIL and T N F R i’®®.
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Chapter 3 Mechanisms of MF Tumourigenesis

These receptors possess an intracellular death domain and induce apoptosis by recruitment of 

TRADD and subsequent activation of caspase 8 through adapter proteins such as FADD®®'̂ ®® 

(Figure 3.7). In the case of TNFR1, high-affinity binding of TRAF2 to TRADD'®° and subsequent 

recruitment of RIP1, TRAF1 and lAP/BIRC protein family members, leads to suppression of 

apoptotic signalling from this receptor complex® '̂^®°'^®  ̂ (Figure 3.7) thus allowing NF-kB activation 

to proceed through this receptor complex, as occurs in the case of the TRAIL receptor®®. In addition 

to inhibiting apoptosis, the lAPs contribute to NF-kB activation by binding in conjunction v\/ith the 

TRAF proteins to NF-KB-inducing TNF superfamily receptor complexes such as TNFR2. 

Furthermore, lAP genes are transcriptionally activated by NF-kB, potentiating the survival effects of 

NF-kB activity (Figure 3.7).

BIRC3 (clAP2), overexpressed in MF cases, possesses an anti-apoptotic BIR domain^^®, a 

caspase recruitment domain (CARD) and a RING finger domain for degradation of target proteins 

such as caspases 3 and (Figure 3.7). It binds to a variety of NF-kB activating TNF family

receptor complexes such as TNFR2^^, thereby contributing to NF-kB activation. Moreover, it can 

be recruited to death receptor complexes by binding to TRAF1 or TRAF2, thereby inhibiting 

apoptosis through these death receptors and encouraging NF-kB activation^®'. Its role in a variety 

of lymphomas and leukaemias and its involvement in treatment resistance has been previously 

described'®®’'®̂ . In addition, clAP2 plays a critical role in MALT lymphoma where it is involved in a 

translocation with the MLT gene, thereby inducing constitutive activation of NF-kB'®®.

BIRC1 (NAIP), another member of the lAP family was also found to be upregulated in MF cases 

(Figure 3.7). However, the significance of this upregulation was just outside the adjusted p-value 

threshold set (p=0.00088, adjusted p=0.100698). Although BIRC1 lacks a CARD domain and a 

RING domain, it can inhibit caspases 3 and 7 via its BIR domains alone'®® (Figure 3.7).

The protein kinase C family plays an important role in some signalling pathways responsible for 

activation of NF-kB particularly those involving the T- and B-cell receptor complexes, and those 

involving cytokines such as TNF and IL1 in certain cell types such as fibroblasts and epithelial 

cells'^®''^^. In the case of the T-cell receptor, VAV and Zap70 binding to the receptor complex and 

activation of Protein Kinase C isoforms (especially PKC0), induces degradation of IkB and 

activation of NF-kB'^^. In the case of the B-cell receptor complex, NF-kB activation is induced 

through B-cell receptor activation of SRC family kinases such as LYN and FYN and subsequent 

activation of protein kinase C isoforms’ ^' '^^. The Protein kinase C isoform overexpressed in MF 

cases, as shown here, is PKCr] (PRKHC). PKCr| has been shown to mediate NF-kB activation by 

lipopolysaccharide (LPS)'^"* and is also associated with progression in some types of cancer such 

as renal cell carcinoma'^®. Furthermore, PKCn enhances cell growth in MCF7 cells, and affects the 

cell cycle at several points including increasing expression of cyclins D and E and increasing 

expression of the p21 CDK inhibitor'^®.
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Chapter 3 Mechanisms of IVIF Tumourigenesis

Underlining the possible innportance of protein kinase C in NF-kB activation in MF is the fact that 

LYN kinase is also overexpressed in MF cases, LYN, an oncogene, plays a critical role in NF-kB 

activation by B-cell receptors and may play a role in other NF-kB mediated signalling pathways^^^. 

Additionally, overexpression of a hypothetical protein gene PR00823, with similarity to FYN binding 

protein, is observed in MF. FYN plays a critical role in NF-kB activation and this EST may therefore 

play some role in regulating NF-kB activation^^^. The FYN gene shows a tendency to be 

upregulated in MF cases although outside the significance range set.

HCK and oncogene LYN  are tyrosine kinases upregulated in MF cases. HCK is responsible for 

production of TNF in murine cells'^^ and both HCK and LYN have been implicated in TNF 

production in human monocytes^^®. In this study, in addition to HCK and LYN upregulation in MF 

cases, TNF was overexpressed although significance was just outside the stringent range set here. 

Since apoptosis signalling through the TNFR1 receptor is likely to be abrogated due to 

overexpression of lAP genes such as BIRC3 (clAP2) and BIRC1 (NAIP), overexpression of TNF 

would lead to NF-kB activation through TNFR2 and to a lesser extent through TNFR1, with 

signalling via TRAF1 and lAPs (Figure 3.7)^® .̂ Additionally, /-/CK’ ®̂ and LYN^^° and the oncogene 

are induced by IL2 signalling via JAK2 and STAT4 activation. In this study STAT4 is 

overexpressed in MF cases, as is the IL2 receptor (IL2R), but with a lower significance. However, 

recent studies have shown that STAT4 is downregulated in SS cases, and may be linked to 

progression and treatment resistance in Furthermore, CD40 was found to be slightly

downregulated in SS cases^®^. These differences may be the result of a change in T-helper cell 

profile, with MF cases showing a predominantly Th1 profile while SS cases exhibit a typical Th2 

profile'®®.

According to the findings of this study, it is possible that in MF cases, IL2 induced upregulation of 

HCK and LYN, leads to production of endogenous TNF and subsequent anti-apoptotic signalling 

via TNFR1 and TNRF2 (Figure 3.7). Furthermore, NF-kB activation through CD40, protein kinase 

C signalling and overexpression of lAP  and TRAF genes leads to transcription of the TNF gene®®. 

Indeed TNF shows a tendency to be overexpressed in MF cases although this does not reach 

significance.

In addition to NF-kB activation in MF, other mechanisms contribute to tumourigenesis. UBE2L3, a 

ubiquitin pathway protein also known as UbcH7, is downregulated in this MF series. This protein is 

involved in the ubiquitination and degradation of the oncogenes MYC’®'* and c-FOS'®®. Therefore, 

UBE2L3 downregulation in MF cases may assist MF tumourigenesis (Figure 3.7).

Since only genes with a maximum of 20% missing values could be included in this study (due to 

the methodology used), many genes with a possible role in this pathway were excluded from T- 

Test analysis. By averaging the gene expression patterns for the MF and ID subgroups, for genes 

with no more than 50% missing values, some supporting evidence for this model is provided.
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Briefly, N F-kB  transcription factors tend to be upregulated in M F cases compared with ID cases 

{>1.5 fold upregulation of NFKB1 (p50/p105) and REL (c-R EL)) as does Lymphotoxin /3 (LTB) a 

potent inducer of NF-kB which shows a 2.3 fold increase in expression in MF cases. Genes such 

as the IL2 receptors {IL2R G  and IL2RG, >2 fold increase) and JAK2  (1 .4  fold increase), involved in 

induction of HCK, LYN  and other oncogenes, show a tendency towards increased expression in 

M F cases. Meanwhile oncogenes such as FYN, G R 0 1 , JUN, LC K  and P IM 2  show 1 .4-1.9  fold 

increases in expression in MF cases. Interestingly, FYN is implicated in NF-kB  signalling from B- 

cell receptors as previously mentioned, as is SYK, which shows a 1.9 fold increase in M F cases. 

Furthermore, Protein Kinase C isoforms such as PRK AC B  and PR K C D  show a tendency to be 

overexpressed in MF cases, therefore contributing to NF-kB  activation. Finally, B IR C 4 (X IA P) and 

CFLAR (c-FLIP), both encoding potent apoptosis inhibitors, particularly of death receptor induced 

apoptosis, tend to be overexpressed in MF compared with ID cases (1.6 and 1.5 fold respectively).

Although NF-kB activation is associated with tumourigenesis, inhibition of apoptosis and cell 

proliferation, NF-kB activation is also an important process in inflammation. Since M F biopsy 

samples and not microdissected MF tumoural T-cells w ere studied here, it is possible that the MF 

tumourigenesis signature identified actually corresponds to an inflammatory response in the tissue. 

Therefore the genes identified as being overexpressed in M F cases may not be relevant to MF  

tumourigenesis and may in fact reflect the host response to the tumour. However, previous studies 

have suggested an important role for NF-kB activation in MF tumourigenesis. In vitro studies have 

shown that MF cells constitutively express activated NF-kB  and antibodies against TN F  block this 

constitutive activation. This suggests that in M F cell lines, constitutive N F-kB  activation m ay be the 

result of autocrine TN F production^®'^^, as proposed here regarding MF patient samples. 

Furthermore, inhibitors of NF-kB  have been shown to increase apoptosis in MF cell lines by 

inhibiting nuclear translocation and D NA  binding of NF-kB^®. In patient samples, strong expression 

of the activated NF-kB  transcription factor RELA (p65)^^ and T N F  superfamily members  

responsible for NF-kB  activation, such as CD40®° and 0X40®^ has been described. In MF, 

overexpression of C D 40  has been implicated in preventing apoptosis and/or positively regulating 

growth®” and in homing of neoplastic T-cells to the skin®°.

In summary, MF tumourigenesis appears to be associated with activation of the NF-kB  survival 

pathway through T N FR 2 and other TN F family receptors lacking a death domain, such as C D 40  

and LTB, in addition to inhibition of the pro-apoptotic pathways of TNFR1 and other death 

receptors. IL2 may also play a critical role in MF tumourigenesis through its receptor by activating 

JAK2 and STA T4 and subsequently inducing expression of oncogenes such c-M YC, L Y N  and 

HCK. LYN and HCK participate in an autocrine loop by promoting endogenous T N F  production and 

thereby auto-stimulating TNFR1 and T N FR 2 NF-kB activation pathways, and creating a feedback  

loop of T N F  survival pathway activation. Furthermore, NF-kB  itself is a transcription factor for 

TNF®®.
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Previous in vitro studies have shown that indeed constitutive NF-kB activation in MF nnay be the 

result of autocrine TNF production^®'^^, and autocrine and paracrine production of pro-inflammatory 

cytokines such as TNF has been shown to persistently stimulate IkK activity, leading to constitutive 

NF-kB activation®®. TNF apoptotic pathway silencing may be due to overexpression of lAP family 

members such as BIRC3 {clAP2), BIRC1 (NAIP) and BIRC4 (XIAP) causing caspase inhibition and 

overexpression of c-FLIP inhibiting death receptor induced cell death (Figure 3.7).
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TNF Signalling Pathway Deregulation and Activation of NF-kB in MF Tumourigenesis

MF tumourigenesis is associated with activation of the NF-kB survival pathway through TNFR2 (indicated by 

upregulation of TRAF1 and lAP family members) and other TNF family receptors lacking a death domain such 

as CD40 and LTB in addition to inhibition of the pro-apoptotic pathways of TNFR1 and other death receptors 
(indicated by overexpression of lAP family members and other anti-apoptosis genes such as c-FLIP). 

Overexpression of IL2R activates JAK2 and STAT4 and subsequently induces expression of oncogenes c- 

MYC, LYN and HCK. Oncogene LYN and HCK participate in a feedback loop of anti-apoptotic TNF signalling 

by producing endogenous TNF, thereby auto-stimulating TNFR1 and TNFR2 anti-apoptotic and survival 

pathways. Genes upregulated in MF cases are indicated by red text label while green text labels indicate 

downregulated genes.
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3.4.3 A 6-gene prediction model provides high accuracy for MF diagnosis

The prediction model using the average signal from the clusters of all 27 genes, can correctly 

assign class in 100% of both the original MF series and the blind set of 24 MF patients (Table 3.2). 

The 6 gene prediction model subsequently defined from this 27-gene model, correctly classified 

97.3% of the original series and 97.0% of the MF blind set (Table 3.4). Further weight to the 

validation of this prediction model is provided by the exclusive presence in the blind set of cases 

with early stages of MF, whose histology more closely mimics that of ID cases.

This prediction model, which uses a reduced number of genes, has a potential clinical application 

for use as an aid to MF diagnosis, in addition to currently employed diagnostic tools such as 

immunostaining for CD3, CD4, CD8 and CD7 and clonal T-cell rearrangements. Using a 

combination of immunohistochemistry (for proteins such as STAT4, TRAF1 and BIRC3) where 

antibodies for use on paraffin embedded sections are already available, supplemented with RQ- 

PCR for those genes where antibodies are not yet available for immunohistochemical studies, this 

prediction model could be of invaluable use in classification of cases, with low clinical stage or 

cases where diagnosis is unclear. This would ensure that MF patients are diagnosed as early as 

possible allowing them to receive the correct treatment and contributing to a reduction in the overall 

delay in diagnosis experienced by most patients.

3.4.4 MF clustering reveals a group of MF cases which represents a

more aggressive phenotype

Hierarchical clustering of approximately 3400 genes in all 53 MF samples revealed 2 main MF 

clusters (Figure 3.4). In addition, MF heterogeneity was analysed in terms of clinical, histological 

and immunophenotypical characteristics of the patients (Figure 3.5), including lesion type (plaque 

i/s. tumour), proliferative index as measured by KI67 staining and common vs. aberrant phenotype, 

where the common phenotype was defined as CD3+/CD4+/CD8-/CD7-.

Some characteristics associated with more aggressive phenotypes have a tendency to be found in 

cluster 2 cases. For example all tumour lesion samples (100%, p:0.061), along with cases 

expressing activated nuclear STAT3, an oncogene which has been demonstrated to play a role in 

apoptosis escape in MF cell lines®  ̂ (47% compared with 17%, p:0.069), are over-represented in 

cluster 2. Other characteristics associated with aggressive disease, including large cell component 

and high proliferative index are more predominant in cluster 2, although these differences do not 

reach significance. No differences in treatment response rate, staining for STATI, CD30 and TIA1, 

distribution of aberrant phenotype cases and distribution of cases with advanced stage disease at 

diagnosis were observed between the two clusters.
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The fact that many of the characteristics analysed do not show a significant association with either 

cluster may be partly attributed to the lack of immunophenotypical and clinical data in some cases. 

Immunophenotypical data is lacking in a proportion of cases since paraffin embedded tissues 

samples were not available. Additionally clinical data regarding treatment response was not available 

for all patients, in some cases due to subsequent withdrawal of patients from the study or loss of 

follow-up due to re-location. Additionally, due to the fact that MF is an indolent disease, survival 

analysis was irrelevant due to the low number of deceased patients. The samples which lack data 

pertaining to some of the characteristics analysed, correspond to all disease stages and are well 

distributed between the MF clusters and are therefore unlikely to cause a bias in the results.

This analysis has not been corrected for disease stage. Therefore, rather than representing an 

aggressive cluster of cases, cluster 2 may simply represent advanced disease. The majority of 

samples included in this study represent plaque type lesions and most cases are stage I and IIA. 

While all tumour lesions analysed are found among cluster 2 cases, supporting the fact that this 

cluster may reflect advanced disease rather than aggressive disease, there are no differences in the 

distribution of cases with higher stage disease at diagnosis (i.e. stage MB, III and IV) between the two 

clusters. Additionally, a very large proportion of cluster 2 cases (over 80%) are stage lA or lA cases 

and therefore do not represent advanced disease. It is likely from these observations that indeed 

cluster 2 cases have a tendency to show an aggressive phenotype and may represent a set of more 

aggressive cases, many of which are likely to show progression.

After exclusion of ESTs and hypothetical genes, a total of 368 named genes whose expression was 

significantly different in distinguishing between these MF clusters were identified (Figure 3.6, Table 

3.5). Cluster 1 cases, which tend to be less aggressive in terms of STAT3 expression and lesion type 

(plaque vs. tumour), show increased expression of a large number of genes including growth factors 

such as those of the fibroblast growth factor family (FGFR1, FGF5), epidermal growth factor family 

(GRB7, EGFL3, ERBB3), platelet derived growth factor family (PDGFA), vascular endothelial growth 

factor family (ANGPTL3) and the transforming growth factor family (BMPS, TAB1, TGFBR3, 

MADHIP, GDF1). In parallel, higher expression of critical oncogenes such as HRAS (in addition to 

RAB1, RAB14, RABL2B, TIM) and interleukins (IL15RA, IL7, IL1RAPL1, IL11) is observed, 

accompanied by upregulation of positive cell cycle regulators such as cyclin A1 (CCNA1), CDK family 

genes (CDKL2, CDKL3) and cell division cycle genes (CDC27, CDC20). Other important cell cycle 

progression genes and oncogenes are also overexpressed in cluster 1 cases although they do not 

reach the significance level set here. These include CDC10, CDC37, MRAS, JUN, JUND, GR03 and 

KIT. Overexpression of a limited number of genes implicated in the NF-kB pathway is also observed 

in cluster 1 cases, including BIRC4 (XIAP) and receptors and ligands such as TNFRSF11A (RANK) 

and TNFSF4 (OX40L). BIRC4 is a potent inhibitor of apoptosis while both TNFRSF11A and TNFSF4 

induce NF-kB. Additionally, TNFSF4 (OX40L) is reported to directly mediate adhesion of activated T- 

cells to vascular endothelial cells®® and is involved in T-cell co-stimulation and enhanced long term T- 

cell survival®'*.
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Furthermore, a small number of other genes implicated in NF-kB activation such as TNFRSF17 

(BCMA) and TNFSF9 (4-1 BB-L) are more highly expressed in cluster 1 cases although with lower 

significance. Both are strong inducers of NF-kB activation.

Cluster 2, which tends to include the more aggressive cases, shows upregulation of some genes 

implicated in NF-kB activation including BIRC2 (clAP1) and TNFRSF12 (AP03L/ TWEAK receptor) in 

addition to other important pathway members, which are just outside the significance range set, 

including NF-kB transcription factors (NFKB2), anti-apoptotic lAP family members (BIRC1 (NAIF) and 

BIRC6) and TNF superfamily receptors and ligands {TNFSF10 (TRAIL) and TNFSF13 (APRIL)). 

Parallel to upregulation of TNF signalling and NF-kB activation genes, upregulation of oncogenes 

such as MYC, FOS, VAV3, WNT and PIM1 is observed, accompanied by upregulation of positive cell 

cycle regulators such as cyclin D2 (CCND2) and interleukin receptors such as IL2RB. Other 

oncogenes such as FYN, STAT3, PIM2 and MYCN (nMYC) are also expressed at a higher level in 

cluster 2 cases but with lower significance. The overexpression of STATS in cluster 2 cases lends 

support to the observation that activated STATS protein is a feature more common in cluster 2 cases. 

Interestingly, oncogenes FOS, MYC and FYN and IL2RB play an important role in NF-kB activation 

(Figure S.7) as previously discussed. Furthermore, cyclin D2 (CCND2) is a transcriptional target of 

NF-kB, underlining the potential importance of NF-kB activity in this cluster of cases. Finally, cluster 2 

cases show lower expression of a number of genes with tumour suppressing properties as compared 

with cluster 1 cases. These include HIC1, LGI1, DLEU1, ST14, MSH5 and PTEN, whose alteration 

has previously been described in lymphoid malignancies^®® and in MF cases where PTEN deletion 

has been associated with tumour progression and initial pathogenesis^.

Taken together these results suggest that while NF-kB activation may be a common event in the 

tumourigenesis of MF, the two clusters of MF cases identified show different characteristics in 

terms both of NF-kB activation and expression of oncogenes, growth factors, interleukins and cell 

cycle control genes. Cluster 1 cases appear to be less aggressive and these cases are more 

dependent on overexpression of growth factors, interleukins and positive cell cycle regulators and 

oncogene HRAS for their growth. Notwithstanding these cases also show overexpression of some 

important NF-kB pathway genes such as BIRC4 (XIAP), TNFRSF11A (RANK) and TNFSF4 

(OX40L) and TNFRSF17 (BCMA) and TNFSF9 (4-1 BB-L) with lower significance. Cluster 2 cases 

tend to exhibit a more aggressive phenotype and show overexpression of a large number of genes 

associated with NF-kB activation including BIRC2 (clAP1) and TNFRSF12 (AP03L) and NFKB2, 

BIRC1 (NAIP), BIRC6, TNFSF10 (TRAIL) and TNFSF13 (APRIL) with lower significance. 

Additionally, a large number of potent oncogenes are upregulated some of which also play a role in 

NF-kB activation while tumour suppressor genes are downregulated as compared with cluster 1 

cases. Taken together, although NF-kB activation is seen in both cluster 1 and cluster 2 cases, the 

apparent stronger NF-kB activation, distinct mechanisms of NF-kB activation or increased 

inflammation in combination with strong oncogenic pathway activation may help explain the 

tendency for cluster 2 cases to show a more aggressive phenotype.
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4.1 Introduction and aim

NF-kB plays a central role in inflamnnation, immunity and normal lymphoid organ development®® in 

addition to its role in the inhibition of apoptosis and induction of cell proliferation. NF-kB activity has 

been proposed as a cardinal feature in the oncogenesis of different malignancies especially those 

tumours of lymphoid origin®” . For example the product of the v-REL oncogene, a subunit of the NF- 

kB complex, causes rapidly progressing lymphomas and leukaemias in animal models® '̂®^.

Many transcriptional targets of NF-kB play a critical role in cancer development such as anti- 

apoptotic genes of the BCL2 family, lAP genes and c-FLIP. Additionally, NF-k B activation leads to 

expression of growth promoting genes such as cyclins D1 and D2 and interleukins. Other aspects 

of tumour cell growth are also encouraged by NF-k B activation such as angiogenesis and 

metastasis through induction of Cox2 and MMPs and adhesion molecules such as ICAM1 and 

VC AM f^.

Studies in patient samples as shown in chapter 3 and CTCL derived cell lines^®'^^, have illustrated 

that NF-kB activation may play a critical role in MF and has also been associated with resistance to 

chemotherapy^®'^®. However, the precise mechanism, frequency, relevance and extent of this NF- 

kB activation in MF is unclear. In vitro studies have shown that MF cells constitutively express 

activated NF-kB, and this may be a result of autocrine TNF production^®, as confirmed in patients 

samples by data presented in chapter 3. Other TNF superfamily members responsible for NF-kB 

activation which have been described as playing a role in MF development include CD40®° and 

OX40®\ Furthermore, previous studies in MF cases have shown that in over 85% of MF cases, 

neoplastic T-lymphocytes show strong expression of activated RELA (p65)^®.

The aim of this study is to define, in greater detail, the mechanisms of NF-kB activation in MF 

patient samples by examining gene expression data for NF-kB activating receptor and ligand 

complexes, NF-kB transcription factors and NF-kB target genes. Additionally, since analysis of 

gene expression differences between MF subgroups identified by previous analysis (chapter 3) 

revealed some contrasts between MF cluster 1 and MF cluster 2 in terms of NF-kB pathway gene 

expression, these differences will be explored in greater detail. Finally, to confirm NF-kB activation, 

MF cases will be studied in terms of phosphorylated IkB o expression.
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4.2 Specific Materials and Methods

4.2.1 cDNA microarray target preparation

Total RNA from 53 MF and 11 ID samples was extracted and amplified using T7 in vitro 

transcription. From each case, 2.5|ig of aR N A  were directly labelled with Cy5. The reference  

sample used in all cases was 2.5(ig of aR N A  from the Universal Human Reference RNA  

(S tratagene) labelled with Cy3.

4.2.2 Selection of NF-kB genes to be studied

From the 6386 genes included on the OncoChip, 222 genes involved in N F -k B signalling were  

selected using the Unigene^®^ and Genecards databases^'*^’ '̂*'* and by literature searches. Genes  

were grouped into 4 functional categories: Receptors and ligands, including m em bers of the TN F  

receptor family and other receptor complexes which may lead to or result from N F -k B activation (45  

genes); Signalling pathways involved in N F -k B activation (195  genes); N F -k B transcription factors 

(5 genes) and N F -k B target genes (45 genes) (Table 4.1). Som e overlap was observed between  

functional categories.

Table 4.1

Functional classification of tlie genes selected for the study of NF-kB activation in MF 

patient samples

A: Receptors and ligands which may lead to or result from NF-kB activation
ADAM17 IL2RA NGFR TNFRSF18 TNFRSF8
CD14 IL2RB TNF TNFRSF19L TNFSF10
CXCR4 IL2RG TNFRSF10B TNFRSF1A TNFSF11
GDF5 IL6 TNFRSF10C TNFRSF1B TNFSF12
IL12A ITGAL TNFRSF11A TNFRSF21 TNFSF13
IL13 ITGAM TNFRSF11B TNFRSF4 TNFSF13B
ILIA LTA TNFRSF12 TNFRSF5 TNFSF4
IL1B LTB TNFRSF14 TNFRSF6 TNFSF7
IL2 LTBR TNFRSF17 TNFRSF7 TNFSF9

B: NF-kB transcription factors
NFKB1 NFKB2 REL RELA RELB
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Table 4.1 (continued)

Functional classification of the genes selected for the study of NF-kB activation in MF 
patient samples

C: NF-kB transcriptional targets
ADAM17 IL2RA NGFR TNFRSF18 TNFRSF8
CD14 IL2RB TNF TNFRSF19L TNFSF10
CXCR4 IL2RG TNFRSF10B TNFRSF1A TNFSF11
GDF5 IL6 TNFRSF10C TNFRSF1B TNFSF12
IL12A ITGAL TNFRSF11A TNFRSF21 TNFSF13
1L13 ITGAM TNFRSF11B TNFRSF4 TNFSF13B
IL1A LTA TNFRSF12 TNFRSF5 TNFSF4
IL1B LTB TNFRSF14 TNFRSF6 TNFSF7
IL2 LTBR TNFRSF17 TNFRSF7 TNFSF9

D: Signalling genes involved in NF-kB activation
AD022 FZD10 MAP2K3 NFKBIL2 RELB
ADAM17 FZD2 MAP2K4 NGFRAP1 RIPK1

AES FZD3 MAP2K5 NOTCH2 RIPK2
AKT1 FZD4 MAP2K6 NOTCH3 RIPK3
AKT2 FZD5 MAP2K7 NOTCH4 SMAC
AKT3 FZD6 MAP3K1 PAK1 ST ATI

ATF2 FZD7 MAP3K10 PAK4 STAT4
BAD FZD8 MAP3K11 PAWR SYK
BAG4 FZD9 MAP3K12 PIG7 TANK

BAK1 HCK MAP3K14 PLA2G4A TBK1
BCL10 HDAC4 MAP3K2 PLCG2 TIAF1
BCL3 HSPA8 MAP3K4 PPP4C TLE1

BIRC1 IER3 MAP3K5 PRKACA TNF
BIRC2 IGF1 MAP3K6 PRKACB TNFAIP1

BIRC3 IKBKAP MAP3K7 PRKACG TNFAIP2
BIRC4 IKBKB MAP3K8 PRKAR1A TNFAIP3
BIRC5 IL12A MAP4K1 PRKAR1B TNFAIP6

BIRC6 IL13 MAP4K2 PRKAR2A TNFSF10
BLK IL1A MAP4K3 PRKAR2B TNFSF11
BLNK IL1B MAP4K4 PRKCA TNFSF12
BRCA1 IL2 MAPK1 PRKCD TNFSF13
BRE IL2RA MAPK10 PRKCE TNFSF13B
CARD4 IL2RB MAPK11 PRKCG TNFSF4
CD69 IL2RG MAPK12 PRKCH TNFSF7
CFLAR ILK MAPK13 PRKCI TNFSF9

CHUK IRAKI MAPK14 PRKCL1 TRADD
CRADD IRAK2 MAPK8IP1 PRKCL2 TFJAF1

CSNK1G2 IRF4 MAPK9 PRKCM TRAF2
CSNK2A1 JAK2 MAPKAPK3 PRKCN TRAF3
DAP3 JUN MINK PRKCQ TF5AF4
DAXX JUNB MKRX PRKCZ TRAF5
DEDD JUND MMP17 PRKR TRAF6
DUSP10 KBRAS2 NC0A6 PSMD2 TRAP1

DUSP14 LTA NFATC1 PTPN13 UBE2I
DUSP9 LTB NFATC3 RAC1 VAV1
FADD LYN NFKBIA RAC2 YWHAE
FAF1 MADD NFKBIB RAC3 YWHAH
FYN MAL NFKBIE REL YWHAQ
FZD1 MALT1 NFKBIL1 RELA ZAP70
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4.2.3 Data normalisation and statistical analysis

In order to study the expression of NF-kB activating receptors and ligands, NF-kB transcription 

factors and NF-kB target genes, each MF sample in the study was normalised against a collection 

of 11 ID samples. An average was calculated for the 11 ID samples, and this average was used for 

normalisation of the genes in each of the 53 MF cases. The raw data and normalised data (S4.1, 

S4.2) can be found in the supplementary information at: http://redlinfomas.cnio.es/publications/ 

tracey jhes is  and on the supplementary information CD: S4.1 Raw microarray data for NF-kB 

genes in MF and ID cases, S4.2 Normalised microarray data for NF-kB genes in MF cases 

(Normalisation against ID cases).

Gene expression upregulation of at least 0.5 (Log2 scale) was considered to be significant, where 

data was previously normalised against an average of 11 ID cases. The Fisher’s exact test was 

used to calculate a p-value indicating a significant difference in the proportion of cases in each MF 

cluster showing upregulation of NF-kB activating receptors, NF-kB transcription factors and NF-kB 

target genes. Additionally, the proportion of cases showing strong staining for k B a  phosphorylation 

in each cluster was compared using the Fisher's exact test. This test examines whether the pattern 

of counts in a 2x2 cross-classification table departs from expectations based upon the marginal 

totals for the rows and columns. This test consists of calculating the actual probability of the 

observed 2x2 contingency table with respect to all other possible 2x2 contingency tables with the 

same column and row totals.

4.2.4 Immunohistochemistry

To confirm NF-kB activation in MF cases, k B a  phosphorylation was examined using monoclonal 

Phospho-lkappaB-alpha antibody (Cell signalling technology Inc.) on a total of 20 randomly 

selected MF cases, using paraffin embedded tissue samples.

The correlation between the staining by phospho-lkappaB-alpha antibody and activation of NF-kB 

was examined by comparing western blot analysis of phosphorylated IkBq and NF-kB binding 

measured by Electromobility Shift Assay (EMSA) analysis in 6 chronic lymphocytic leukaemia 

samples (data not shown). Negative controls consisted of incubation omitting the specific primary 

antibody and incubation with unrelated antibodies. Negative controls were performed 

simultaneously to all immunohistochemical assays.
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4.3 Results

4.3.1 Receptor and ligand gene expression signature in IVIF

All normalised data from MF cases (normalised against 11 ID cases) was examined for expression 

of receptors and ligands, NF-kB transcription factor genes and NF-kB targets, where genes with 

normalised expression >0.5 (Log2 scale) were considered to be overexpressed.

Figure 4.1 A shows the percentage of cases with upregulation of each receptor or ligand gene in 

MF cases. The most important receptors and ligands in MF cases are those of the interleukin 

family (/L2, IL2RG, IL2RB, IL13), and TNF superfamily receptors and ligands such as lymphotoxin 

(3 (LTB), CD40-R, CD27-R, BAFF and LIGHT-R. Paradoxically, some important apoptosis 

promoting receptors and ligands are also overexpressed, such as TRAIL and FAS receptor 

(TNFRSF6) although as shown below, tumoural cells also overexpress a large number of anti- 

apoptotic molecules allowing them to circumvent apoptotic signals.

4.3.2 NF-kB transcription factor gene expression signature in IVIF

Figure 4.1 B depicts the frequency of NF-kB transcription factor upregulation in MF cases compared 

with the ID non-tumoural control. The majority of the NF-kB transcription factors are overexpressed 

in at least 50% of MF cases, pointing towards the importance of NF-kB in MF tumourigenesis. The 

most important NF-kB transcription factor in this MF series appears to be RELB along with c-REL. 

Meanwhile NFKB2 appears to play the least important role in MF cases.

4.3.3 NF-kB target gene expression signature in IVIF

A strong signature of NF-kB activation can be observed among the MF cases studied (Figure 

4.1C), with a significant number of cases showing upregulation of a large number of critical NF-kB 

target genes. These include molecules related to NF-kB inhibition including licBa, a classical 

marker of NF-kB activity, and IkB-R. Additionally, members of the lAP family such as clAP2 

(BIRC3), XIAP (BIRC4) and survivin (BIRC5) and other apoptosis inhibitors such as c-FLIP and 

BCL-xL are overexpressed in a large proportion of cases in this lymphoma series.
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A
u.
S

IL2RG 89
LTB 84
TNFRSF5 / CD40-R 81
IL2 78
IL13 70
TNFSF10/TRAIL 64
TNFRSF14 / LIGHT-R 62
TNFRSF6 / FAS-R 62
IL2RB 60
TNFRSF7 /CD27-R 58
TNFRSF17/BCMA 49
GDF5 46
TNFSF4 /OX40-L 45
TNF 43
LTBR 42
TNFSF12 / TWEAK 41
TNFRSF19L /RELT 39
LTA 39
TNFSF13B/BAFF 38
FTGAL 36
TNFSF11 /RANK-L 35
ADAM17 32
NGFR 30
TNFRSF11A /RANK 30
IL1B 28
TNFRSF11B/0PG 27
TNFSF13/APRIL 27
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Figure 4.1

Signatures of NF-kB pathway gene expression in MF

Normalised data from MF cases (normalised against ID cases) was examined for expression of receptors and 

ligands, NF-kB transcription factors and NF-kB target genes. Upregulation was considered as normalised 

gene expression >0.5 (Log2 scale). Genes with no data available were omitted from the figure.

A: Signature of receptor and ligand gene expression in MF 

B: Signature of NF-kB transcription factor gene expression in MF 

C: Signature of NF-kB target gene expression in MF
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4.3.4 IkBu phosphorylation in IVIF patient samples

The presence of phosphorylated kB a  was examined in 20 randomly selected MF samples (Figure 

4.2). Phosphorylated kB a was detected in 100% of MF cases studied, indicating a significant level 

of NF-kB activation in MF cases (Figure 4.2). However, some variability was seen with most cases 

showing strong or very strong staining for phosphorylated kB a  and a minority of cases (10%) 

showing lower levels of kB a  phosphorylation (Figure 4.2).

i ' ' v . • • • '-  v « ‘ . V - >
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Figure 4.2

IkBq phosphorylation in IMF patient samples

Gene expression signatures suggest that NF-kB activation is a relatively common event in the tumourigenesis of 

MF. This is confirmed by the presence of phosphorylated kBa in 100% of MF cases studied. Most cases show a 

very strong (A and B) or strong (C and D) staining while a minority of cases (10%) show weaker staining for 

phosphorylated kBa (E and F). No negative cases were identified. Top panels (A, C, E): 20x amplification; Lower 

panels (B, D, F): 40x amplification of the same cases. kBa phosphorylation is a parameter strongly con-elated with 

NF-kB activitŷ ®®. The correlation between the staining by phospho-lkappaB-alpha antibody and activation of NF-kB 

was examined by comparing western blot analysis of phosphorylated kBa and NF-kB binding measured by 

Electromobility Shift Assay (EMSA) analysis in 6 chronic lymphocytic leukaemia samples (Data not shown). 

Negative controls consisted of incubation omitting the specific primary antibody and incubation with unrelated 

antibodies. Negative controls were performed simultaneously to all immunohistochemical assays (Data not shown).

4.3.5 NF-kB activation pathways in MF clusters

Although this data supports the critical role of NF-kB activation in the tumourigenesis of MF, 

analysis of the gene expression differences between the MF clusters identified here (Figure 3.4) 

showed that some critical genes in NF-kB signalling such as BIRC2 (clAP1), BIRC4 (XIAP), 

TNFRSF11A (RANK) and TNFSF4 (OX40L), are differentially expressed between the MF clusters 

(Table 3.5).
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Therefore, all normalised data from MF cases (normalised against 11 ID cases) was examined for 

expression of receptors and ligands, NF-kB transcription factors and NF-kB target genes, with 

each MF cluster considered as a separate entity. Genes with normalised expression >0.5 (Log2 

scale) were considered to be overexpressed. For each gene, the Fisher’s exact test was used to 

calculate a p-value to indicate the significance of the differences in proportion of cases showing 

gene upregulation between MF clusters 1 and 2. Additionally, the proportion of cases showing very 

strong or strong staining for kB a  phosphorylation in each cluster was compared using the Fisher’s 

exact test.

Figure 4.3A shows the percentage of cases in each MF subgroup with upregulation of each 

receptor or ligand gene. Significant differences were observed in some genes such as TNFSF10 

(TRAIL), TNFRSF6 (FAS-R) and IL2RB, which are overexpressed in a greater proportion of MF 

cluster 2 cases. Some other genes such as TNFRSF11A (RANK) are overexpressed in a larger 

proportion of cluster 1 cases as indicated by previous analysis (Table 3.5).

Figure 4.SB depicts the frequency of NF-kB transcription factor upregulation in MF cluster 1 and 

cluster 2 cases compared with the ID non-tumoural control. In this case c-REL (REL) is 

overexpressed in a higher proportion of MF cluster 1 cases. Additionally, NFKB2 appears to be 

more highly expressed in cluster 2 cases although this does not reach significance. The proportion 

of cases showing overexpression of RELB and NFKB1 are almost identical between the two MF 

clusters.

In the case of NF-kB target gene overexpression, MF cluster 1 and cluster 2 cases show 

reasonably similar patterns. However, as expected from the differences in receptor and ligand and 

transcription factor expression, a number of significant differences in target gene expression are 

observed between MF cluster 1 and cluster 2 (Figure 4.3C).

Important genes in exerting the anti-apoptotic effects of NF-kB such as BIRC2 (clAP1) and BIRC3 

(clAP2) are overexpressed in a significantly higher proportion of cases within MF cluster 2, while 

the reverse is true for BIRC4 (XIAP), which appears to play a more critical role in MF cluster 1 

cases. Additionally, CCND2 (cyclin D2) involved in cell cycle progression, is overexpressed in a 

greater proportion of cluster 2 cases.

Although most targets do not show a significant difference in terms of overexpression between MF 

cluster 1 and cluster 2 as shown by the Fisher’s exact test, most target genes show a tendency to 

be overexpressed in a higher percentage of MF cluster 2 cases, which might indicate a higher NF- 

kB activity in cluster 2 cases. This is also true in the case of receptors and ligands where there is a 

tendency for most genes to be overexpressed in a higher proportion of MF cluster 2 cases. 

Furthermore, there is a tendency for cases showing very strong staining for phosphorylated kB a  to 

be found in cluster 2 while all cases with weak expression of phosphorylated kB a  are found in 

cluster 1, although the Fisher’s exact test does not show significance (p=0.2).

71



Chapter 4 The Role o f NF-kB in MF tumourigenesis

A

MF
 

Cl
us

te
r 

1

MF
 

Cl
us

te
r 

2

P 
va

lu
e

IL2FiG 86 92
LTB 82 86
TNFRSF5 / C040-R 82 79
IL2 73 86
IL13 77 60
TNFSF10/TRAIL 43 m 0.00127
TNFRSF14 / LIGHT-R 50 80
TNFRSF6 / FAS-R 45 87 0.01635
IL2RB 39 83 0.00175
TNFRSF7 /C027-R 50 71
TNFRSF17/BCMA 55 40
GDF5 55 33
TNFSF4 /OX40-L 53 29
TNF 41 47
LTBR 50 32
TNFSF12 / TWEAK 33 57
TNFRSF19L /RELT 48 27
LTA 37 41
TNFSF13B/BAFF 36 40
ITGAL 21 52 0.02539
TNFSF11 /RANK-L 36 33
ADAM17 45 13
NGFR 43 16 0.04104
TNFRSF11A/RANK 45 7 0.02519
IL1B 33 22
TNFRSF11B/OPG 27 29
TNFSF13/APRIL 16 38
ITGAM 18 27
TNFRSF10B /DR5 14 24
TNFSF9 /4-1 BB-L 27 0
TNFSF7 /CD27 27 0
ILIA 14 0
TNFRSF12/TRAMP 4 8
TNFRSF18/GITR 7 0
IL12A 0

Overexpressed in > 75% of cases

Overexpressed in 50-75% of cases

Overexpressed in 25-50% of cases

Overexpressed in 1-25% of cases

Overexpressed in 0% de of cases

B

MF
 

Cl
us

te
r 

1

MF
 

cl
us

te
r 

2

P 
va

lu
e

RELB 73 71
REL/c-RB. 90 40 0.00244
NFKB1 (p105/p50) 50 52
NFKB2 (p100/p52) 9 27

C

MF
 

Cl
us

te
r 

1

MF
 

cl
us

te
r 

2

P 
va

lu
e

IL2RG ' 86 92
NFKBIA / kSa 92 71
IL2 73 86
VGA Ml 63 8g
NFKBIL2 /IkB-R 71 " t T
IL13 77 60
TNFAIP3 68 72
BIRC3 /C-IAP2 52 84 0.01872
TRAF1 57 76
BIRC4 /XIAP 82 33 0.00523
IL2RB 39 83 0.00175
CCR7 591 60
BCL2L1 / BCL-xL 59 53
BIRC5 / survivin 43 73
CFLAR/c-FLIP 43 68
AP0L3 50 53
CAMI 64 36
TNF 41 47
BIRC1 /NAIP 36 48
NFKBIE/kBe 32 53
TRAF2 41 40
IRF4 40 29
TRAF5 18 44
TRAF6 29 32
JAG1 27 33
IL1B 33 22
BCL2 22 29
TRAF3 18 33
B1RC2/0-IAP1 0 48 0.00002
CCND2 7 35 0.03033
GADD45B 14 27
BIRC6 23 7
PLA2G4A 19 0
ILIA 14 0
NOS2A 5 0
IL12A 0

Figure 4.3

Signatures of NF-kB pathway gene expression in MF clusters

Normalised data from MF cases (normalised against ID cases) was examined for expression of receptors and 

ligands, transcription factors and NF-k B target genes, with each MF cluster (MF cluster 1 and cluster 2) 

considered as a separate entity. Upregulation was considered to be normalised gene expression >0.5 (Log2 

scale). Genes with no data available were omitted from the figure.

A: Signature of receptor and ligand gene expression in MF clusters 

B; Signature of NF-kB transcription factor gene expression in MF clusters 

C; Signature of NF-kB target gene expression in MF clusters

72



Chapter 4 The Role of NF-kB in MF tumourigenesis

4.4 Discussion

4.4.1 Receptor and ligand gene expression signature in MF

The most important receptors and ligands in MF cases are those of the interleukin family {IL2, 

IL2RG, IL2RB, IL13) and TNF superfamily receptors such as CD40R (TNFRSF5), in addition to 

some important pro-apoptotic receptors and ligands including TRAIL (TNFSF10) and FAS receptor 

(T/VFRSF6) (Figure 4.1 A).

IL2 and IL13 are immunoregulatory cytokines, produced by T-cells in response to antigenic or 

mitogenic stimulation. IL2 is required for T-cell proliferation and other activities crucial to regulation 

of the immune response, including stimulation of B-cells, monocytes and NK cells. IL2 plays a 

critical role in MF tumourigenesis as shown in previous analysis (Chapter 3, Figure 3.7). IL2 

signalling may contribute to endogenous TNF production in MF cases, in addition to inducing the 

expression of important oncogenes such as LYN'®° (Figure 3.7).

TNF superfamily receptors and ligands form an integral part of the NF-kB activation signature in 

MF, including lymphotoxin (3 {LTB), CD40-R (TNFRSF5), CD27-R (TNFRSF7), BAFF (TNFSF13B) 

and LIGHT-R (TNFRSF14), all of which are potent inducers of NF-kB, leading to survival, 

differentiation and cell proliferation'®® (Figure 4.4). CD40 and CD27 are especially potent inducers 

of NF-kB® '̂® '̂'®® and they have been implicated in prevention of apoptosis and enhancement of cell 

proliferation. Indeed the previously described MF tumourigenesis model found that differences in 

TNFRSF5 (CD40) expression were significant in the separation of MF from ID cases 

(p=0.00069999, adjusted p=0.091127, chapter 3). As previously described, CD40 plays a role in 

prevention of apoptosis and induction of cell proliferation®^'®^ and has been suggested previously to

be involved in MF tumourigenesis®®. It has also been suggested that CD40 expression may be
80important for homing of neoplastic T-cells to the skin .

190LIGHT-R is widely expressed and is involved in lymphocyte activation and costimulation . This 

receptor bears many structural similarities to CD40 and was identified as a cellular mediator of 

herpes simplex virus entry. Several TRAF family members such as TRAF2, 3 and 5, which bind to 

the intracellular portion of the receptor complex, are responsible for activation of the immune 

response via NF-kB activation. Lymphotoxin p (LTB) complexes with lymphotoxin a  (LTA) and is an 

inducer of the inflammatory response system and involved in normal development of lymphoid 

tissue through NF-kB activation. Finally, BAFF (TNFSF13B) is expressed abundantly in peripheral 

blood leukocytes, T-cells and dendritic cells. It is involved in NF-kB activation and the stimulation of 

B- and T-cell function and the regulation of humoural immunity (Figure 4.4).

Surprisingly, potent pro-apoptotic genes are also overexpressed in a large proportion of MF cases 

in this series such as TRAIL ligand (TNFSF10) and FAS receptor (TNFRSF6).
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However, the overexpression of anti-apoptotic genes such as clAP2, XIAP, survivin, BCL-xL and c- 

FLIP (Figure 4.1) may protect against TRAIL, FAS and other death receptor induced apoptosis. 

Indeed c-FLIP is a potent inhibitor of apoptosis induced through death receptors (such as TRAIL 

and FAS) by acting as an adapter protein similar to FADD and preventing recruitment of caspase 8 

to the receptor complex^\ Under conditions where apoptosis is inhibited, these receptor complexes 

may be capable of inducing NF-kB activation®® (Figure 4.4).

4.4.2 NF-kB transcription factor gene expression signature in IVIF

RELB, c-REL and NFKB1 are overexpressed in more than 50% of MF cases in this series, pointing 

towards the importance of NF-kB in MF tumourigenesis. The most important NF-kB transcription 

factors in this MF series appear to be c-REL and RELB (Figure 4.4).

c-REL is a potent oncogene, and its viral counterpart promotes the development of leukaemia and 

lymphoma in transgenic mice®’ ®̂. REL gene aberrations, including translocations and
191 193amplifications have been described in NHL , coinciding with data presented here, showing that 

REL appears to be the most critical NF-kB transcription factor in this series of lymphomas, with 

overexpression in almost 70% of MF cases. No genetic alterations including deletions, 

amplifications or recombinations have been described in the RELB locus or the NFKB1 locus in 

leukaemia and lymphoma.

NFKB2 shows overexpression in less than 20% of MF cases. Previous studies in the MF derived 

cell line huT78 and in patient samples, have shown that in MF, the NFKB2 gene may be 

rearranged, producing a truncated mRNA and a truncated protein, which causes NFKB2 to be 

constitutively activê ®'*"̂ ®®. The truncation of the mRNA may explain the fact that overexpression of 

NFKB2 is not detected by microarray analysis in this series. The chromosomal aberrations on 

chromosome 10q24 affecting the NFKB2 locus, have also been observed in other lymphomas 

including chronic lymphocytic leukaemia and multiple myeloma®” . Additionally, the truncated 

NFKB2 fails to show the transcriptional repression characteristics of NFKB2 expression, and it has 

been suggested that the abnormal NFKB2 gene product may be responsible for the lack of NF-kB 

feedback inhibition and subsequent constitutive NF-kB activation^^. Moreover, the constitutive 

production of the active NFKB2 and nuclear entry of the p52: RELB dimer has been suggested to 

play an important role in lymphomagenesis^®^. Interestingly, the transcription factor which most 

commonly dimerises with activated NFKB2, is RELB^® ,̂ the transcription factor most often 

overexpressed in this MF series. Another possibility is that since NFKB2 contains a death domain 

and may be involved in FAS and TNFR1 mediated apoptosis, lack of NFKB2 expression 

contributes to lymphomagenesis by reducing the ability of FAS and TNFR1 to induce apoptosis^®^.
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4.4.3 NF-kB target gene expression signature in MF

The overexpression of NF-kB target genes is a useful method by which to measure NF-kB activity 

in a patient series. A large number of upregulated NF-kB target genes are found among the MF 

cases studied here (Figure 4.1 C), supporting the hypothesis that NF-kB activation plays an 

important role in MF tumourigenesis. The target genes upregulated in this MF series fall into a 

variety of categories including anti-apoptotic genes of the lAP family such as clAP2, XIAP, survivin, 

and other potent apoptosis inhibitors such as c-FLIP, BCL-xL and TNFAIP3.

As mentioned previously, overexpression of c-FLIP may be critical for inhibition of apoptosis 

through death receptors such as TRAIL and and overexpression of anti-apoptotic genes

such as those of the lAP family and BCL-xL give an obvious survival advantage to tumoural cells 

(Figure 4.4). BCL-xL belongs to the BCL-2 protein family and regulates outer mitochondrial 

membrane channel (VDAC) opening, thus preventing the production of reactive oxygen species 

and release of cytochrome C by mitochondria, both of which are the potent inducers of apoptosis. 

TNFAIP3 is rapidly induced by TNF and acts as an inhibitor of TNF induced apoptosis (Figure 4.4).

The lAP family of proteins are characterised by the presence of lAP repeat or BIR regions’ ®̂, 

essential for their anti-apoptotic effects'®®. These proteins inhibit apoptosis including apoptosis 

induced through signalling by death receptors such as FAS, TRAIL and TNFR1 in addition to 

playing a role in NF-kB activation (Figure 3.7, Figure 4.4). Other genes important in the NF-kB 

activation cascade such as TRAF1 are also overexpressed in this MF series (Figure 4.4) as 

previously described in chapter 3.

Other targets overexpressed in this MF series include those of the interleukin family such as IL2 

and its receptors (IL2RG and IL2RB) and IL13. Both IL2 and IL13 are produced by T-cells in 

response to antigenic or mitogenic stimulation and IL2 is required for T-cell proliferation and 

regulation of the immune response. Interestingly, in MF cases, IL2 and IL13 while being targets of 

NF-kB activity are also capable of inducing NF-kB activation. Furthermore, the IL2 system may 

contribute to MF tumourigenesis by inducing oncogenes such as c-MVC'®' and LYN^^° in addition 

to the latter two being implicated in induction of endogenous TNF. Since autocrine and

paracrine production of pro-inflammatory cytokines such as TNF has been shown to persistently 

stimulate Ik K activity®” , endogenous TNF production results in further NF-kB activation (Figure 3.7) 

as described in chapter 3.

The NF-kB inhibitor IkB is a classical target of NF-kB activity, whereby NF-kB causes feedback 

inhibition of its own activity by inducing expression of its inhibitor. Thus IkB overexpression is a 

good indicator of NF-kB activity'®®. In this MF series, IxBa  shows overexpression in a very large 

proportion of cases suggesting NF-kB activity in these cases. Furthermore, NFKBIL2 otherwise 

known as IkBR is overexpressed in a large proportion of MF cases.
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This gene encodes a protein, which contains a region of ankyrin repeats, a characteristic of the 

IkB family. However, its exact function is unknown (Figure 4.4).

Finally, adhesion molecule upregulation may play an important role in MF tumourigenesis as 

signalled by overexpression of ICAM1 and VCAM1, encoding cell surface molecules involved in 

leukocyte adhesion to endothelial celts, and with importance In inflammatory and immune 

responses. Furthermore, overexpression of chemokine receptor 7 (CCR7)  is observed in MF 

cases, as described previously'*'*. Chemokines have been shown to control the migration of 

memory T-cells to inflamed tissues and may be involved in skin-specific homing of T-cells in

MF 43,44
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Figure 4.4

NF-kB activation pathways in IMF

Genes encoding important NF-KB-activating receptors such as CD40, CD27 and LIGHT-R, ligands such as 

LTB and BAFF and interleukins are overexpressed in this MF series, accompanied by overexpression of 

genes encoding signalling molecules including TRAF1. This results in NF-kB activation and transcription 

activation, in turn, many NF-kB target genes are overexpressed, including important anti-apoptotic genes 

clAP2, XIAP, survivin, BCL-xL and c-FLIP. IkB  genes are also overexpressed. Surprisingly, potent pro- 

apoptotic genes are overexpressed in a large proportion of MF cases in this series, including TRAIL and FAS 

receptor. However, the overexpression of a large number of anti-apoptotic genes may protect against TRAIL 

and FAS induced apoptosis and death induced by other receptors of the TNF family containing a death 

domain. NF-kB activation is confirmed by the presence of phosphorylated kB a  in all cases studied. Red text 

labels indicate genes, which are significantly overexpressed in at least 50% of MF cases compared to ID 

cases.
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4.4.4 The presence of phosphorylated k B a  in 100% of MF patient samples, 

confirms that NF-kB activation is a common finding in IVIF 

tumourigenesis

The gene expression signatures for receptors, NF-kB transcription factors and NF-kB target genes 

in MF, suggest that NF-kB activation is a common feature in MF cases. This is confirmed by 

examining the level of expression of phosphorylated kBa, which shows that 100% of the MF cases 

studied (20 cases representing all clinical stages) are positive for phosphorylated kB a  (Figure 4.2), 

which is strongly correlated with NF-kB activity^®®. While over 85% of cases show very strong or 

strong staining for phosphorylated kBa, a minority of cases (10%) show weaker staining (Figure 

4.2)

4.4.5 NF-kB activation pathways in IVIF clusters

Thus far, all analysis including the MF tumourigenesis model (Figure 3.7), analysis of NF-kB 

activation in terms of gene expression in MF cases (Figure 4.4) and the presence of 

phosphorylated kB a  in 100% of MF cases studied (Figure 4.2), suggests that NF-kB activation is a 

critical and common event in MF. However, the identification of 2 main MF clusters and the 

subsequent analysis of differences in gene expression between these two clusters, suggest that 

differences in the NF-kB activation profile, in addition to differences in expression of growth factors, 

interleukins, tumour suppressor genes and oncogenes, may be responsible for a more aggressive 

phenotype observed in cluster 2 cases (Table 3.5).

Significant differences were observed in important receptor and ligand genes such as TNFSF10 

(TRAIL), TNFRSF6 (FAS-R), IL2RB and ITGAL, which are overexpressed in a greater proportion of 

MF cluster 2 cases. Some other genes such as TNFRSF11A (RANK) and NGFR (Nerve Growth 

Factor Receptor) are overexpressed in a larger proportion of cluster 1 cases.

Both TF^IL and FAS are potent inducers of apoptosis. However, in MF cases where a large 

number of anti-apoptotic genes such as lAPs and c-FLIP are overexpressed (Table 3.1, Figure 3.7, 

Figure 4.4), it is probable that apoptosis via death receptors such as the TRAIL and FAS systems 

are abrogated, allowing these receptor complexes to induce NF-kB activation®® (Figure 4.4).

As mentioned previously, the IL2 system plays an extremely important role in MF, by inducing cell 

proliferation, contributing to NF-kB activation and participating in an autocrine system of 

endogenous TNF production and amplification of NF-kB activation (Figure 3.7, Figure 4.4). ITGAL 

encodes the integrin-a L chain, also known as GDI la
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It binds to ITGB2 to form the integrin lymphocyte function-associated antigen-1 (LFA-1), which is 

expressed on all leukocytes. LFA1 plays a central role in leukocyte intercellular adhesion through 

interactions with ICAMs 1-3 and also functions in lymphocyte co-stimulatory signalling.

TNFRSF11A, also known as RANK, is a receptor activator of NF-kB and the MAPK8/JNK 

signalling pathway. This receptor and its ligand are important regulators of the interaction between 

T-cells and dendritic cells and the receptor is also an essential mediator in lymph node 

development^®®. NGFR (TNFRSF16), the nerve growth factor receptor, contains a death domain 

and therefore its primary function is the induction of apoptosis, although it is also capable of 

mediating cell survival through NF-kB activation. Apoptosis is likely to be inhibited through 

overexpression of many anti-apoptotic genes in MF cases (Table 3.1, Figure 3.7, Figure 4.4).

In terms of NF-kB transcription factor expression, RELB and NFKB1 expression patterns are 

similar between MF subgroups, while only a small difference in NFKB2 expression is observed. 

However, c-REL (REL) is overexpressed in a significantly higher proportion of MF cluster 1 cases. 

As previously mentioned c-REL is a potent oncogene and is involved in the development of 

leukaemia and lymphoma in transgenic mice®’ . Additionally, REL gene aberrations, including 

translocations and amplifications have been described in

In the case of NF-kB target overexpression, MF cluster 1 and cluster 2 cases show reasonably 

similar patterns. However, a number of significant differences in target expression are observed 

between MF cluster 1 and cluster 2 (Figure 4.3C). Important genes such as BIRC2 (c!AP1), BIRC3 

{clAP2), IL2RB, and CCND2 are overexpressed in a significantly higher proportion of MF cluster 2 

cases, while BIRC4 (XIAP) is overexpressed in a significantly higher proportion of MF cluster 1 

cases.

Both BIRC2 (c lAP I) and BIRC3 (clAP2) are important genes in exerting the anti-apoptotic effects 

of NF-kB and also play a role in NF-kB signalling. Additionally, many other apoptosis inhibiting 

genes show a tendency to be more frequently overexpressed in cluster 2 cases although this does 

not reach significance. These include BIRC5 (survivin) and c-FLIP (CFLAR).

This corresponds with previous data presented in chapter 3, showing that cluster 2 cases show 

more frequent overexpression of death receptors and ligands such as TRAIL. The IL2 system plays 

a critical role in MF by inducing cell proliferation, contributing to NF-kB activation and participating 

in an autocrine system of endogenous TNF production and amplification of NF-kB activation 

(Figure 3.7, Figure 4.4). Finally, CCND2 (Cyclin D2) is critical for the control of cell cycle 

progression by forming a complex with and acting as a regulatory subunit of CDK4 or CDK6 whose 

activity is required for cell cycle G1/S transition. Additionally, Cyclin D2 has been shown to interact 

with and be involved in the phosphorylation of tumour suppressor protein Rb.
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The only gene showing significantly higher frequency of overexpression in cluster 1 is BIRC4 

(XIAP), which acts as an Inhibitor of apoptosis. No other anti-apoptotic genes show a tendency to 

be more frequently overexpressed in cluster 1 cases.

As indicated by previous analysis (Figure 3.7, Figure 4.2, Figure 4.4) NF-kB appears to be a 

common event in MF and this data is confirmed here. Overall NF-kB activation profiles between 

MF cluster 1 and cluster 2 are very similar with few significant differences observed. Many of the 

differences observed, such as overexpression of different receptors may indicate different 

mechanisms through which NF-kB is activated or may reflect increased inflammation in some 

cases. However, some interesting differences in genes involved in apoptosis prevention and cell 

cycle progression are observed, with cluster 2 cases exhibiting a tendency to overexpress anti- 

apoptotic genes such as clAP1, clAP2, survivin and c-FLIP and cell cycle progression genes such 

as cyclin D2 at a higher frequency that cluster 1 cases. Additionally, more frequent overexpression 

of IL2 receptor may play a critical role by inducing cell proliferation, contributing to NF-kB activation 

and participating in an autocrine system of endogenous TNF production and amplification of NF-kB 

activation (Figure 3.7, Figure 4.4). Furthermore, k B a  phosphorylation tends to be stronger in 

cluster 2 cases, with all cases showing reduced k B a  phosphorylation among the cluster 1 cases. 

However, this does not reach significance. The differences observed in NF-kB pathway gene 

expression and k B a  phosphorylation, in addition to changes previously described in expression of 

oncogenes, tumour suppressor genes, growth factors and interleukins (as presented in chapter 3) 

may help explain the more aggressive phenotype observed in cluster 2 cases.
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5.1 Introduction and aims

IFNs are cytokines produced by cells in response to stimulation by a variety of agents including 

viral infection. They possess immunomodulatory, anti-proliferative, pro-apoptotic, anti-viral and anti- 

tumoural properties®^. IFNa effects are variable depending on the cell type. For example IFNa has 

a stimulatory effect on NK cells and macrophages, plays a critical role in proliferative expansion of 

T-lymphocyte effector cells during the immune response and is involved in Th1 differentiation®'*. 

IFNa is also responsible for the regulation of B-cell functions such as development and 

proliferation, Ig secretion and Ig heavy chain switching®®. IFNa has potent anti-tumoural properties 

and acts by inducing apoptosis and inhibiting cell growrth. This is achieved by targeting of specific 

components of the cell cycle control apparatus such as c-MYC, CDC25A^^^, BCL2^°'^, Rb^^, 

CyclinD3^^, p15, p21 and p27*°* and IRF transcription factors*®^. Additionally, MHC1 expression is 

modified by IFNa in tumour cells to promote CD8+ T-cell responses'” .

IFNa therapy is widely used in the treatment of MF, especially in combination with PUVA. Its 

individual use can induce positive responses in over 50% of patients and when used in 

combination with PUVA, both percentage of responses and response duration are improved.

Although the basic pathway through which IFNa acts is known and there is some knowledge 

concerning the action of IFNa on normal T-cells*®®’̂ °° and other cell types including cell lines 

corresponding to melanoma, chronic myeloid leukaemia, rhabdomyosarcoma, Burkitt’s lymphoma, 

multiple myeloma, fibrosarcoma, hepatoma, hairy cells and keratinocytes and primary cultures of 

blood mononuclear cells and dendritic cells®^'*°‘‘ ' °̂°'̂ °®, little is known about the precise action of 

IFNa on tumoural T-cells. The aim of this study is to gain a better understanding of the processes 

that are active during IFNa treatment of tumoural T-cells in an in vitro time course experiment. 

Since hundreds of Interferon Stimulated Genes (ISGs) have been previously described, and IFNa 

is likely to effect the expression of many genes in tumoural T-cells, cDNA microarrays will be used 

to analyse the changes induced by IFNa in this time course experiment.

To delineate the mechanisms of IFNa action on tumoural T-cells, a CTCL cell line model will be 

employed and data pertaining to changes in cell cycle control genes, genes involved in the control 

of apoptosis and genes involved in signal transduction will be collected.
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5.2 Specific Materials and Methods

5.2.1 Cell lines

The sensitivity of huT78 to IFNa was tested by culturing the cells for 72 hours in medium containing 

between OU/ml and 1,000,000U/ml IFNa-2A (Hoffman la Roche, Basel, Switzerland). Cell viability 

was determined every 24 hours by trypan blue exclusion. For time course experiments, ceils were 

passed (400,000 cells/ml) 24 hours prior to commencement of IFNa treatment and the medium 

was changed 6 hours prior to treatment. Cells were stimulated with 5000U/ml IFNa2A and 

collected after 0, 1, 2, 4, 8, 16, 24, 48 and 72 hours. Cells were collected both for microarray 

analysis and for RQ-PCR.

5.2.2 cDNA microarray target preparation

Total RNA was extracted from 3-5 million cells and mRNA was amplified by T7 in vitro 

transcription. 5|ag of aRNA from samples representing each treatment time point were labelled with 

CyS and were hybridised against 5|ig of Cy3 labelled aRNA from the untreated control cells from 

time 0. All raw data (S5.1) can be found in the supplementary information at: 

http://redlinfomas.cnio.es/publications/tracey_thesis and on the supplementary information CD.

5.2.3 Clustering and statistical analysis

Gene clustering was performed using the SOTA Algorithm^'*® and expression data was viewed 

using the TreeView program. All treatment time-points were compared with untreated cells and 

genes were deemed to be upregulated or downregulated if the difference ratio was at least 2-fold at 

any one of the 8 time-points studied. To examine the gene pathways in huT78S, genes whose 

expression change was significant (>2 fold change from basal level) in at least one of the 8 time 

points were included in analysis, excluding genes for which missing values were recorded. Early 

time points were defined as 1, 2 and 4 hours, intermediate time points as 8 and 16 hours and late 

time points as 24, 48 and 72 hours. ESTs and hypothetical proteins were discarded from analyses 

of gene function.
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5.2.4 RQ-PCR

Assays-on-demand™ gene expression products, all supplied at 20X concentration, were used for 

STAT4, TNFSF10, HSXIAPAF1 and CDKN2C (Applied Biosystems). Primers and probes for 

STAT1 were designed using Primer Express 2.0 (Applied Biosystems) following the universal 

conditions of primer design recommended. In addition, the primers and probes were designed so 

that genomic DNA would not be detected during the PCR. This was achieved by designing probes 

and/or primers that straddle the boundaries between exons in the mRNA. Since genomic DNA 

contains introns, the probe and/or primers will bind only to mRNA after intron splicing has occurred. 

Primers and probes were synthesised by Applied Biosystems. Probes were labelled at the 5’ end 

with the reporter dye FAM and at the 3’ end with the quencher dye TAMRA. The sequences of 

STAT1 primers and probes used for these studies are shown in Table 5.1. RQ-PCR was carried 

out using 600nM primers and probe.

Table 5.1
Primers and probes used for RQ-PCR studies of STAT1 expression

Primer

Name

Accession

Number

Location Primer Sequence (5’-3’) Product

Size

STAT1-F

XM_010893

722 GCTGCGGTTCAGTGAGAGCT

165bpSTAT1-R 886 GCCATGACTTTGTAATTGCGAAT

STAT1-P 784 AGAACGGAGGCGAACCTGACTTCCA
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5.3 Results

5.3.1 huT78 cell line sensitivity to IFNa

huT78 is a cell line derived originally from an MF patient^°®. In order to test for sensitivity to IFNa, 

cells were cultured for 72 hours in medium containing between OU/ml IFNa-2a (Hoffman La Roche) 

and 1 million U/ml IFNa (Figure 5.1). The Inhibitory concentration 50% (IC50 - the concentration of 

IFNa required for 50% growth inhibition in 72 hours) of huT78S cells was determined to be 

approximately lOOU/ml. This cell line was deemed to be highly sensitive to IFNa and was therefore 

denoted huT78S.
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Figure 5.1
huT78S sensitivity to IFNa: IC50 calculation

The parental huT78 (huT78S) was tested for its sensitivity to IFNa by culturing cells over 72 hours in 

concentrations of between OU/ml IFNa and 1 million U/ml IFNa. The viability of cells was determined every 24 

hours by trypan blue exclusion. These cells are extremely sensitive to IFNa even at concentrations as low as 

lOOU/ml. The IC50 for this cell line at 72 hours is approximately 100U/ml.

5.3.2 Kinetics of IFNa induced gene expression change in huT78S

huT78S cells were treated with IFNa in a time course experiment to identify the genes involved in 

the IFNa response in tumoural T-cells. A total of 191 genes were identified whose expression 

changes significantly in response to IFNa in huT78S, and many of these genes have not previously 

been described as ISGs.
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These genes represent many functional groups including cell cycle control, apoptosis, signal 

transduction, transcription regulation and stress response.

Hierarchical clustering of the 191 genes revealed 4 main clusters (Figure 5.2). Tv^/o clusters (1 and 

2) represent genes downregulated by IFNa while cluster 3 and 4 represent upregulated genes. 

Table 5.2 provides a complete list of the 191 IFNa regulated genes in huT78S organised by cluster.
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Figure 5.2

Kinetics of gene expression regulation by IFNa in tumoural T-cells

A) Hierarchical clustering using the SOTA clustering algorithm, of the 191 genes regulated by IFNa in huT78S 

at 1, 2, 4, 8, 16, 24, 48 and 72 hours: Four main clusters w/ere revealed containing 45, 30, 50 and 66 genes 

respectively. The first cluster consists of genes w/hose expression is downregulated over the 8 time points. 

Cluster 2 contains genes whose expression is undulant over the 8 time points with most genes being 

downregulated at intermediate time points. Cluster 3 comprises genes, which are upregulated by IFNa over 

the 8 time points studied and cluster 4 shows genes, which respond to IFNa by upregulation, concentrated in 

two peaks at 8 and 24 hours.

B) Functional identification of the genes contained in each of the 4 clusters: Cluster 1 comprises 

predominantly cell cycle control and signal transduction genes; Cluster 2 contains cell cycle control, apoptosis 

and transcription factor genes; Cluster 3 comprises cell cycle control, signal transduction and stress response 

genes; Cluster 4 comprises many transcription factors and signal transduction genes in addition to a large 

number of known ISGs. Approximately 50% of the named genes in this cluster have been described as being 

IFN regulated.
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Table 5.2

Genes regulated by IFNa in huT78S organised by clusters reflecting the kinetics of gene 

expression change. Gene are organised by order within each of clusters 1 -4 as defined by 

Figure 5.2

Cluster 1: Genes downregulated by IFNa
USP7 Hs.308689 P0LR2G PIK3CG ADSL
Hs.268657 LNX RAN PLAGL2 Hs.110702
N0VA1 MAP7 SIRT1 PNAS-127 LOC81034
Hs.330716 SELL TRPC5 P0H1 AK2
MY01B SMARCA2 CDK4 PPP3CA SFRS2
PRKDC CTSO DDX9 PPP3CB TDG
SH2D1A Hs. 146606 GNB2L1 SFRS7 Hs.17132
FLJ23451 KIAA1856 ILF3 ARHGEF6 SSI-3
Hs.58963 LIFR NCOA4 ITGA4 TNFSF9

Cluster 2: Genes downregulated by IFNa with maximum downregulation at intermediate time points
PIM2 G6PD HSF2BP MAZ PLOD
HCFC1 PDE4B CLPX PAX9 CS-1
LOC51259 P0U2AF1 DKFZP564G092 CCNG2 H2BFQ
MJD PTPN3 PIR121 FBLN5 Hs. 117864
ATF4 RSU1 CSDA TNFAIP3 P53DINP1
CASP8 Hs. 114058 ENG CDKN2C PLEC1

Cluster 3: Genes upregulated by IFNa
Hs.7594 DNAJB1 IFITM3 PTPRS Hs. 142498
SLC2A3 HSPA8 KIAA0573 BTG1 Hs. 189745
HIG2 NFIL3 LOC55893 JAG1 Hs.269845
SERPINH2 CCR1 MAP3K2 MT3 Hs. 191890
RGS2 IRF7 SLC25A1 DKFZP434J214 Hs.269954
MT1L AK3 TRADD Hs.126465 Hs. 114740
BNIP3 S100A10 C0L16A1 MXI1 BAG3
ECE1 SFN Hs.134613 H1F2 EGR2
MYC TUBB2 MMP24 Hs. 133389 GNRH1
CTSB H3FB NIBAN UGCG HSP105B

Cluster 4: Genes upregulated by IFNa with maximum upregulation after 8 and 24 hours
GPRK6 Hs. 133206 GRB7 IFITM2 Hs. 137324
Hs.207777 HPRP8BP Hs.191386 LI CAM KIAA1268
STAT4 SEP2 CYP51 MAFF USP18
IFRG28 TF5AP150 JUND MAPKAPK2 IRF1
SSA1 MRPL1 MRPL32 PPP5C G1P3
TNFSF10 PPIL1 STAT1 PSMB10 0AS3
CEACAMI SET ANXA6 RING1 IFITM1
EIF5 FLJ20189 AP47 S0D1 MX1
KIAA1610 Hs. 117093 ARPC3 SSPN 0AS2
UMPH1 Hs.184164 BAD TSSG4 ISG15
HSXIAPAF1 RUNX3 BCAA Hs.17518
MX2 SRF FLJ20487 IFIT1
UBE2L6 FBX06 FLNC C1orf2
ENPP2 FLJ20094 Hs. 343214 Hs.319825
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Cluster 1 (45 genes) shows genes that are repressed by IFNa signalling at intermediate or late 

time points and may represent genes whose repression is due to secondary or indirect effects of 

IFNa. This cluster contains a large proportion of genes involved in signal transduction and cell 

cycle control (Figure 5.2B) and includes important cell cycle progression genes such as CDK4, 

whose repression may help explain the phenotype of huT78S cells after treatment with IFNa.

Cluster 2 (30 genes) comprises almost entirely genes involved in apoptosis, cell cycle control, 

transcription regulation and signal transduction (Figure 5.2B). While there is a trend towards 

downregulation of expression of these genes, it tends to occur maximally between 4 and 24 hours 

after the commencement of treatment (Figure 5.2A). The functional group most highly represented 

in this cluster, is cell cycle control, with the observation that important cell cycle progression genes 

such as cyclin G2 (CCNG2) are downregulated in response to IFNa. Contained within this cluster 

are 4 genes (ENG, CSDA, MAZ and PAX9) whose expression is repressed at early time points and 

these may represent genes whose expression is directly repressed by IFNa.

Cluster 3 genes (50 genes) are upregulated by IFNa and represent mainly signal transduction and 

ceil cycle control genes, in addition to genes involved in stress response and apoptosis (Figure 

5.2B). Key stress response genes in this group include members of the heat shock protein family 

(HSPA8, HSP105B, DNAJB1) while important apoptosis promoting genes (TRADD, BNIP3) are 

also found in this cluster.

Cluster 4 shows 66 genes, which respond to IFNa by upregulation of gene expression 

concentrated in two peaks (8 and 24 hours). These genes are mostly involved in transcription 

regulation and signal transduction (Figure 5.28), with this cluster containing a collection of critical 

genes implicated in JAK/STAT signalling (STAT1, STAT4) and known ISGs including IFRG28, 

IFITM2, ISG15, IFITM1, IFIT1, IRF1, 0AS2, 0AS3, STAT1 and TNFSF10. Further analysis 

revealed that 50% of the cluster 4 genes of known function are regulated by IFN or are involved in 

IFN signalling, including SSA1 and USP18.

The expression changes for 5 selected genes were verified by RQ-PCR (Figure 5.3), including 

genes involved in apoptosis (HSXIAPAF1, TNFSF10), cell cycle control {CDKN2C), and JAK/STAT 

signalling (STAT1, STAT4). In all cases the pattern of gene expression modulation is very similar 

between RQ-PCR and microarray studies, although RQ-PCR is more sensitive (2-5 fold difference) 

in detection of gene expression changes (Figure 5.3).
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Figure 5.3

Validation of microarray data using RQ-PCR

Two genes involved in apoptosis (HSXIAPAF1 (XAF1), TNFSF10 (TRAIL)), 1 gene involved in cell cycle 

control (CDKN2C (p i 8)) and 2 genes involved in JAK/STAT signalling (STAT1 and STAT4), were examined 

by RQ-PCR. In all cases the pattern of gene expression changes induced by IFN a is confirmed, although RQ- 

PCR appears to be more sensitive in detecting changes.

5.3.3 Functional classification of IFNa regulated genes in huT78S

Alterations in the expression of 29 genes implicated in cell cycle control are observed in huT78S 

after treatment with IFNa (Figure 5.4) with most changes observed at later time points (24-72 

hours) and therefore likely resulting from indirect IFN regulation. However, some important 

changes, such as the downregulation of cyclin G2 (CCNG2), are observed at earlier time points 

(Figure 5.4). During late time points, cell cycle progression is halted or delayed by induction of anti

proliferative or cell cycle inhibitor molecules (BTG1, CDKN2C, SFN) and transcriptional repressors 

{RING1, MXI1) and downregulation of cell cycle progression molecules (CDK4), DNA repair genes 

(TDG, PRKDC), helicases (DDX9), transcription regulators (HSF2BP, P0LR2G, SMARCA2) and 

splicing factors (N0VA1, SFRS2) (Figure 5.4).

Thirteen apoptosis genes show gene expression modulation in response to IFNa in huT78S 

(Figure 5.4) with some changes observed as early as 2 hours after commencement of treatment 

(e.g. upregulation of TNFSF10), representing genes whose expression is directly regulated by 

IFNa. However, changes in gene expression become more pronounced at intermediate time points 

(6 genes) and most genes show differences in expression at late time points (11 genes), 

representing indirect IFN regulation. At intermediate and late time points the upregulation of 

important apoptosis inducing genes such TNFSF10, HSXIAPAF1, TRADD, p53DNIP3 and intrinsic 

apoptotic pathway genes BAD and BNIP3 (Figure 5.4) may be linked with the apoptotic phenotype 

observed in this cell line.
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Changes in the expression of 30 genes implicated in signal transduction are observed in huT78S 

after treatm ent with IFNa (Figure 5.4), with much o f the emphasis focused on genes involved in the 

JAK/STAT signal transduction pathway. This pathway is clearly activated as illustrated by the 

upregulation of STAT1 a lm ost immediately after addition of IFNa to the cells. O ther JAK/STAT 

regulators such as SSI-3 (S0CS3), STAT4, IRF1 and IR F7  are also upregulated after addition of 

IFNa. Moreover, many known ISGs (28 ISGs) are shown to be upregulated by IFNa in huT78S 

including IRF1, IRF7, ISG15, STAT1, STAT4, IFIT1, IFITM1, 0AS2, 0AS3, IFITM2, MX1 and MX2  

(Figure 5.4).

Finally, in response to IFNa, the expression of 18 transcription factors is modulated, including 

STAT1 and IRF1, important transcription factors in JAK/STAT signalling (Figure 5.4). Most 

transcription factor activity is observed at early time points (alm ost 50% of transcription factor 

expression modulated at 1-4 hrs) (Figure 5.4) and represents direct regulation by IFN. The 

upregulation of transcription factors at early time points is likely to be responsible fo r the majority of 

changes induced at later time points, and may contribute to many aspects of cell cycle arrest and 

apoptosis observed in this cell line.
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Figure 5.4

Functional classification of the genes regulated by IFNa in huT78S

Genes involved in cell cycle control, signal transduction, apoptosis, JAK/STAT signalling, transcription factors 

and know/n ISGs are included. Significant induction (red) or repression (green) of gene expression is indicated. 

Early time points (E) correspond to 1, 2 and 4 hours. Intermediate time points (I) correspond to 8 and 16 

hours. Late time points (L) correspond to 24, 48 and 72 hours.
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5.4 Discussion

5.4.1 The huT78 cell line is characterised by a high level of sensitivity to

IFNa, even at low concentrations

Although there is some knowledge concerning the action of IFNa on normal T-cells’®® and other 

cell little is known about the precise action of IFNa on tumoural T-cells. In order

to gain a better understanding of these processes, in vitro time course studies in a cell line were 

performed. The huT78S cell line used in these studies is an MF derived cell line^°®, in which initial 

studies using trypan blue exclusion to test cell viability indicated a high sensitivity to IFNa 

treatment, even at IFNa concentrations as low as 100U/ml. At this low IFNa concentration 

approximately 50% cell death is observed after 72 hours, with over 80% cell death observed with 

concentrations of lOOOU/ml and above (Figure 5.1). This cell line was used as a model to study the 

response of tumoural T-cells to IFNa thereby gaining a better understanding of IFNa action.

5.4.2 Kinetics of IFNa induced gene expression regulation in huT78S

The genes regulated by IFNa in tumoural T-cells (huT78S) can be classified into 2 groups. Those 

genes whose expression is modulated shortly after IFN treatment are those that are likely to be 

direct targets of initial STAT transcription factor activity and therefore direct IFN targets. These 

genes are likely to possess some form of IFN response element in the gene promoter. Meanwhile 

those genes whose expression is modulated at later times are likely to be indirect targets of IFN 

activity, where these genes are regulated by direct IFN targets and not directly as a result of the 

initial STAT activation by IFN. These genes may or may not have IFN response elements in their 

promoter.

The IFNa regulated genes in huT78S comprise 4 gene clusters exhibiting differential modulation 

patterns (Figure 5.2A). Clusters 1 and 2 represent genes downregulated by IFNa, accounting for 

approximately 40% of the total number of genes regulated by IFNa in this system. Cluster 1 

represents genes downregulated at later times while cluster 2 genes are downregulated mainly at 

intermediate time points. Cluster 1 includes many genes involved in signal transduction and cell 

cycle while cluster 2 genes are predominantly involved in cell cycle control and inhibition of 

apoptosls.

Gene upregulation accounts for more than 60% of gene regulation by IFNa in this system and 

these genes are represented by clusters 3 and 4. Cluster 3, which shows gradual upregulation of 

gene expression stating at early time points, contains a substantial number of genes involved in 

induction of apoptosis.
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Cluster 4 shows a bimodal time oscillation with gene expression being highest at 8 and 24 hours 

post IFNa treatment. This cluster includes a large set of well-characterised ISGs. The co

localisation of this ISG set, suggests that the bimodal gene induction pattern may be characteristic 

of IFN-stimulated genes. This modulation pattern may be explained by the presence of an 

autocrine loop, in which IFN induces its own transcription. Indeed, IRF1 and IRF7 whose 

expression is induced by IFNa in huT78S (Figure 5.4) are capable of inducing the IFNa and /FW/3 

genes^°^'^°®. Furthermore, TRAIL whose expression is also modulated in a bimodal fashion induces 

IFNfi expression^®®.

5.4.3 JAK/STAT signalling and transcription factor regulation in the IFNa

response

Activation of various signalling pathways and transcription factors are characteristic of the early 

IFNa response in huT78S. Immediately following IFNa treatment, upregulation of ISGs such as 

ISG15 and TNFSF10 (TRAIL) is observed, in addition to induction of JAK/STAT pathway related 

transcription factors including STAT1 and IRF1. Underlining their potential relevance as IFNa 

response mediators is the maintenance of their upregulation throughout the time-course.

Early changes induced by IFNa in ISG genes are important for the final outcome of IFNa 

treatment. ISG15 (G1P2 or IFI15) is involved in the degradation of intracellular target proteins 

including MAPK3/ERK1, which plays a critical role in the initiation and regulation of meiosis and 

mitosis and is required for initiation of translation and PLCG1, which is involved in signal 

transduction by a variety of growth factor stimuli. Therefore, upregulation of ISG15 at early time 

points has important negative consequences for cell growth and survival. Additionally, ISG 15 may 

be involved in IFN production by inducing certain cells such as monocytes and macrophages to 

produce IFNy. TRAIL is a potent inducer of apoptosis, and its upregulation by IFNa may also have 

critical consequences in terms of cell survival and growth (Figure 5.5). Moreover, TRAIL is 

implicated in IFNj3 gene induction and this may contribute to the anti-proliferative effect of IFNa in 

this cell line^°®. The IRF and STAT genes are crucial transcription factors in terms of JAK/STAT 

signalling and the IFN response. In addition to activating ISGs, IRF1 is responsible for 

transcriptional activation of IFNa  and IFNfi transcription, creating a positive feedback loop whereby 

IFNa induces its own transcription and that of other IFNs^°^. Furthermore, IRF1 has been shown to 

play a role in regulating apoptosis (Figure 5.5).

Early direct induction of transcription factors by IFNa, in turn, leads to upregulation of further 

transcription factors and ISGs {IFRG28, IFIT1, IFITM1, IFITM2, 0AS2, 0AS3, MX1, MX2, G1P3) at 

intermediate time points, in an indirect manner or as a secondary response to IFNa, in addition to 

JAK/STAT pathway regulators (SSI-3/SOCS3) and transcription factors such as STAT4 and IRF7 

whose expression remains elevated throughout the time-course (Figure 5.5).
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Both OAS2 and 0AS3 are members of the 2'-5'-oligoadenylate synthetase family, and encode 

enzymes which play a significant role in the inhibition of cellular protein synthesis. IRF7 induction 

may play a critical role in response to IFNa as has been described previously, in addition to

contributing to a positive feedback loop of IFN production by inducing the transcription of other IFN
208 210 genes . Meanwhile STAT4 may be involved in IFNa induced T-helper cell development . These

important direct and indirect changes induced by IFNa in transcription factors, ISGs and JAK/STAT

signalling genes are likely to be critical in determining the outcome of IFNa treatment by inducing

downstream changes in ceil cycle and apoptosis control genes at intermediate and late time points

(Figure 5.5).

In addition to gene upregulation some genes (ENG, CSDA, MAZ and PAX9) are downregulated 

shortly after commencement of IFNa treatment, and these may represent genes whose expression 

is directly repressed by IFNa, possibly via a mechanism similar to that by which c-MYC expression 

is directly repressed by STAT1 within 1 hour of IFN treatment^^V The downregulation of these 

genes may also be important in contributing to the final outcome of IFNa treatment. For example 

the MAZ transcription factor, binds to the promoter and activates the transcription of the c-MYC 

oncogene (Figure 5.5).

5.4.4 Cell cycle arrest induced by IFNa

Although most IFNa-induced changes in cell cycle control genes are observed at later times, and 

therefore probably represent indirect regulation through some IFNa induced transcription factor, 

some activity is observed shortly (1-4 hours) after IFNa treatment. This includes tumour suppressor 

gene upregulation (TSSC4), which is maintained at later time points, suggesting an effector 

function in the IFNa response. These changes are accompanied by a progressive loss of Cyclin G2 

(CCNG2) expression.

IFNa-induced cell cycle arrest is reflected in multiple changes in gene expression observed after 24 

hours (Figure 5.4). Downregulation of a number of important genes such as CDK4, HSF2BP, 

P0LR2G, TDG and PRKDC  is observed at late time points. CDK4 is a member of the Ser/Thr 

protein kinase family and is important for cell cycle G1 phase progression. Additionally, CDK4 is 

responsible for Rb phosphorylation. HSF2BP, also downregulated at late time points, is a heat 

shock factor binding protein, and its down regulation may signal the termination of some stress 

responses, such as upregulation of HSPA8 and HCFC1 observed at early and intermediate time 

points. P0LR2G, the RNA polymerase II polypeptide G, encodes the seventh largest subunit of 

RNA polymerase II, the polymerase responsible for synthesising mRNA in eukaryotes. Its 

downregulation at late time points may indicate the termination of transcription in these cells, 

ultimately a prelude to cell death.
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Furthermore, DNA double-stranded break repair and V(D)J recombination are switched off as 

signalled by downregulation of the PRKDC protein kinase, while mismatch repair is also reduced 

due to downregulation of the TDG thymine-DNA glycosylase, which is specific for G/T mismatch 

repair. Splicing is also diminished due to downregulation of the SFRS2 splicing factor. Meanwhile, 

helicase activities are also downregulated as indicated by repression of SMARCA2, which encodes 

a member of the SWI/SNF family of proteins that possesses helicase and ATPase activities, and 

are thought to regulate transcription of certain genes by altering the chromatin structure around 

those genes (Figure 5.5).

A number of important genes are upregulated at late time points including the cell cycle inhibitor 

p18 (CDKN2C) as previously reported^^^. The protein encoded by this gene is a tumour suppressor 

and a member of the INK4 family of CDK inhibitors. It interacts with CDK4 or CDK6, thus 

functioning as a cell growth regulator that controls cell cycle G1 progression. Other genes showing 

upregulation at late time points are SFN, RING1, BTG1, MYC and MTI1. SFN (stratifin) is a p53 

regulated inhibitor of G2/M progression and also acts as a protein kinase C inhibitor, while RING1 

is a member of the polycomb gene family and Is involved in maintaining the transcriptionally 

repressive state of genes. BTG1, a previously described ISG^^^ is involved in cell cycle inhibition 

(Figure 5.5).

IFNa plays an important role in normal T-cell biology and proliferation, and IFNa induces 

expression of the c-MYG oncogene in activated human T-lymphocytes’®®. Therefore, certain 

seemingly contradictory results such as the upregulation of the oncogene c-MYG at late time points 

by IFNa, may be explained by taking into account the effects of IFNa on normal T-cells. However, 

in this tumoural T-cell system, the simultaneous upregulation of other genes such as MTI1 (Max 

interactor 1) may counteract the effects of c-MYG expression. The MTI1 protein is a transcriptional 

repressor, thought to negatively regulate c-MYG function, and is therefore a potential tumour 

suppressor. The protein inhibits the transcriptional activity of c-MYC by competing for MAX, 

another basic helix-loop-helix protein that binds to c-MYC and is required for its function.

5.4.5 Apoptotic response of huT78S to IFNa

Most IFNa-induced expression changes in apoptosis genes are observed at later time points. 

However, a limited number of changes are observed after only 2 hours of IFN treatment such as 

the induction of TNFSF10 (TRAIL), a known ISG and potent apoptosis inducer^”®, possibly 

representing an important step in IFNa-induced apoptosis. Underlining Its potential relevance as a 

key mediator of cell death, is the observation that TNFSF10 (TRAIL) is upregulated throughout the 

time course. Its role as an inducer of /FA//3 gene expression may also be important for the anti

proliferative effects of IFNa in this system^”®.
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At intermediate time points, upregulation of HSXIAPAF1, HSPA8 and BNIP3 is observed. HSPA8, 

a heat shock protein, may be involved in inhibition of apoptosis although its primary function is in 

ensuring correct protein folding.

BNIP3 is a mitochondrial apoptosis-inducing protein that is capable of binding to and overcoming 

BCL2 suppression of apoptosis^^'' while HSXIAPAF1 (XAF1), a gene known to be induced by IFNa 

and IFNp^^® is an apoptosis promoter and is an antagonist of XIAP (BIRC4), a caspase inhibitor 

protein^'®. Additionally, HSXIAPAF1 is thought to play a role in augmenting TNFSF10 induced 

apoptosis^^^. The induction of both TNFSF10 (TRAIL) and HSXIAPAF1 (XAF1) in huT78S 

suggests an important role for this pathway in IFNa-induced cell death in this model system (Figure 

5.5).

After 24 hours, accelerated apoptosis is observed in this cell line, accompanied by continued 

upregulation of TNFSF10, HSXIAPAF1, and BNIP3 and induction of other important pro-apoptotic 

genes such as BAD and TRADD. BAD, a pro-apoptotic BCL2 family member, promotes cell death 

by competing for binding to BCL-XL and BCL2, thereby affecting the level of hetero-dimerisation of 

these proteins with BAX^^^. TRADD, a death domain containing adapter protein, interacts with the 

cytoplasmic domain of activated TNFR1 and other death receptors, leading to pro-apoptotic 

signalling in the majority of cases, although in some cases survival signalling is also possible^^® 

(Figure 5.5).

In summary, IFNa induces the upregulation of a variety of transcription factors and JAK/STAT 

signalling molecules at early and intermediate time points including STAT1, IRF1, SSI-3 (S0CS3), 

STAT4 and IRF7 in addition to a large number of known ISGs such as ISG15, TRAIL, IFRG28, 

IFIT1, IFITM1, IFITM2, 0AS2, 0AS3, MX1, MX2, G1P2. These transcription factors and ISGs are 

responsible for subsequent changes in cell cycle control and apoptosis genes.

Changes in cell cycle control include upregulation of TSSC4, CDKN2C (p18), SFN, RING1, and 

BTG1 contributing to tumour suppression, cell cycle inhibition, transcriptional repression and 

inhibition of protein kinase C activity. Downregulation of a number of important genes such as 

CDK4, HSF2BP, P0LR2G, TDG and PRKDC is also observed, contributing to direct inhibition of 

cell cycle progression, gene transcription, DNA double-strand break repair and mismatch repair, 

V(D)J recombination, splicing and helicase activity. Changes in apoptosis genes include induction 

of TRAIL (TNFSF10), HSXIAPAF1, BNIP3, BAD and TRADD all potent inducers of apoptosis.
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Figure 5.5

Proposed model for the regulatory steps involved In the IFNa response in huT78S

huT78S cells show IFNa-induced expression of many important JAK/STAT signalling molecules such as 

STAT1, STAT4, IRF1, IRF7 and SSI-3 (S0CS3) shortly after IFNa treatment. At later time points, induction of 

pro-apoptotic genes such as TRADD, TNFSF10 (TRAIL), BAD, BNIP3 and HSXIAPAF1 is observed in 

combination with cell cycle arrest achieved by down-regulation of CDK4, CCNG2 and P0LR2G  amongst 

others and upregulation of CDKN2C {p18) and tumour suppressor genes. Red text label indicates IFNa- 

induced genes, while green text labels indicate genes whose expression is repressed in response to IFNa.
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Chapter 6 IFNa resistance in MF

6.1 Introduction and aims

IFNa therapy is widely used in the treatment of MF in addition to other tumours such as chronic 

myelogenous leukaemia, AIDS related Kaposi’s sarcoma and malignant melanoma. In MF, its 

individual use can induce positive responses in over 50% of patients and when used in 

combination with PUVA, both percentage of responses and response duration are improved. 

However, the individual response to this therapy is essentially unpredictable and in spite of the 

favourable effect in a proportion of patients, a significant group of patients show initial or acquired 

resistance to this therapy.

Previous studies pertaining to the factors responsible for resistance to IFNa have suggested that 

alterations in some of the IFNa response genes, such as well known members of the JAK/STAT 

signalling pathway may play a role in IFNa resistance. These include mutations in STAT1 causing 

expression of non-functional STAT1 and other defects in the expression and/or function of other 

JAK/STAT regulators such as STAT2, STAT3, SOCS1 and the IFN r e c e p t o r ^ O t h e r  studies 

have shown that homozygous and hemizygous deletions of the IFNa gene^°® or Epstein Barr Virus 

infection” ® may be involved in IFNa resistance. However, these studies are largely confined to in 

vitro studies and have therefore not been able to explain the frequent clinical phenomenon of IFNa 

resistance.

The aim of this study is to identify the factors responsible for IFNa resistance in MF using two 

approaches. A cell line model, resistant to IFNa will be produced from the huT78 cell line, which is 

sensitive to IFNa. The basal level of gene expression will be compared between these cell line 

variants using cDNA microarrays, in an attempt to identify the genes, which may be implicated in 

IFNa resistance. Additionally, a time course experiment will be carried out and compared with the 

same time course experiment carried out in the IFNa-sensitive huT78S cell line, to identify genes 

whose regulation by IFNa is altered in resistant cells. Finally, based on the differential expression 

of genes at basal level, an attempt will be made to identify a single gene or a collection of markers, 

which could easily be used in a clinical setting to predict resistance to IFNa.
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6.2 Specific Materials and Methods

6.2.1 Cell lines

The resistant variant of the huT78 cell line (huT78R) was obtained by culturing the parental IFNa- 

sensitive cell line huT78S (Figure 5.1), in increasing concentrations of IFNa-2A as follows: Cells 

were cultured with medium containing 100U/ml IFNa-2A for 1 week and the medium was changed 

as required. After a period of 1 week, cell survival was measured at each medium change by 

trypan blue exclusion until 75% cell survival at that specific IFNa concentration was reached, 

providing that at least 5 million total live cells were present. The IFNa concentration in the growth 

medium was then doubled to 200U/ml and the procedure repeated. When resistance to each IFNa 

concentration was reached, the IFNa concentration in the growth medium was doubled. The final 

concentration of IFN used was 200,000U/ml. Incrementation of IFNa concentration took place at 

approximately 3-4 week intervals. However, as the resistance increased the interval time 

decreased. The cells were grown at the final concentration of 200,000U/ml IFNa for 3-4 weeks. 

The growth response and resistance to IFNa of huT78R was tested by culturing the cells for 72 

hours in medium containing between OU/ml and 1,000,000U/ml IFNa-2A, with cell viability 

determined every 24 hours by trypan blue exclusion. The cells were grown in the absence of IFNa 

for 1 month and the IFNa sensitivity test was repeated, to ensure that the culture did not revert to 

the sensitive phenotype.

For time course experiments, all cells were passed (400,000 cells/ml) 24 hours prior to 

commencement of IFNa treatment, and the medium was changed 6 hours prior to treatment. Cells 

were stimulated with 5000U/ml IFNa2A and collected after 0, 1 , 2 ,  4, 8, 16, 24, 48 and 72 hours. 

Cells were collected both for microarray analysis and for RQ-PCR. For RQ-PCR studies of STAT1 

and STAT3, huT78R and huT78S cells were stimulated with IFNa (5000U/ml) for 3 and 24 hours 

and the cells were collected along with pre-treatment cells for RNA extraction. Additionally, huT78S 

and huT78R cells in the absence of treatment were collected for microarray studies.

6.2.2 Patient samples

A total of 20 cases, enrolled in a randomised clinical trial to test the efficacy of IFNa and/or RUVA, 

were used for validation of the IFNa resistance prediction model. Of the 20 patients, 10 were 

receiving RUVA alone and 10 were treated with a combination of RUVA and IFNa (9 million units, 

three times per week). In these patients rapid response is defined as complete remission within 16 

weeks of treatment commencement while patients whose time to complete remission is longer than 

16 weeks are considered to have a slow response. 16 weeks was the mean and the median of the 

time necessary to induce complete remission.
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6.2.3 RQ-PCR

Prinners for CAV1, TNFSF7 and P2Y5 and primers and probes for STAT1, STATS, MAL, BAGS and 

SAMSN1 were designed using Primer Express 2.0 (Applied Biosystems) following whenever 

possible, the universal conditions of primer design recommended. In addition, the primers and 

probes were designed so that genomic DNA would not be detected during the PCR. This was 

achieved by designing probes and/or primers that straddle the boundaries between exons in the 

mRNA. Since genomic DNA contains introns, the probe or primers will bind only to mRNA after 

intron splicing has occurred. Primers were synthesised by Applied Biosystems and/or Life 

Technologies Inc. and all probes were synthesised by Applied Biosystems. Probes were labelled at 

the 5’ end with the reporter dye FAM and at the 3’ end with the quencher dye TAMRA. The 

sequences of primers and probes used for these studies are shown in Table 6.1. For STAT1 and 

MAL, 600nM primers and probe were used. STATS, BAGS and SAMSN1 RQ-PCR reactions were 

carried out using 200nM primers and probe. CAV1, TNFSF7 and P2Y5 RQ-PCR reactions were 

carried out using 200nM primers and SYBR green.

Table 6.1

Primers and probes used for RQ-PCR studies

A: Primer and probe sets used for RQ-PCR using TaqMan® probes

Primer
Name

Accession
Number

Location Primer Sequence (5’-3’) Product
Size

STAT1-F
XM_010893

722 GCTGCGGTTCAGTGAGAGCT
165bpSTAT1-R 886 GCCATGACTTTGTAATTGCGAAT

STAT1-P 784 AGAACGGAGGCGAACCTGACTTCCA

STAT3-F
NM_003150

2311 CCTGAAGCTGACCCAGGTAGC
148bpSTAT3-R 2458 CACCTTCACCATTATTTCCAAACTG

STAT3-P 2630 TCTGTGTGACACCAACGACCTGCAGC

MAL-F
NM_002371

92 CCTGCCCAGTGGCTTCTC
lOObpMAL-R 191 GGAGGAGGCCACCAGGAT

MAL-P 126 CCCGACTTGCTCTTCATCTTTGAGTTTAT

BAG3-F
XM_055575

1969 ACAGCAGCAGCGACTTCAAA
104bpBAG3-R 2072 ACACATCGGTTCCGAGTCTGA

BAG3-P 2017 /^ACCCAGCAGCACCGTAGCCTCTG

SAMSN1-F
XM_012974

443 AAAGCCAGTGACTCCATGGATAGT
99bpSAMSN1-R 541 TCGAAAGCTGTCCCGGTT

SAMSN1-P 475 CTTGTTATGCCACTTGATGAGCTCTGTCCA
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Table 6.1 (Continued)

Primers and probes used for RQ-PCR studies

B: Primer pairs used for gene expression studies using SYBR® green

Primer
Name

Accession
Number

Location Primer Sequence Product
Size

CAV1-F NM 00175S 431 GGTCAACCGCGACCCTAA 82bp
CAV1-R 512 TGTCCCTTCTGGTTCTGCAA

TNFSF7-F NM 001252 29S TGCCGCTCGAGTCACTTG 126bp
TNFSF7-R 418 CTGGTCCATGCAGGAAGGA

P2Y5-F AF000546 401 CTACCCATTTAAGTCAAAGACTCTAAGAACC 148bp
P2Y5-R 548 GCAGGCTTCTGAGGCATTGTT

6.2.4 Immunohistochemistry

STAT1 and STATS antibodies (Santa Cruz, San Francisco, CA) were used on cell cytospin 

preparations from huT78S and huT78R to examine the activation and induction of STAT1 and 

STAT3 by IFNa in vitro. The MAL antibody^'*® was used to confirm microarray data regarding IFNa 

resistance using 20 paraffin embedded patient samples, from patients enrolled in a randomised 

clinical trial to test the efficacy of IFNa and/or RUVA. The specificity of the primary monoclonal 

antibodies was tested at first use as per the specification sheet of each antibody and/or according 

to details in the literature regarding protein expression. Negative controls consisted of incubation 

omitting the specific primary antibody and incubation with unrelated antibodies. Negative controls 

were performed simultaneously to all immunohistochemical assays.

6.2.5 cDNA microarray target preparation

Total RNA was extracted from 3-5 million cells and mRNA was amplified by T7 in vitro 

transcription. For the time course experiments, 5|ig of aRNA from samples representing each 

treatment time point were labelled with Cy5 and were hybridised against 5|ig of CyS labelled aRNA 

from the untreated control cells from time 0. The direct huT78S versus huT78R hybridisations were 

performed in duplicate using different target preparations. In each case 5^g of aRNA from huT78R 

was labelled with CyS and 5(ig of aRNA from huT78S was labelled with CyS. All raw data (S6.1, 

S6.2) can be found in the supplementary information at; http://redlinfomas.cnio.es/publications/ 

tracey_thesis and on the supplementary information CD: S6.1 huT78R vs. huT78S microarray 

data, S6.2 huT78R time course microarray data
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6.2.6 Statistical analysis

For time course studies to compare huT78S and huT78R pathways, only genes with at least 80% 

of the data available were included in the analysis. Genes whose expression change was not 

significant in at least one of the 16 time points analysed were discarded, and only those genes 

were retained for which the difference in expression between huT78S and huT78R cells was 

significantly different (0.8 log2 scale) at the time point in question. In other words genes were 

analysed if at a specific time point there was a significant fold change (2 fold) from basal level in 

either huT78S or huT78R and at that same time point the difference in expression change from 

basal level between huT78S and huT78R was at least 0.8 Log2 scale, providing that not more than 

20% missing values were recorded for that gene. Early time points were defined as 1, 2 and 4 

hours, intermediate time points as 8 and 16 hours and late time points as 24, 48 and 72 hours. 

ESTs and hypothetical proteins were discarded from analyses of gene function.

In the direct comparison between basal gene expression in huT78S and huT78R, genes were 

deemed to be upregulated or downregulated if the difference ratio was at least 2-fold in both of the 

duplicate hybridisations performed.

The Fisher’s exact test was used to analyse the relationship between clinical outcome (rapid or 

slow response to treatment) and MAL expression. This test examines whether the pattern of counts 

in a 2x2 cross-classification table departs from expectations based upon the marginal totals for the 

rows and columns. This test consists of calculating the actual probability of the observed 2x2 

contingency table with respect to all other possible 2x2 contingency tables with the same column 

and row totals. Rapid response is defined as complete remission within 16 weeks of treatment 

commencement and slow response is defined as time to complete remission longer than 16 weeks.
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6.3 Results

6.3.1 Production of an IFNa resistant huT78 cell line

With the purpose of producing a resistant variant of the IF N a  sensitive huT78S cell line (Figure 

6.1 A), the cells were cultured in an increasing concentration of IFN a, beginning with 100U/ml and 

increasing to 200,000U/ml IFN a. Cells were passaged once per week and viability determined by 

trypan blue exclusion. The IC50 for this cell line, huT78R, was >1 million U/ml IF N a  after 72 hours 

treatment (Figure 6.1 B). Resistant cells were retested after one month in the absence of treatment 

to ensure culture was non-revertant. This resistant cell line is characterised by high levels of 

proliferation even in the presence of elevated IF N a  levels. In fact, cell proliferation is increased in 

the presence of IF N a  (Figure 6.1 C). This resistant cell culture was used as a model system for the 

study of IF N a  resistance.
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Figure 6.1

huT78R resistance and growth response to IFNa

A) The parental huT78 (huT78S) is extremely sensitive to IFNa even at concentrations as low as 100U/ml. 

The 1050 for this cell line at 72 hours was is approximately lOOU/ml.

B) The huT78R cell line was tested for its IFNa sensitivity and growth response after one month of growth in 

the absence of IFNa. huT78R cells are resistant to IFNa at 1 million U/ml with minimal cell death observed 

after 72 hours

C) Treatment of huT78R with IFNa results in increased cell number compared with untreated cells.
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6.3.2 IFNa induces STAT1 and activates STAT1 and STAT3 in

huT78S and huT78R cell lines

Expression of STAT1 and STAT3 were studied in the IFNa sensitive huT78S cell line and its 

resistant huT78R partner. The basal expression levels of STAT1 and STAT3 are similar between 

the two cells lines as measured by RQ-PCR, with STAT1 basal expression being marginally higher 

(1.288 fold) in huT78S (Figure 6.2A). In both cell lines, STAT1 mRNA expression shows a rapid 

and dramatic increase after 3 hours (2-3 fold increase) and 24 hours (11-13 fold increase) of 

treatment with 5000U/mi of IFNa (Figure 6.2B).

STAT3 mRNA was also measured in the same cell lines using cells without treatment and cells 

harvested at 3 and 24 hours after treatment with 5000U/ml of IFNa. The basal level of STATS is 

almost identical (1:1.049) between huT78S and huT78R (Figure 6.2A). However, in response to 

treatment with IFNa, sensitive cells show some upregulation of STATS closely following treatment 

(3 hours). After 3 hours this observed increase is less than 2-fold, and therefore may not be 

biologically significant. In huT78R no increase in STATS is observed (Figure 6.2C).
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huT78S huT78R huT78S huT78R

Figure 6.2

Basal Expression and IFNa induction of STAT1 and STAT3 in huT78S and huT78R measured by RQ- 

PCR

A: Basal levels of STAT1 and STAT3 expression are not significantly different between huT78S and huT78R. 

B: Changes in STAT1 expression induced by 5000U/ml IFNa in huT78S and huT78R. STAT1 shows a rapid 

and significant increase in mRNA levels in the case of both huT78S and huT78R.

C: Change in STAT3 expression induced by 5000U/ml IFNa in huT78S and huT78R. In the case of huT78S 

there is a slight upregulation of STATS in response to IFNa. This is not observed in huT78R.
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To determine if IFNa induces activation of STAT1 and STATS in resistant and sensitive huT78 

cells, immunohistochemistry studies were performed, to detect the nuclear translocation associated 

with STAT activation. STAT1 and STATS proteins were observed in the cytoplasm before 

treatment, moving to the nucleus after 3 hours, and more dramatically after 24 hours of treatment. 

The nuclear localisation of both proteins was observed in both sensitive and resistant cell lines and 

there were no obvious differences between the huT78S and huT78R patterns (Figure 6.3).
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Figure 6.3

STAT1 and STAT3 expression and activation by IFNa in huT78S and huT78R

Cells from huT78S and huT78R were collected prior to treatment and 3 and 24 hours after commencement of 

treatment with 5000U/ml IFNa (0 and 24 hours only shown here). Cytospin preparations were stained with STAT1 

and STATS antibodies. In huT78S and huT78R STAT1 (A) and STAT3 (B) proteins are found in the cytoplasm. 24 

hours after IFNa treatment, STAT1 (A) has clearly been induced and activated and STATS (B) has been activated, 

with protein clearly visible and concentrated in the nucleus. No appreciable differences are observed between 

huT78S and huT78R. The specificity of each antibody was tested at first use as per the specification sheet of each 
antibody (Data not shown). Negative controls consisted of incubation omitting the specific primary antibody and 

incubation with unrelated antibodies. Negative controls were perfomned simultaneously to all immunohistochemical 

assays (Data not shown).
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6.3.3 huT78R vs. huT78S: Differential gene expression

In order to identify genes of interest in IFNa resistance, cDNA microarray studies were carried out 

to compare the resistant and sensitive strains. Total RNA was extracted from 3 million cells in each 

case, amplified by T7 in vitro transcription, labelled with Cy3 (huT78S) or Cy5 (huT78R), and 

hybridised simultaneously to the OncoChip to compare the expression levels of 6386 genes. The 

hybridisation was carried out in duplicate using RNAs extracted and amplified independently to 

ensure result reproducibility. Taking into account the results of both experiments, a total of 29 

genes were found to be consistently and significantly changed in expression level between the two 

samples. Of these genes, the resistant cells show repression of 25 genes while the remaining 4 

genes are overexpressed (Table 6.2) (See overleaf).

6.3.4 Validation of microarray results

To confirm the differential expression observed in the cDNA microarray analysis, RQ-PCR was 

performed. In the case of 5 genes {MAL, BAG3, SAMSN1, STAT1 and STAT3), TaqMan probes 

were used and SYBR-green was used in the case of 3 genes {CAV1, TNFSF7 and P2Y5). Primers 

and probes used are shown in Table 6.1. As shown in Figure 6.4 the changes in gene expression 

detected were similar using both techniques.

■  Microarray U RQ-PCR

I I I
J

3tl

Figure 6.4

Comparison of the results achieved using cDNA microarray analysis and RQ-PCR

To validate the microarray results, RQ-PCR was carried out for 8 genes using TaqMan probes (5 genes; MAL, 

SAMSN1, BAG3, STAT1 and STAT3) or SYBR green (3 genes; TNFSF7, CAV1 and P2Y5). The genes 

studied included: Genes upregulated huT78R {MAL, SAMSN1), genes whose expression was unchanged 
between the two variants {STAT1, STAT3) and genes downregulated in huT78R {BAG3, TNFSF7, CAV1, 

P2Y5).
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Gene
Symbol

Gene Name Expression Change
huT78R n  luiTTSS (Log2 •cato)

Function

HSPA6 Heat shock 70kD protein 6 (HSP70B') -2.3805 Stress response

SAMSN1 SAM domain, SH3 domain and nuclear localisation signals, 1 -22280 Signal transduction

CAV1 Caveolin 1, caveolae protein, 22kD -2.2085 Signal transduction, structural protein , Caveolae scaffolding

ETS2 v-ets erythroblastosis virus E26 oncogene homolog 2 (avian) -1.8325 Oncogene, Transcription factor activity, contains a SAM domain
EPB41L3 Erythrocyte membrane protein band 4.1-like 3 -1.8215 Structural protein, cell shape and size control

ARL5 ADP-ribosylation factor-like 5 -1.7430 GTP binding, intracellular protein traffic

P2Y5 Purinergic receptor (family A group 5) -1.5510 IFN pathway, membrane receptor
LC27 Putative integral membrane transporter -1.5205 Putative integral membrane transporter

SH2D1A SH2 domain protein 1A, Duncan’s disease (lymphoproliferative syndrome) -1.5085 Signal transduction

BAGS BCL2-associated athanogene 3 -1.4895 Apoptosis inhibitor
DAD1 Defender against cell death 1 -1.4080 Apoptosis inhibitor
C0R02A Coronin, actin-binding protein, 2A -1.3970 Structural protein, intracellular signal transduction
MT1L Metallothionein 1L -1.3750 Cell proliferation, metal ion binding

ATF5 Activating transcription factor 5 -1.3430 Transcription factor
TRA@ I  cell receptor alpha locus -1.3425 Immune response
PCDH9 Procadherin 9 -1.2710 Cell adhesion. Signal transduction

FBX08 F-box only protein 8 -1.2225 Signal transduction
DTR Diphtheria toxin receptor (heparin-binding epidermal growth factor-like growth factor) -1.2080 IFN pathway, cellular proliferation
ANXA1 Annexin A1 -1.1805 Drug response
VEGF Vascular endothelial growth factor -1.1610 IFN pathway, growth factor
Hs.343214 Homo sapiens, clone MGC:19762 IMAGE:3636045, mRNA, complete cds -1.1425 EST, similarity to chemokine superfamily 7
PLAT Plasminogen activator, tissue -1.1305 Cell migration
MAP2K1 Mitogen-activated protein kinase kinase 1 -1.1205 IFN pathway, signal transduction
SMAC second mitochondria-derived activator of casoase -1.1110 Induction of apoptosis
EMR1 EGF-like module containing, mucin-like, hormone receptor-like seguence 1 -1 0765 Hormone receptor
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Gene
Symbol

Gene Name Expression Change
huT7BR VI huT78S (Log2 >cal*)

Function

MAL MAL, T-cell differentiation protein 2.4240 Signal transduction, lipid raft scaffolding
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Chapter 6 IFNa resistance in MF

6.3.5 Genes implicated in IFNa resistance in tumoural T-cells after

treatment with IFNa

huT78S and huT78R cells were treated with IFNa in a time course experiment where cells were 

collected 0, 1,2,  4, 8, 16, 24, 48 and 72 hours after IFNa treatment, and analysed using cDNA 

microarrays, to identify the genes whose regulation by IFNa is altered in huT78R, therefore 

possibly contributing to the resistance phenotype. A total of 218 genes were identified, for which 

IFNa treatment resulted in significant differences (either induction or repression of gene 

expression) between huT78S and huT78R cell lines (Figure 6.5). Of these genes, approximately 

one third are induced in huT78S but not in huT78R while the rest are induced in huT78R but not in 

huT78S. Most differences in gene regulation are obsen/ed at early and late time points 

representing direct and indirect gene expression changes respectively.

It is likely that initial defects in JAK/STAT signalling and ISG expression observed at early time 

points may be critical in determining the final outcome of IFNa treatment, and giving rise to the 

differential expression of a larger number of genes (139 genes) at late time points, when the largest 

phenotypic difference can be observed between the two cell lines (Figure 6.1). The genes 

differentially regulated at early time points include JAK/STAT signalling related transcription factors 

IRF1 and other ISGs such as IFITM1, IFITM2, IFITM3 and ISG15, while regulation of other ISGs 

and transcription factors are disturbed at later times {IFIT1, IFRG28, MX1, MX2, OAS2, G1P3 and 

IRF7) (Figure 6.5). Indeed, the significant difference in the upregulation of IFITM1, IFITM2, IRF7 

and G1P3 following IFNa treatment has been previously described in association with IFNa 

resistance in melanoma cell lines^°V

Modified regulation of 39 genes implicated in cell cycle control is observed between huT78S and 

huT78R (Figure 6.6) with most differences observed at early (17 genes) and late (21 genes) time 

points. Fourteen genes are upregulated at early time points in huT78R while no changes are 

observed in huT78S, including the cell cycle promoting gene CDC42 and RELB, a subunit of the 

pro-survival NF-kB transcription factor complex. At late time-points, upregulation of genes involved 

in cell cycle progression are observed in huT78R such as upregulation of the cell cycle promoting 

CDC25A (Figure 6.6).

Eight apoptosis genes show altered IFNa regulation between huT78S and huT78R (Figure 6.6). 

At early time-points, upregulation of 2 genes involved in apoptosis (LTB and PDCDS) is observed 

in huT78R while no difference in expression is seen in huT78S. At late time-points, upregulation of 

pro-apoptotic BAD, BNIP3, HSXIAPAF1 and TRADD is observed in huT78S but not in huT78R 

(Figure 6.6). Induction of IRF1 and IRF7, transcription factors involved in inhibiting cell growth, is 

not observed or is significantly reduced, in huT78R compared with huT78S (Figure 6.5, Figure 6.6).
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Figure 6.5
Genes differentially regulated by IFNa between huT78S and huT78R
218 genes are differentially regulated by IFNa between huT78S (S) and huT78R (R). Red indicates significantly 

increased induction (> 0.8 L0G2 scale) of gene expression by IFNa while green indicates significantly reduced 
or repressed gene expression (> 0.8 L0G2 scale) between the cell lines. Orange indicates that gene expression 
is induced but to a significantly lesser extent (> 0.8 L0G2 scale) than in the other cell line variant. Pale green 

indicates that gene expression is downregulated but to a significantly lesser extent (> 0.8 L0G2 scale) in one cell 
line variant compared with the other. Early time points correspond to 1, 2 and 4 hours. Intermediate time points 
correspond to 8 and 16 hours. Late time points correspond to 24. 48 and 72 hours.
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A

Function G ene Nam e
E 1 L

S 1 R 8 R s R
Cell Cycle PAxg

D K FZP434J214 m
HCFC1
PQBP1
ARHC
CHD4
A R HG D IG
PC4
DDXL
C D C 42
UREB1
RPL26
RPL10A
RELB
RUNX3
TSSC1
SSPN
PIM 2
E IF3S6
DDX9 m
PRKDC ■
TDG ■
NOVA1 ■
AR H G EF6 ■
PAK2 ■
SM ARCA2 ■
POLR2G ■
MYC
TSSC 4
H 1F2
BTG1
BCAA
C DC 25A
INSIG1
CLK1
RAD23B
SOD1
EIF4A2
KNSL6

B

Function Gene Name
E 1 L

S R S R S R
Apoptosis FASTK

LTB
MJD '■fei
BAD
HSXIAPAF1
TRADD
BNIP3
CSE1L

C

Function Gene Name
E 1 L

S R S R S R
ISGs IRF1

ISG15
IFITM1
IFITM2
IFITM3
IFRG28
IFIT1
OAS2
MX1
IRF7
MX2
G1P3

Gene downregulated (>0.8 Log2 scale) in one cell line 
variant compared to the other

Gene upregulated (>0.8 Log2 scale) in one cell line 
variant compared to the other

Gene upregulated but to a significantly lesser extent 
(>0.8 Log2 scale) in one cell line variant compared to 

the other

Figure 6.6

Functional classification of the genes differentially regulated by IFNa between huT78S and huT78R

Cell cycle control genes (A), Apoptosis genes (B) and ISGs (C) differentially regulated by IFNa between 

hut78S (S) and hut78R (R). Red indicates significantly Increased induction of gene expression by IFNa in one 

cell line compared with the other while green indicates significantly reduced or repressed gene expression 

between the cell lines. Orange indicates that gene expression is induced but to a significantly lesser extent 

than in the other cell line variant. Early time points (E) correspond to 1, 2 and 4 hours. Intermediate time points 

(I) correspond to 8 and 16 hours. Late time points (L) correspond to 24, 48 and 72 hours.
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6.3.6 Validation of cell line data in a series of MF patients treated with IFNa

and/or PUVA

MAL protein expression was analysed in 20 patient samples treated with IFNa and/or PUVA and 

variability in expression was observed (Figure 6.7). The relationship between MAL expression and 

the response to therapy was examined using the Fisher’s exact test (Table 6.3). Of the 10 patients 

that showed a rapid response and achieved complete remission within 16 weeks of treatment, 70% 

do not express the MAL protein, while 80% of the 10 patients with a slow response to treatment do 

express MAL protein. The association between MAL expression and absence of complete 

remission within 16 weeks was significant (Fisher’s exact test, p=0.03) (Table 6.3A).

Taking into consideration exclusively the 10 patients treated with IFNa+PUVA, six of them 

presented rapid response to treatment and the remaining 4 patients showed a slow response. 

Among the rapid response patients, only 1 expressed MAL protein. All 4 patients with slow 

response to treatment were MAL positive. The Fisher’s exact test showed a statistically significant 

difference (p=0.04) (Table 6.3B).

Figure 6.7

Immunohistochemical study of MAL protein in MF patients treated with IFNa and/or PUVA
A and B: MF case in which MAL protein expression is not detected

C and D: MF case positive for MAL protein expression. This patient also shows a slow response to IFNa treatment 

The specificity of the MAL antibody '̂'^ was tested at first use according to details in the literature regarding 
protein expression (Data not shown). Negative controls consisted of incubation omitting the specific primary 

antibody and incubation with unrelated antibodies. Negative controls were performed simultaneously to all 

immunohistochemical assays (Data not shown).
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Table 6.3

Expression of MAL Protein In Patient Samples And Correlation With Clinical Data

A: Relationship between MAL protein expression and clinical response to IFNa and/or PUVA

MAL + M A L- Total

Rapid Response 3 7 10

Slow Response 8 2 10

Total 11 9 20

Fisher’s exact test, p=0.03

B: Relationship between MAL protein expression and clinical response to IFNa and PUVA

MAL + M A L- Total

Rapid Response 1 5 6

Slow Response 4 0 4

Total 5 5 10

Fisher’s exact test, p=0.04

Rapid response: patients that achieved complete remission within 16 weeks of treatment 

commencement

Slow response: patients that needed more than 16 weeks of treatment to achieve complete 

remission.

MAL +: Positive expression of MAL protein 

MAL -: No expression of MAL protein
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6.4 Discussion

6.4.1 The huT78R cell line: A model system for the study of IFNa resistance

huT78R is a cell line derived from its huT78 parental cell line, in which initial studies using trypan 

blue exclusion to test cell viability, indicated a high sensitivity to IFNa treatment, even at IFNa 

concentrations as low as 100U/ml (Figure 6.1 A). The culture of huT78 cells over a period of 9 

months by gradually increasing the concentration of IFNa in the growth medium has produced this 

huT78R cell line, resistant to IFNa concentrations of up to 1 million U/ml (Figure 6.1 B). The cells 

were retested after one month in the absence of IFNa, and resistance was persistent. Thus, this 

huT78R cell line was deemed to be a good model for the study of IFNa resistance.

Interestingly, not only do huT78R cells have the apparent capacity to evade the cell cycle arrest 

and induction of apoptosis characteristically induced by IFNa in tumoural cells, as in huT78S, they 

also grow more rapidly in response to IFNa (Figure 6.1 C). This effect is very pronounced at 

concentrations of 1000U/ml IFNa, but is also observed at concentrations as low as lOOU/ml. 

Maximal induction of cell growth is observed at concentrations of 1000U/ml IFNa and higher IFNa 

concentrations do not show an added growth effect.

6.4.2 The role of STAT1 and STATS in IFNa resistance in MF cell lines

Previous studies have shown that IFNa resistance could be dependent on alterations in the level of 

expression of STATV^®” ** or defects in STAT3 activation” ,̂ presumably secondary to the 

presence of an undetected STAT1 null mutations or STATS active mutations. The data obtained in 

our experimental model do not confirm these results, since all expression analyses performed here 

(cDNA microarray, RQ-PCR and immunohistochemistry) show that the resistant cells preserve 

STAT1 and STATS expression and function. RQ-PCR showed that neither basal levels nor 

induction of STAT1 and STAT3 are different between sensitive and resistant cell lines variants 

(Figure 6.2). In both cases, STAT1 is sharply increased in response to IFNa, while no significant 

variation is observed in STAT3 mRNA expression (Figure 6.2). This is confirmed by studies using 

cDNA microarray analysis to compare gene expression between huT78S and huT78R, which found 

no significant differences in STAT1 and STATS mRNA expression. Immunohistochemical studies 

showed that in both sensitive and resistant variants, STAT1 and STATS are activated by IFNa as 

signalled by their nuclear localisation 24 hours after IFNa treatment (Figure 6.S). Thus, instead of 

unique alterations in genes closely related with the IFNa receptor pathway, the results presented 

here, point towards the implication of a relatively large number of genes involved in different cell 

pathways as being responsible for IFNa resistance.
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6.4.3 Membrane microdomains and alterations in NF-kB activation and

apoptosis in IFNa resistance in MF cell lines

In order to gain a better understanding of the intrinsic factors, which give rise to IFNa resistance, 

cDNA microarray analysis, was employed to look at differences in gene expression between the 

two variants of huT78. These analyses identified that in the huT78 cell line, resistance to IFNa is 

associated with significant changes in the expression of a total of 29 genes, of which 4 genes are 

overexpressed in huT78R cells while the remaining 25 genes are downregulated. The association 

of these genes with resistance to IFNa, has not been previously described.

The genes identified as being implicated in intrinsic resistance of cells to IFNa are involved in a 

variety of functions including membrane transport and signal transduction (MAL, CAV1, ARL5, 

SAMSN1, MAP2K1, SH2D1A), apoptosis (BAG3, SMAC, DAD1), stress-response (HSPA6), 

transcription regulation (ATF5), cell growth (MET, ETS2, VEGF, TNFSF7) and NF-kB activation 

(TNFSF7). In addition, genes with tumour suppressor properties (EPB41L3, CAV1) and oncogenes 

(MET, ETS2) are found. Although some of the genes identified by this strategy, have been 

described as belonging to the IFN pathway (P2Y5, DTR, VEGF), the presence of the majority of 

them can only be explained taking into account the relevant role that they play in the control of key 

cellular functions, such as signal transduction, cell growth or apoptosis.

Lipid rafts and caveolae are cell membrane microdomains that are detergent resistant and are
219 220enriched in cholesterol and other lipids such as gylcosphingolipids . Both microdomain types 

act as specialised signalling platforms or scaffolds, with many important signalling molecules 

isolated in these domains including G proteins, membrane bound receptors such as gp130 and IFN 

receptors (IFNAR1 and IFNGR2), non-receptor tyrosine kinases and STAT molecules. Indeed 

about 10% of STAT3, and other STAT molecules such as STAT1 and STATS, are found in such 

membrane microdomains^^V Gaveolae have a distinct invaginated form that is easily detected by 

electron microscopy while lipid rafts are less easily identified visually and their study relies mainly 

on biochemical isolation. Gaveolae are also distinguished by the presence of caveolins, such as 

GAV1, an integral component in the structural organisation of these microdomains, whose 

expression is repressed in IFNa resistant cells. Previous studies have shown that when GAV1 

expression is decreased (by v-SRC for example), there is a concomitant disappearance of 

caveolae in transformed cells^^^. Indeed reduced caveolae density is observed in a number of 

tumour types including ovarian cancer^^^, breast cancer^^'' and colon carcinoma^^®, and CAV1 has 

been proposed as a tumour suppressor gene. Loss of CAV1 and caveolae, which regulate 

signalling, contributes to poorly controlled cell growth in vitro and targeted downregulation of CAV1 

results in transformation, entry into the cell cycle, tumourigenesis, stimulated MARK signalling and 

enhanced cell growth.
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Another membrane microdomain scaffold protein gene, which Is deregulated in IFNa resistant 

cells, is T-cell differentiation gene MAL, which is strongly upregulated in resistant cells, although 

most T-cell lymphomas are MAL negative. MAL is a T-cell differentiation protein and its expression 

is normally associated with intermediate to late stages of T-cell differentiation. In general, 

differentiated cell types are less resistant to chemotherapeutic drugs, especially those that induce 

cell cycle arrest, although this is dependent on the molecular pathways of drug action. Therefore, 

for some drugs, especially those that do not act through specific signal transduction pathways, 

MAL expression would be expected to be associated with sensitivity rather than resistance. Since 

IFNa acts through a very specific signal transduction pathway, involving JAK/STAT signalling, MAL 

overexpression may not confer drug sensitivity as might be expected.

MAL acts as a scaffold protein in lipid rafts^^®, in a similar fashion to which CAV1 acts as a scaffold 

protein in caveolae. The localisation of MAL and CAV1 in distinct membrane microdomains^^^, 

suggests that they may have specialised functions. Therefore, downregulation of the tumour 

suppressor gene CAV1 may lead to a reduction of caveolae in IFNa resistant cells, with a 

subsequent deregulation of cell signalling and uncontrolled cell growth, entry into the cell cycle and

tumourigenesis. Additionally, the downregulation of CAV1 may abrogate correct IFNa signalling,
228  221 since caveolae have been shown to contain IFN receptors and STAT proteins . MAL

upregulation in the resistant cells suggests that, in the absence or depletion of CAV1, MAL

containing membrane rafts become more important for maintaining normal membrane trafficking

and signalling and may play a role in the increased cell growth observed in huT78R in response to

IFNa (Figure 6.8).

The importance of signal transduction control in resistance to IFNa is further emphasised by the 

downregulation of other genes important in signal transduction. SAMSN1 contains both a SAM 

(sterile alpha domain) and an SH3 domain in addition to a nuclear localisation signal. SAM 

domains are 70 amino acid interaction domains present in diverse proteins including ETS 

transcription factors, the p53 gene family and signalling molecules such as tyrosine and 

serine/threonine kinases. The presence of SAM and SH3 in a protein is often indicative of a 

scaffolding or adapter protein, which is responsible for facilitating the joining of proteins in a signal 

transduction cascade. Furthermore, this gene maps to human chromosome 21q11.2 in a region
229that is frequently disrupted by translocation events in haematopoietic malignancies . Another 

gene containing a SAM domain, ETS2 is also downregulated in huT78R cells. Although ETS2 is an 

oncogene, its role in regulation of signal transduction may play some role in explaining the failure of 

IFNa signalling to proceed correctly in huT78R cells (Figure 6.8).

The SH2D1A gene, encodes a small protein containing a single SH2 domain, and is thought to act 

as an adapter molecule in signal transduction pathways. In vitro and in vivo analysis of gene 

expression suggests that this gene is an intrinsic component of lymphocyte activation pathways, 

being present in activated lymphocytes and high grade lymphomas^^°.
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SH2D1A is a putative tumour suppressor gene, with deletions and nonsense mutations of this gene 

having been described in Duncan’s disease/X-linked lymphoproliferative disease^^^’̂ ^̂ , 

characterised by severe immunodeficiency following Epstein-Barr virus infection with symptoms 

including malignant lymphoma^^^. This suggests that downreguiation of this gene in huT78R may 

play a role in resistance, in terms of cell growth and deregulation of signal transduction pathways 

(Figure 6.8).

Other genes critical in both signal transduction and cell adhesion are also downregulated in 

huT78R including the EMR1 hormone receptor, the P2Y5 purinergic receptor, the diphtheria toxin 

receptor DTR, actin binding C0R02A, the GTP binding ARL5, VEGF, MAP2K1, procadherin 9 and 

metallothionein (MT1L), indicating the generalised deregulation of signal transduction pathways 

and the loss of external growth control mechanisms in resistant cells. This is further emphasised by 

the downreguiation of the T-cell receptor a locus in huT78R (Figure 6.8).

Overexpression of oncogenes and downreguiation of tumour suppressor genes is another feature 

of IFNa resistance in huT78R. The MET oncogene, overexpressed in huT78R, encodes the 

hepatocyte growth factor receptor, which belongs to the tyrosine kinase family of growth factor 

receptors. It is capable of activating some signal transduction pathways, including the RAS/MAPK 

pathway, and may also be capable of NF-kB activation. Deregulation of MET signalling is a feature 

of many human malignancies and studies in mouse models have shown that overexpression of 

MET induces tumours and metastasis^^. Interestingly, studies in hepatocytes have shown that 

IFNa downregulates MET resulting in attenuation of hepatocyte growth factor induced signals and 

cell proliferation^^®. Furthermore, MET is capable of activating NF-kB, thereby inducing cell 

proliferation^^®. Therefore, overexpression of MET by resistant cells may be an important step in 

IFNa resistance. Tumour suppressors downregulated in huT78R include CAV1 (as previously 

discussed) and EPB41L3 {DAL-1 or 4.1 B) an actin binding protein^^^ (Figure 6.8).

Defects in apoptotic signalling in the huT78R cell line also play a critical role in IFNa resistance. 

SMAC/DIABLO is an activator of apoptosis, which interacts with, and opposes the apoptosis 

inhibitory action of, members of the lAP family such as BIRC2 (clAP1), BIRC3 (clAP2), BIRC4 

(XIAP) and BIRC7. It is located in the mitochondria but is released into the cytosol when cells 

undergo apoptosis, and functions by activating caspases in the cytochrome C/APAF1/Caspase 9 

pathway. In huT78R cells, this gene is significantly downregulated compared with huT78S cells and 

its role in IFN resistance is underscored by previously reports that this gene can be induced by IFN 

activity^^® (Figure 6.8). However, in addition to downreguiation of apoptosis inducing genes, a 

number of genes involved in protection against apoptosis are also downregulated in huT78R such 

as DAD1 and BAG3. It is likely, therefore, that equilibrium between changes in cell cycle control, 

signal transduction and apoptosis is critical in determining the final outcome in these cells.
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Finally, activation of NF-kB survival signalling may play a role in IFNa resistance as signalled by 

upregulation of TNFSF7 (CD27) in huT78R. The critical role of CD27 in MF tumourigenesis has 

already been discussed in chapter 4 (Figure 4.4). CD27 is a surface antigen found on activated, but 

not resting, B- and T-cells, and is involved in induction cell proliferation^^®. Furthermore, it is a 

potent inducer of the MAPK8/JNK signalling pathway and NF-kB activation^''” , which has been 

associated with resistance to apoptosis in huT78^® cells and with resistance to chemotherapy^®'^®. 

Therefore, overexpression of CD27 may be a critical factor in the resistance phenotype observed in 

huT78R (Figure 6.8). Additionally, a role for membrane microdomains, such as caveolae and lipid 

rafts has been described in NF-kB signalling.

Many members of the NF-kB activation cascade, including IkK, are either constitutively or inducibly 

translocated to the lipid raft fraction, showing a highly organised spatial distribution of these NF-kB 

activating proteins^^^. Furthermore, the presence of lipid rafts is critical for the outcome of TNF 

activated signalling pathways, with lipid raft destruction leading to apoptosis rather than NF-kB 

activation by TNF'®®' '̂*  ̂ and CD40 activation of NF-kB may also be dependent on lipid rafts^''^. The 

studies presented here, show that lipid rafts appear to be more abundant in IFNa resistant cells, as 

signalled by overexpression of MAL, a critical scaffolding protein in membrane rafts^^®, and this 

suggests that TNF causes NF-kB activation rather than apoptosis in IFNa resistant cells.

In summary, these results show that resistance to IFNa in MF cells is dependent on changes in the 

expression of a relatively large number of genes, including genes implicated in signal transduction, 

oncogenesis, apoptosis and NF-kB activation. Cell membrane microdomains play a particularly critical 

role in resistance, with CAV1 tumour suppressor gene downregulation leading to loss of caveolae 

and subsequent loss of control of cell growth, tumourigenesis and stimulated MARK signalling. 

Other membrane microdomains are also altered with overexpression of MAL, encoding a lipid raft 

scaffolding protein, highly overexpressed in huT78R. In addition to serious and widespread effects 

on control of signal transduction, resistant cells experience an increase in oncogenesis due to 

overexpression of oncogenes such as MET and downregulation of tumour suppressor genes such 

as CAV1 and EPB41L3. Defects in apoptotic signalling are reflected in the downregulation of the 

apoptosis-inducing molecule SMAC/DIABLO. NF-kB activation may play a role in IFNa resistance 

as signalled by upregulation of TNFSF7 {CD27)^*°, and lipid raft upregulation^^^ in huT78R

(Figure 6.8).
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Membrane microdomains and alterations in NF-kB activation and apoptosis in IFNa resistance

Cell membrane microdomains play a critical role in IFNa resistance, with CAV1 tumour suppressor gene 

downregulation leading to loss of caveolae and subsequent deregulation of signal transduction control, leading to 

cell proliferation and NF-kB activation. Additionally, cells become independent of external signals through 

downregulation of a number of receptors. Other membrane microdomains are also altered with overexpression of 

MAL, encoding a lipid raft scaffolding protein. Increase cell proliferation is a result of overexpression of 

oncogenes such as MET and downregulation of tumour suppressor genes such as CAV1 and EPB41L3. 

Overexpression of CD27 and MET lead to NF-kB activation and reduced apoptosis signalling is reflected in the 

downregulation of the apoptosis-inducing molecule SMAC/DIABLO. Genes upregulated in huT78R are denoted 

by red text labels while genes downregulated in huT78R are denoted by green text label.
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6.4.4 Differential regulation of genes implicated in JAK/STAT signalling,

cell cycle control, apoptosis and activation of NF-kB, contribute to 

IFNa resistance in MF cell lines

While differences in basal gene expression between sensitive and resistant cell lines may partly 

explain the differential response to IFNa, none of the genes identified are clearly related to IFNa 

signalling. These basal changes are therefore likely to be most important in terms of their effect on 

downstream IFNa signalling after IFNa treatment. MAL and CAV1 are very important for control of 

signal transduction through their regulation of membrane microdomains and basal gene expression 

differences between sensitive and resistant cell line variants may lead to perturbed downstream 

IFNa signalling, including changes in the regulation of JAK/STAT signalling, cell cycle control and 

control of apoptosis. Time course studies revealed a total of 218 genes, where IFNa treatment 

resulted in significant differences (either induction or repression of gene expression) between 

huT78S and huT78R cell lines. Of these genes, approximately one third are induced in huT78S but 

not in huT78R while the rest are induced in huT78R but not in huT78S. Most differences in gene 

regulation are observed at early and late time points representing direct and indirect gene 

expression changes respectively. A suggested model of IFNa resistance is proposed in Figure 6.9.

6.4.4.1 Changes in signal transduction pathways and JAK/STAT signalling

in IFNa resistance

It is likely that initial defects in JAK/STAT signalling genes and ISG expression observed at early 

time points, may be critical in determining the final phenotype of cells after IFNa treatment. 

Additionally, these defects are likely to be directly or indirectly responsible for the large number of 

genes differentially expressed at late time points, when the largest phenotypic difference can be 

observed between the two cell lines.

The genes differentially regulated at early time points include JAK/STAT signalling related 

transcription factors IRF1 and other ISGs such as IFITM1, IFITM2, IFITM3 and ISG15, while 

regulation of other ISGs and transcription factors are disturbed at later times (IFIT1, IFRG28, MX1, 

MX2, 0AS2, G1P3 and IRF7). This suggests that the mechanisms by which most ISGs are 

induced, are deactivated or defective in resistant cells. The effects of these changes in gene 

regulation may be far reaching, effecting changes both in genes implicated in control of cell cycle 

and apoptosis (Figure 6.9). Similar changes in gene regulation of the IFITM1, IFITM2, IRF7 and

G1P3 genes following IFNa treatment has been previously described in association with IFNa
201resistance in melanoma cell lines
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IRF1 is a tumour suppressor gene, and deletions or rearrangennents of IRF1 are implicated in pre- 

leukaemic myelodysplastic syndrome and acute myelogenous leukaemia^'*^. It exerts its anti

proliferative effects by controlling the expression of key genes that regulate cell cycle progression 

such as the G1/S phase-related CDK2^°^. In huT78S cells, a large number of ISGs were found to 

be co-ordinately regulated in a bimodal fashion, with upregulation of gene expression at 8 and 24 

hours. It was postulated that this bimodal pattern was the result of an autocrine loop, in which IFNa
207 208induces its own transcription through induction of the IRF1 and IRF7 transcription factors . In 

huT78R, both IRF1 and IRF7 fail to show induction in response to IFNa, which suggests that no 

amplification of the IFNa signalling cascade occurs in these cells. Additionally, the lack of IRF1 

induction suggests that CDK2 is not inhibited and cell cycle continues (Figure 6.9).

The lack of upregulation of another subset of the ISGs differentially regulated in huT78R, may also 

help to explain the resistance phenotype observed. As mentioned previously, ISG15 Is involved in the 

degradation of proteins implicated in initiation and regulation of meiosis and mitosis, initiation of 

translation and proteins involved in signal transduction by a variety of growth factor stimuli. Therefore, 

upregulation of ISG15 as seen in huT78S at early time points, and significantly increased 

upregulation of ISG15 at late time points compared with huT78R, has important negative 

consequences for cell growth and survival of huT78S cells. 0AS2 is a member of the 2'-5'- 

oligoadenylate synthetase family and it constitutes a regulated RNA decay pathway which is 

activated in response to a viral infection, diminishing the production of viral protelns^"*^. RNaseL is 

another important component of this system and mutations in the RNaseL gene are associated with 

familial prostate cancer, suggesting that RNaseL deficiency Is a risk factor for cancer and implying 

that activation of the OAS enzymes is an anti-prollferative mechanism in tumour cellŝ "*®. The lack of 

upregulation of 0AS2  in huT78R may therefore, also contribute in an important manner to the 

resistance phenotype. Finally, MX1 and MX2, the myxovirus resistance genes, may be involved in 

inhibition of viral and cellular protein synthesis and apoptosis^''® and the lack of induction of these 

genes gives an obvious survival advantage to these cells in the face of IFNa treatment (Figure 6.9).

In terms of other important signalling pathways no widespread changes in gene regulation were 

observed. However, huT78R cells did show a failure to upregulate MAPKAPK2 a gene activated by 

MAPK14, at late time points. Since MAPK14 activity is Important for the suppressive effects of 

IFN^"* ,̂ this defect in MAPKAPK2 upregulation may indicate some defects in MARK signalling, 

contributing to the resistance phenotype observed (Figure 6.9).

6.4.4.2 Cell cycle control defects in IFNa resistance

IFNa-induced cell cycle arrest and apoptosis do not occur in huT78R as occurs in huT78S, and in 

fact, IFNa induces increased proliferation in huT78R (Figure 6.1). This increased proliferation and 

lack of cell cycle arrest Is reflected in the changes observed in the regulation of numerous genes 

implicated in cell cycle control.
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At early time-points, positive cell cycle regulators are induced in huT78R including CDC42, ARHC, 

CHD4, DDXL, PRL26, RPL10A, RELB and SSPN. Both DDXL and CHD4 encode helicases, which 

play a critical role in the regulation of chromatin structure during DNA replication, and play a critical 

role in cell cycle control and cell growth. The RPL26 and RPL10A genes encode components of 

the 60S ribosomal protein critical for protein synthesis, and therefore play a critical role in cell 

growth. SSPN is a KRAS oncogene-associated gene and plays a role in KRAS oncogenesis 

(Figure 6.9).

ARHC, is a RAS oncogene homologue also known as Oncogene PhoH9 or RhoC. It is a member 

of the Rho family of GTPases and regulates the actin cytoskeleton, cell movement, and cell growth. 

Unlike RAS, up-regulation or overexpression of these GDP/GTP binding molecular switches has 

been associated with human cancer. Its role as a marker of progression and metastasis has been 

described in a large number of tumours including Hodgkin’s lymphoma^'*®. CDC42 also encodes a 

small GTPase of the Rho-subfamily, which regulates signalling pathways that control diverse 

cellular functions including cell morphology, migration, endocytosis and cell cycle progression. It 

plays a critical role in control of cell cycle by promoting G1/S cell cycle progression. It is also 

implicated in activation of the Jun kinase pathway (Figure 6.9).

Few differences in gene regulation at intermediate time points are observed. However, the PIM2 

oncogene is downregulated in huT78S cells, whereas in huT78R no change in expression is 

observed, another indication of the growth and survival advantages which huT78R has over 

huT78S. Expression of PIM2 is found in many leukaemia and lymphoma cell lines and plays a 

critical role in both cell proliferation and meiosis.

At late time-points a large number of differences in gene regulation is observed. This includes 

downregulation of a number of important genes in huT78S including P0LR2G, PRKDC, TDG, 

SMARCA2, N0VA1, ARHGEF6 and PAK2 but not in huT78R. As mentioned previously, P0LR2G  

encodes an important subunit of RNA polymerase II, and is responsible for synthesising mRNA. 

Meanwhile both TDG and PRKDC are involved in DNA repair and recombination. SMARCA2 is a 

helicase with an important role in DNA replication while N0VA1 is a splicing factor. The 

downregulation of these genes is observed exclusively in huT78S suggesting that after IFNa 

treatment in huT78R, mRNA synthesis, splicing and DNA repair and recombination remain active, 

while these functions are diminished in sensitive cells (Figure 6.9).

ARHGEF6, another Rho GTPase that is differentially regulated by IFNa between huT78S and 

huT78R, plays a fundamental role in numerous cellular processes including cell growth. Meanwhile 

PAK2, the p21 activated kinase 2, is a critical effector that links Rho GTPases to cytoskeleton 

reorganisation and nuclear signalling and it serves as a target for the small GTP binding proteins 

CDC42 and AKT1. The downregulation of these 2 genes in huT78S corroborates evidence of the 

role of Rho GTPases in resistance, as shown by upregulation of other Rho GTPase family 

members, including CDC42, at early time points in huT78R (Figure 6.9).
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As mentioned previously, tumour suppressor gene upregulation by IFNa is a feature of cell cycle 

arrest in huT78S. In the comparison of huT78S and huT78R gene regulation by IFNa, 2 tumour 

suppressor genes, TSSC4 and BTG1, are found to be upregulated in huT78S but not huT78R. The 

TSSC4 gene is found in the imprinted gene domain of 11p15.5, an important tumour-suppressor 

gene region. Alterations in this region have been associated with various tumours including 

adrenocortical carcinoma and lung, ovarian and breast cancers.

BTG1, B-cell translocatlon gene 1, is a member of a family of anti-proliferative genes and Its 

expression is maximal in the G0/G1 and downregulated when cells progressed through the G1 

phase of the cell cycle (Figure 6.9).

Finally, some important genes are upregulated in huT78R while their expression remains 

unchanged in huT78S. These include CDC25A, INSIG1, RAD23B  and EIF4A2. CDC25A is a 

member of the CDC25 family of phosphatases and is a well-documented ISG with oncogenic 

properties. Its expression is required for G1/S cell cycle progression®®. INSIG1 In an Insulin induced 

gene and is thought to play a regulatory role during G0/G1 transition of the cell cycle. RAD23B is 

involved in DNA nucleotide excision repair and may play a role in DNA damage recognition and/or 

in altering chromatin structure to allow access by damage-processing enzymes. Finally, EIF4A2 is 

a eukaryotic translation initiation factor and also acts as a helicase (Figure 6.9).

6.4.4.3 Changes in genes involved in the control of apoptosis in IFNa

resistance

There is a clear difference In induction of apoptosis between huT78S and huT78R in response to 

IFNa. However, only a small number of genes show differences in regulation between huT78S and 

huT78R, although these genes are likely to play a critical role in determining the final phenotype of 

these cells. At early time points, upregulation of FASTK  and LTB is observed in huT78R cells and 

not in huT78S cells. FASTK is involved in FAS Induced apoptosis and the role of its upregulation in 

resistance cells is unclear. The role of LTB (lymphotoxin (3) has previously been described in terms 

of NF-kB activation in MF cases (chapter 3, chapter 4). LTB complexes with lymphotoxin a  (LTA) 

and is an inducer of the Inflammatory response system and involved in normal development of 

lymphoid tissue through NF-kB activation. However, LTB is also capable of inducing apoptosis 

(Figure 6.9).

A larger number of differences are observed at later time points Including upregulation of BAD, 

HSXIAPAF1, TRADD and BNIP3 confined to huT78S cells and downregulation of CSE1L in 

huT78R cells only. BNIP3 Is a BCL2 binding protein and Its overexpression in vitro induces 

apoptosis within 12 hours. Overexpression of BNIP3 has also been associated with increased 

sensitivity to apoptosis caused by granzyme B or topoisomerase inhibitors^^"*.

122



Chapter 6 IFNa resistance in MF

BAD, BCL2 antagonist of cell death, encodes a BCL2 family member of cell death regulators. The 

BAD protein positively regulates apoptosis by forming heterodimers with BCL-xL and BCL-2 and 

reversing their death repressor activity, and the role of BAD in suppressing tumourigenesis in the 

lymphocyte lineage has been described^'*®. HSXIAPAF1 induces apoptosis by antagonising XIAP, 

a caspase inhibitor protein^^® and may also play a role in augmenting TRAIL induced apoptosis^'® 

(Figure 6.9).

Although HSXIAPAF1 regulation does not differ at early time points, at late time points, when 

apoptosis is evidently underway in huT78S, a clear difference in HSXIAPAF1 regulation is 

observed, with huT78R cells failing to maintain HSXIAPAF1 induction as has been previously 

described in IFNp resistant cells^^®. The death receptor TRAIL induces apoptosis by recruitment of 

TF^D D  and subsequent activation of caspase 8 through adapter proteins such as FADD®®'̂ ®®. In 

the case of huT78S, TRAIL and HSXIAPAF1 are upregulated throughout the time course, with 

TRADD induced at later time points. Meanwhile huT78R cells fail to show sustained upregulated of 

HSXIAFAF1 and show no upregulation of TRADD, indicating the possible critical role of this system 

in IFNa resistance in huT78R.

The fact that some pro-apoptotic genes are induced by IFNa in huT78R but not in huT78S such as 

FASTK, suggests that the balance of pro-apoptotic and anti-apoptotic factors, in addition to a balance 

of cell cycle promoting factors, may be critical for determining the IFNa response (Figure 6.9).

6.4.4.4 NF-kB activation in IFNa resistance

NF-kB activation is a feature of MF and has been documented both in patient samples as shown in 

chapters 3 and 4, and in cell lines where it has been associated with resistance to apoptosis in 

huT78^®'^^ and with resistance to chemotherapy^®'^®. In the current study, IFNa induction of 

important players in the NF-kB pathway such as RELB and LTB was observed in huT78R only. No 

induction of either gene was observed in huT78S. A discussed previously in detail, RELB is a 

subunit of the NF-kB transcription factor complex while lymphotoxin p (LTB), is a member of the 

TNF family and is involved in NF-kB activation, T-cell activation and proliferation. Furthermore, 

studies of the differences in basal genes expression levels between IFNa sensitive and resistant 

cell line variants showed that NF-kB may be activated by overexpression of MET and CD27, and 

NF-kB activation is supported by lipid rafts and overexpression of the lipid raft scaffolding 

component MAL in huT78R. This data, in addition to data concerning induction of NF-kB pathway 

components in response to IFNa in huT78R, supports a critical role for NF-kB activation in 

resistance to IFNa in CTCL.
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Figure 6.9

Proposed model for the defects in IFNa gene regulation in huT78R giving rise to IFNa resistance

At early time points, perturbed JAK/STAT signalling is observed virith lack of induction of IRF1 and reduced 

induction of IRF7. Subsequent induction of ISGs such as 0AS2 and IFIT1 is perturbed and most ISGs are not 

induced or are induced to a significantly lesser extent than in huT78S. Resistance to IFNa appears to be 

associated with deregulation of the apoptotic signals of HSXIAPAF1 and TRADD and mitochondrial apoptosis 

regulators BAD and BNIP3. Additionally, cell cycle progression is associated //ith induction of mitotic inducers 

CDC25A and CDC42 and increased cell survival is accompanied by upregulation of important genes involved 

in NF-kB activation such as LTB and RELB. Red text labels indicate genes whose expression is induced by 

IFNa while orange text labels indicate genes that are induced in huT78R but to a significantly lesser extent 

than in huT78S. Black text labels with a grey cross indicate no change in expression in huT78R while in 

huT78S these genes are upregulated by IFNa, while blue text labels indicate genes whose expression in 

huT78R is unchanged while in huT78S these genes are downregulated by IFNa.
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6.4.5 Expression of MAL protein may contribute to the prediction of the

response of MF patients to IFNa treatment

The gene upregulated to the highest degree at basal level in huT78R, MAL, was found to be a 

prediction factor for IFNa treatment outcome in a clinical series. MAL protein expression was 

analysed in 20 patient samples treated with IFNa and/or PUVA and variability in expression was 

observed. The relationship between MAL expression and the response to therapy was examined 

using the Fisher's exact test. Of the 10 patients who achieved complete remission within 16 weeks 

of treatment (i.e. rapid response), 70% do not express the MAL protein while 80% of the 10 

patients with slow response to treatment do express MAL protein. The association between MAL 

expression and absence of complete remission within 16 weeks was significant (Fisher’s exact test, 

p=0.03).

Taking into consideration exclusively the 10 patients treated with IFNa+PUVA, 6/10 of them 

presented rapid response to treatment and the remaining 4 patients showed a slow response. 

Among the rapid response patients, only 1/6 expressed MAL protein. All 4 patients with slow 

response were MAL positive. Again, the Fisher’s exact test showed a statistically significant 

difference (Fisher’s exact test, p=0.04).

At present, no other method of predicting patient outcome to IFNa treatment is available and 

therefore immunohistochemistry for the MAL protein may represent an important step toward 

selection of appropriate therapy for individual MF patients.
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7.1 Tumourlgenesis of MF is a combination of endogenous TNF production and

subsequent NF-kB activation

Microarray analysis revealed 27 genes whose expression is significantly different between MF and 

non-tumoural ID cases. Most interesting is the observation that many genes involved in TNF 

production and survival signalling by NF-kB are upregulated in MF cases, including clAP2, TRAF1, 

LYN, HCK, CD40 and PRKCH. MF tumourigenesis is associated with activation of the NF-kB 

survival pathway through TNFR2 and other TNF family receptors lacking a death domain such as 

CD40 and LTB, in addition to inhibition of the pro-apoptotic pathways of TNFR1 and other death 

receptors. IL2 may also play a critical role in MF tumourigenesis through its receptor by activating 

JAK2 and STAT4 and subsequently inducing expression of oncogenes such c-MYC, LYN and 

HCK. LYN and HCK participate in an autocrine loop by promoting endogenous TNF production and 

thereby auto-stimulating TNFR1 and TNFR2 NF-kB activation pathways, and creating a feedback 

loop of TNF survival pathway activation, as has previously been described in MF cell lines^®'^^.

Additional studies of NF-kB activation pathways in MF, have confirmed that important NF-kB- 

activating receptors such as CD40, CD27 and LIGHT-R, ligands such as LTB and BAFF and 

interleukins, are overexpressed in this MF series, accompanied by overexpression of signalling 

molecules including TRAF1. This results in NF-kB activation and transcription activation. In turn, 

many NF-kB target genes are overexpressed, including important anti-apoptotic genes clAP2, 

XIAP, survivin, BCL-xL and c-FLIP. IkB  genes are also overexpressed. Surprisingly, potent pro- 

apoptotic genes are overexpressed in a large proportion of MF cases in this series such as TRAIL 

and FAS receptor. However, the overexpression of a large number of anti-apoptotic genes may 

protect against TRAIL, FAS and other death receptor induced apoptosis. NF-kB activation as a 

common trait in MF has been confirmed by the presence of phosphorylated k B a  in all cases 

studied.

7.2 A 6-gene MF prediction model provides a high accuracy in diagnostic

prediction of IVIF cases

The 27 genes in the MF tumourigenesis model can be grouped into 6 clusters. The average signal 

from these 6 clusters, can correctly assign class in 100% of both the original MF series and the 

blind set of 24 MF patients. From the 27 gene model, a 6-gene prediction model was constructed, 

which provides an unprecedented accuracy in diagnostic prediction, correctly classifying 97.3% of 

the original series and 97.0% of the MF blind set. Further weight to the validation of this prediction 

model is provided by the exclusive presence in the blind set of cases with early stages of MF, 

whose histology more closely mimics that of ID cases. The exceptional accuracy of this model in 

the differential diagnosis of MF could have important implications for clinical evaluation of 

suspected MF cases and could lead to a reduction in MF diagnosis times, with current diagnostic 

methods leading to delays of up to 6 years in diagnosis.
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7.3 Hierarchical clustering analysis reveals a group of MF cases characterised

by a more aggressive phenotype

Hierarchical clustering of 53 MF samples revealed 2 main MF clusters, w/ith some characteristics 

associated with more aggressive phenotypes, having a tendency to be found in cluster 2 cases. All 

tumour-stage disease cases, along with cases expressing activated nuclear STATS, are statistically 

more common in cluster 2 cases. Analysis of the genes which are differentially expressed between 

the 2 clusters, and analysis of these clusters in terms of NF-kB pathway gene expression, suggest 

that while NF-kB activation may be a common event in the tumourigenesis of MF, the two 

subgroups of MF cases identified, show different characteristics in terms both of NF-kB activation 

and expression of oncogenes, growth factors. Interleukins and cell cycle control genes. Cluster 1 

cases tend to be less aggressive and these cases are more dependent on overexpression of 

growth factors, interleukins and positive cell cycle regulators and oncogene HRAS for their growth. 

Notwithstanding these cases also show overexpression of some important NF-kB pathway genes 

such as XIAP, TNFRSF11A (RANK) and TNFSF4 (OX40L).

Cluster 2 cases tend to exhibit a more aggressive phenotype and show overexpression of a large 

number of genes associated with NF-kB activation including clAP1 and TNFRSF12 (AP03L) and 

NFKB2, NAIP, BIRC6, TRAIL and APRIL with lower significance. Additionally, a large number of 

potent oncogenes are upregulated some of which also play a role in NF-kB activation, while tumour 

suppressor genes are downregulated as compared with duster 1 cases. Overall a stronger NF-kB 

activation, distinct mechanisms of NF-kB activation or increased inflammation, in combination with 

strong oncogenic pathway activation may help explain the tendency for cluster 2 cases to show a 

more aggressive phenotype.

7.4 IFNa induces cell cycle arrest and apoptosis in tumoural T-cells, but IFNa

resistant cells avoid induction of apoptosis and proliferate in response to 

IFNa

huT78S is an MF derived cell line, which is highly sensitive to IFNa. Treatment with IFNa induces 

expression of many important JAK/STAT signalling molecules such as STAT1, STAT4, IRF1, IRF7 

and SSI-3 (S0CS3) shortly after IFNa treatment. At later time points, induction of pro-apoptotic 

genes such as TRADD, TNFSF10 (TRAIL), BAD, BNIP3 and HSXIAPAF1 is observed in 

combination with cell cycle arrest achieved by down-regulation of CDK4, CCNG2 (Cyclin G2) and 

P0LR2G  amongst others, and upregulation of CDKN2C (p18) and tumour suppressor genes. In 

the resistant cell line huT78R, perturbed JAK/STAT signalling is observed with lack of induction of 

IRF1 and reduced induction of IRF7. Subsequent induction of ISGs such as OAS2 and IFIT1 is 

disturbed and most ISGs are not induced or are induced to a significantly lesser extent than in 

huT78S.
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Resistance to IFNa appears to be associated with deregulation of the apoptotic signals of 

HSXIAPAF1 and TRADD and mitochondrial apoptosis regulators BAD and BNIP3. Additionally, cell 

cycle progression is associated with induction of mitotic inducers CDC25A and CDC42 and 

increased cell survival is accompanied by upregulation of important genes involved in NF-kB 

activation such as LTB and RELB.

7.5 Alterations in membrane microdomains, NF-kB activation and increased cell 

proliferation, play a critical role in IFNa resistance, while STAT defects do not 

appear to contribute to this phenomenon.

A total of 29 genes were found to be differentially expressed at the basal level between huT78S 

and huT78R. Cell membrane microdomains play a critical role in IFNa resistance, with CAV1 

tumour suppressor gene downregulation at the basal level, leading to loss of caveolae and 

subsequent deregulation of signal transduction control, leading to cell proliferation and NF-kB 

activation. Additionally, cells become independent of external signals through downregulation of a 

number of receptors. Other membrane microdomains are also altered with overexpression of MAL, 

a gene encoding a lipid raft scaffolding protein. Increased ceil proliferation is a result of 

overexpression of oncogenes such as MET and downregulation of tumour suppressor genes such 

as CAV1 and EPB41L3. Overexpression of CD27 and /WET lead to NF-kB activation, and reduced 

apoptosis signalling is reflected in the downregulation of the apoptosis-inducing molecule 

SMAC/DIABLO.

Previous studies report a link between STAT1 and STATS and resistance to IFNa^^°’ ^̂ ’^̂ ‘’ . The 

studies presented here, do not support a role for STAT1 and STAT3 in IFNa resistance in this cell 

line model with no significant difference observed in STAT1 and STATS basal expression, IFNa 

induction and IFNa activation between IFNa sensitive and resistant cell line variants.

7.6 MAL expression is associated with a poor response to IFNa in patient 

samples and may be used as a predictive marker for determining treatment 

outcome

MAL is the gene upregulated to the highest degree at basal level in huT78R. MAL protein 

expression was analysed in 20 patient samples treated with IFNa and/or PUVA and variability in 

expression was observed. MAL expression was associated with poor outcome in the complete 

patient series and also in patients treated with IFNa + PUVA. In both cases, the Fisher’s exact test 

showed a statistically significant difference. Therefore, MAL may be a useful marker for predicting 

treatment outcome and may be useful for treatment selection in MF, where more treatments are 

available.
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The work presented here, represents an important step in the understanding the tumourigenesis of 

MF, a lymphoma whose diagnosis and treatment pose a number of important problems in a clinical 

setting. Results from the current study, suggest that NF-kB activation is a critical step in MF 

lymphomagenesis and may be potentiated by endogenous TNF production. While gene expression 

studies and studies of k B a  phosphorylation in MF tumour samples, have confirmed that NF-kB 

activation is a common characteristic in MF cases, further studies of NF-kB activation would be of 

interest. Firstly, specific techniques such as Electromobility Shift Assays (EMSA) could be used to 

confirm NF-kB transcription factor binding to DNA, and to identify the NF-kB transcription factor 

subunits most critical in MF tumourigenesis. Such work requires a relatively large amount of frozen 

tissue from each sample and therefore this work would be limited by biopsy size and frozen biopsy 

availability. Additionally, experiments in MF derived cell lines using small interfering RNAs (siRNA) 

to inhibit translation of specific gene products (such as TNF, TFJAF1, or c-FLIP) or treatment of cell 

lines with TNF and/or NF-kB inhibitors (such as curcumin and BAY11) and posterior analysis of 

gene expression by microarray analysis and other techniques, could help in the understanding of 

the mechanisms of NF-kB activation in MF.

Since the NF-kB activation observed in MF cases may be a result of an inflammatory host 

response to the tumour, rather than a characteristic of the tumour itself, it would be of interest to 

study NF-kB activation in isolated tumoural cells rather than the whole tissue. This task is impeded 

by the difficulty posed for microdissection of these samples as outlined in chapter 3, although 

ongoing improvements in techniques and apparatus may permit these studies in the not-so-distant 

future. These studies would then allow us to answer the question of whether NF-kB activation is an 

important feature of the MF tumoural cell itself and if, in fact, NF-kB activation is the result of a host 

inflammatory response, what is it about MF cells that is driving these differences in inflammation?

Hierarchical clustering analysis of MF cases reveals a group of MF cases with increased 

aggressiveness. These cases show differential expression of oncogenes, growth factors, cell cycle 

regulators, interleukins, NF-kB pathway genes and tumour suppressor genes. It would be of great 

interest to further delineate this aggressive MF cluster by examining additional clinical parameters 

including response to different treatments, duration of complete treatment responses, overall 

survival, progression, lesion type and the immunophenotypical characteristics described here, 

which were limited in this case due to the reduced number of available paraffin embedded tissue 

samples and lack of sufficient clinical data and follow-up. Furthermore, this analysis would need to 

be stage-corrected to avoid possible bias due to stage. If the presence of a more aggressive sub

group of patients is confirmed by further analysis, this could have important clinical implications. 

Patients in the more aggressive patient category could be given more potent therapies from an 

early stage, to increase survival and improve the rate of disease remission. Furthermore, these 

analyses have identified that STATS activation may be associated with the more aggressive MF 

phenotype, and STATS could therefore be a potential target for treatment of aggressive MF cases. 

Indeed, STATS has previously been proposed as an anti-cancer target for lymphomas^®” .
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It would also be of interest to identify gene expression signatures associated with various clinical 

and histological characteristics of MF such as tunnour stage disease, MF with nodal involvement, 

progression to Sezary syndrome, increased large cell component, refractivity to treatment, disease 

stage, disease progression, high proliferation index and aberrant phenotype (CD4-/CD8+/CD7+). 

This would aid in the understanding of the molecular mechanisms underlying such characteristics 

and may be useful in identifying cases which may later show disease progression, develop tumour 

stage lesions or Sezary syndrome and show nodal involvement. Such analysis may also identify 

specific therapeutic targets allowing the prevention or targeted therapies for tumour lesions, Sezary 

syndrome and nodal involvement and prevention of disease progression.

The work presented here, could have immediate clinical implications, allowing quicker diagnosis of 

MF cases using a reduced number of markers, and employing immunohistochemistry and/or RQ- 

PCR techniques. In a clinical setting the sole use of immunohistochemistry techniques would be more 

favourable and therefore the development of monoclonal antibodies for those genes for which an 

antibody is not already available, would be of importance. The identification of the NF-kB pathway as 

an important player in lymphomagenesis in MF opens the door towards the development of new 

therapeutic strategies for this lymphoma. Possible treatment strategies include NF-kB inhibitors such 

as curcumin and BAY11, proteosome inhibitors that cause a reduction in NF-kB activation such as 

Velcade (Bortezomib), which has been approved for the treatment of multiple myeloma, or inhibition 

of endogenous TNF by using antibodies or other drugs. These strategies could possibly be used in 

combination with other biological response modifiers currently in use in the treatment of MF such as 

IFNa or bexarotene, to improve response. Previous studies have shown that TNF inhibitors, NF-kB 

inhibitors such as BAY11 and proteasome inhibitors such as MG132 and gliotoxin can increase 

apoptosis in MF cell lines^®'^ .̂

At present, inhibitors of TNF such as Infliximab (Remicade) (Centocor, Malvern, USA), Etanercept 

(Enbrel) (Immunex Corporation, Thousand Oaks, CA) and Adalimumab (Humira) (Abbott 

Laboratories, Illinois) are commercially available, and have been approved for treatment of diseases 

such as Crohn’s disease, a disorder involving uncontrolled proliferation of mucosal T-lymphocytes 

and rheumatoid arthritis. These therapies represent potential candidates for the treatment of MF and 

merit further study. Other ongoing studies have shown that therapeutic approaches such as the use 

of dominant negative TNF molecules could be useful for the treatment of diseases such as 

rheumatoid arthritis which involves inflammatory processes as a result of TNF production^®\ and 

therefore such approaches may also be of interest in combating MF. Unfortunately, pilot studies of 

Etanercept published in August 2004 have suggested that while this treatment is safe and well 

tolerated, response rates are low and responses are confined to early stage MF patients^®^. 

Furthermore, it is important to note that patients with Crohn’s disease and rheumatoid arthritis appear 

to be at risk from lymphoproliferative disorders mainly Hodgkin’s lymphoma and B- cell non-Hodgkin’s 

lymphomas^“ , and therefore although anti-TNF treatment may be of benefit to MF patients, the risk of 

other lymphoproliferative diseases may be increased and warrants further study.
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Finally, some studies have shown that common anti-inflammatory drugs such as sodium salicylate 

(aspirin) may have an effect on some diseases involving deregulated NF-kB signalling such as 

cylindromas, where loss of the CYLD gene activates Ik K(3 and subsequently NF-kB^^’̂ ®®. This should 

be explored in more depth as a possible treatment strategy in MF patients, given that aspirin is an 

approved and widely used drug with few side effects and of low cost.

The study of the factors implicated in resistance to IFNa also has important clinical implications, 

given that IFNa is commonly used as a first line treatment for MF cases and other diseases. The 

analysis of mechanisms through which IFNa exerts its anti-tumoural properties presented here, 

may allow the identification of other targets in the IFN pathway which could be used to potentiate 

the effects of IFNa, such as the use of TRAIL in combination with IFNa, which has shown synergy 

in previous studies^®®. However, since TRAIL was also identified as a possible player in NF-kB 

activation in MF cases, the use of TRAIL may not be useful in MF patients to potentiate the effects 

of IFNa. The identification of a number of genes, responsible for IFNa resistance, either at basal 

expression levels or after IFNa treatment, also provides a number of avenues through which to 

investigate therapeutic targets, which may be used in combination with IFNa, to overcome 

resistance. Avenues of interest for further study include inhibition of the lipid raft scaffolding protein 

MAL and inhibition of NF-kB activation.

At present, little information is available regarding the possible role that MAL may play in response 

and/or resistance to IFNa, and studies to delineate the role that MAL plays in these processes is 

required. A first step may involve MAL inhibition using siRNA and overexpression of MAL in cell 

line models. These studies may require development of infection techniques selected specifically 

for MF cells lines, given that these cells lines are extraordinarily difficult to transfect with a sufficient 

efficacy using commonly available transfection techniques, as experienced in this project. 

Furthermore, identification of genes, which are differentially expressed between MAL+ and MAL- 

cases, may give some insight into the exact role that MAL plays in IFNa resistance.

While studies presented here have identified differences in the basal expression of 29 genes 

involved in IFNa resistance, it is also possible that polymorphisms in key genes involved in IFN 

signalling may be implicated in resistance. Additionally, studies of methylation of key genes 

involved in JAK/STAT signalling may lend further understanding to the process of IFNa resistance 

in a clinical setting and to the process of tumourigenesis. S 0C S1, for example, is a key regulator of 

JAK/STAT signalling and therefore methylation of its promoter may play some role in response to 

IFNa. Interestingly, the methylation of S0CS1 has also been described as playing an important 

role in the tumourigenesis and progression of some cancer types such as hepatocellular 

carcinoma.
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Finally, while cell line studies are of interest for understanding the underlying mechanisms of action 

and resistance to IFNa, and some events such as the overexpression of MAL can be applied to MF 

patients, studies of IFNa resistance in patient samples are needed and are underway are present. 

This will involve microarray analysis, identification of genes involved in IFNa resistance, and 

subsequent construction of a prediction model, potentially allowing the identification at diagnosis of 

patients who will respond to IFNa treatment. This in combination with the immunohistochemical 

study of MAL protein expression could be invaluable for selection of patient therapy. These 

methods could also be applied to other treatments and similar studies of bexarotene are currently 

underway. Additionally, it may be interesting to study post-treatment and relapse MF samples. This 

would allow the study of the molecular events, which occur during treatment and at the point of 

treatment failure and may give some insight into other targets, which may be useful to supplement 

IFNa treatment, to improve its efficacy and reduce the number of treatment failures. Taken together 

these analyses could be an important step towards individualised therapeutic strategies for MF 

patients.
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