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Abstract

Malignant Mesothelioma (MM) is an aggressive, fibrotic tumour predominantly of
pleural origin. It is poorly understood, insensitive to conventional therapy and its
incidence is increasing with a peak predicted around 2020. Its fibrous nature is.due to
abundant extracellular matrix (ECM) deposition with collagen as its major
component. ECM has essential roles in many cancers; as a scaffold for tumour growth
and by interacting with tumour cells it is essential in tissue invasion, metastasis,
angiogenesis and protection of tumours from chemotherapy. MMs produce growth
factors, including TGFp, which is pro-angiogenic, immunosuppressive, and a potent
stimulator of collagen production. TGFp signals predominantly through a unique
signalling system - the Smad pathway. This involves Smad7, a negative feedback
inhibitor of Smad signalling, which when over-expressed has been shown to inhibit
TGFB activity. This thesis examined the role of TGFB and collagen in MM tumour
growth, using 7 MM cell lines derived from 3 murine and 4 human tumours. In vivo, a
murine model was used to assess tumour growth following subcutaneous inoculation
with syngeneic MM cells. MM cell TGFP production was assessed using a mink lung
reporter assay, which confirmed high levels of TGFp synthesis. High-pressure liquid
chromatography (HPLC) was used to assess collagen production and MM cells found
to synthesise large quantities of collagen, responding to TGFpB stimulation by
increasing production. Furthermore, tumours contained abundant collagen, assessed
histologically and using HPLC. Two approaches were used to inhibit TGFB activity;
TGFp neutralising antibodies and transfection of Smad7. Assessment of collagen
responses, at gene level (reporter assays) and protein level (HPLC), following
inhibition of TGFB found that TGFB antibodies reduced the collagen response, but
Smad?7 transfection resulted in increased basal collagen production and no inhibition
of TGFp. Tumour growth and collagen production were reduced in mice systemically
treated with TGFB neutralising antibodies, but tumours derived from Smad7
transfected cells grew larger than controls. These paradoxical findings suggested the
possibility of either alternative non-Smad signalling pathways or altered receptor
expression. Smad and MAPK signalling were assessed using Western blotting and

Smad found to be normally activated. MAPK signalling (ERK1/2 and p38 kinase)



was found to be directly activated by TGFp, but inhibition using specific inhibitors
found that these pathways may play a role in regulating basal collagen production but
were not the signalling route for the TGFp response. Finally, MM tumour expression
of TGFp type I receptors (TPRI) were examined and both the ALK1 and ALKS
isoforms found to be present. This novel finding of ALK1 was unexpected and its
responses have previously been shown to oppose ALKS effects. Conclusion: This
work confirms the importance of TGFf and collagen in MM with inhibition of TGFj
causing a reduction in tumour growth. Transfection of Smad7 resulted in paradoxical
findings that might relate to changes in the expression of different isoforms of the
TGFB type I receptor in MM. These novel findings warrant further investigation that

may lead to new therapeutic targets.
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1.1 Background

Malignant Mesothelioma (MM) is an aggressive tumour that arises
predominantly from the pleura and is often associated with deposition of large
amounts of collagen and other extracellular matrix (ECM) proteins. Its rising
incidence as a cause of cancer mortality has lead to an urgent need for the
development of new therapies, yet the tumour remains poorly understood and is
almost completely insensitive to conventional forms of therapy. There is a
considerable time lag of up to and beyond 40 years between exposure to asbestos
fibres, the predominant cause of MM, and development of the tumour. However,
following the onset of symptoms, there is a median survival time of only 10-14
months(Edwards et al. 2000;Peto ef al. 1999;Treasure et al. 2004). The peak of MM
cases in developed countries is predicted to occur between 2010 and 2020 with 2000
patients dying per year from MM in the UK and 100,000 patients dying in total across
Western Europe (Peto et al. 1999;White 2003). Therefore, the need for a better
understanding of MM tumour biology in order to develop new therapies cannot be

overstated.

1.2 Asbestos and Malignant Mesothelioma

Mesothelioma cells are thought to be derived from mesothelial cells following
their transformation by exposure to asbestos fibres. The normal mesothelium and its
function is described in section 1.2.1 followed by a description of asbestos fibres and

how they are thought to cause MM.
1.2.1 The normal mesothelium

The mesothelium is comprised of a single cell layer of mesodermal
origin(Whitaker et al. 1982) that lines the pleural, pericardial and peritoneal cavities
and the organs within those cavities. What appears to be a simple monolayer of
mesothelial cells providing a frictionless surface for the organs in the body cavities
has in fact a number of other dynamic functions. Its other primary function appears to
be in response to injury, whether due to inflammation, infection, surgical or other

insults, to maintain the integrity of the serosal space it lines(Antony 2003). Pleural
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mesothelial cells are metabolically active and have cellular functions including the
active transport of solutes, which can involve vesicular transport of protein(Zocchi
2002). In response to inflammatory stimuli, mesothelial cells release cytokines and
growth factors, such as TGFp, which aid in repair but these factors can also result in
pleural fibrosis and the stimulation of pleural effusions(Lee and Lane 2001). TGFp
has been shown to stimulate pleural vascular endothelial growth factor (VEGF)
during inflammatory pleural responses(Cheng et al. 2000), which appears to have a
principle role in the formation of exudative pleural effusions and may also promote
tumour growth(Grove and Lee 2002).

The healing properties of mesothelial surfaces bare unique and distinguish it
from other epithelial surfaces. Although the mechanisms of healing remain
controversial, an injury to the mesothelial layer is repaired by diffuse healing across
the injury rather than by healing from the edges inward as for other epithelial-like cell
layers (Mutsaers 2002). Normal skin wounds epithelialize from the borders inwards
and the size of the injury affects the healing time. In serosal trauma, an injury to the
mesothelium results in the simultaneous mesothelialization of the entire surface
irrespective of the size of the lesion(Mutsaers 2002). This mechanism of healing is
thought to be involved in the formation of intraperitoneal adhesions, a dynamic
process whereby surgically traumatized tissues in apposition bind through fibrin

bridges.

1.2.2 Types of asbestos

Asbestos fibres are of two main sub-types — Serpentine and Amphibole. The
division between the two types of asbestos is based upon the crystalline structure.
Serpentines have a sheet or layered structure whereas amphiboles have a chain-like
structure. Once mined, asbestos rock mineral is crushed and processed producing long
fibres, which are strong, durable, and resistant to many chemicals, heat and fire,
which are the properties, along with its high tensile strength, that made it so popular.
There are three main types of asbestos that are mined commercially: the Serpentine
asbestos - Chrysotile (white) is highly flexible and easily spun and woven into cloth
as soft and as.flexible as cotton, yet fireproof, the Amphiboles - Amosite (brown) and
Crocidolite (blue), which are coarser and stronger than chrysotile, and have been used

predominantly in lagging and construction. All three types are very adaptable and are
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often mixed. These three types are highlighted in figure 1.1, which groups the
different asbestos fibres.

After processing, Serpentine fibres are longer (1-20nm in length, but can be
up to 100nm) and more curly than amphibole fibres, which contain shorter, rod-like
fibres and it is these, especially crocidolite, that have the strongest causal link of all to

MM.

Asbestos
I |
Serpentine Amphibole
1
[ | 1
Antigorite Lizardite Chivsotile (white asbestos)
(Mg,Fe)3Si205(OH)4 Mg381205(0H)4 3Mg0.281022H20
| ] i
Clinochrysotile Orthochrysotile Parachrysotile
Mg;Si,05(OH), Mg;S1,05(OH), (Mg,Fe);Si,O5(OH),
| 1 1
Anthophyllite Actinolite
(FeMg)sSiO5,(OH),
Tremolite
2Ca0.5Mg0.8SiO,H,0
N320F62033FCO.8Si02H20

Figure 1.1 The different basic forms of asbestos fibre. Asbestos fibres are divided
into Serpentine and Amphibole types depending upon their physical properties (see
text). The three commercially mined types of asbestos (chrysotile, amosite and
highlighted.

www.concise.britannica.com.)

crocidolite) are (Adapted from Encyclopaedia Britannica,

1.2.3 Producers and users of ashestos

In South Africa, asbestos has only recently been officially accepted as a
dangerous substance, yet South Africa has been one of the world’s major producers of

amphibole fibre along with Australia (McCulloch 2003). Australia mined and
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imported large amounts of amosite and crocidolite reaching a peak in 1958, later
importing chrysotile up until the 1970s. Australia has the highest reported rate of MM
anywhere in the world but has now banned the use of asbestos (Leigh and Driscoll
2003;Xu ef al. 1985). China, Russia and Brazil are increasing their production with
large local markets and Thailand, India, South Korea and Iran, who are major
importers of asbestos(Joshi and Gupta 2004). Korea has been mining asbestos since
the 1920s, but the first national asbestos related ill-health survey was only carried out
in 1993. There are 100 asbestos factories in Korea and lung cancer is their fastest
growing cancer (Paek 2003). These countries will inevitably have huge numbers of
MM cases in the future.

Canada is the only developed country that still produces asbestos and is the
world’s second largest producer of chrysotile (18% of world’s production) (Harris and
Kahwa 2003). This is justified on the grounds of improved handling and greater purity
of the fibres since people within the asbestos industry purport that MM following
chrysotile exposure is due to amphibole contamination. Chrysotile fibres are thought
to be 2-4 times less potent than amphibole fibres in causing MM but are equally as
potent in causing lung cancer(Landrigan et al. 1999). Chrysotile fibres also cause
asbestosis, an untreatable form of pulmonary fibrosis.

There are geographical areas that have high environmental levels of airborne
fibres. In south central Turkey, erionite (an amphibole related fibre) is a naturally
occurring air-borne fibre and in this region there is endemic MM and lung cancer
(Baris et al. 1996). Erionite is a component of the stone used to build houses in this
region and in the villages of Karain and Tuzkoy half the villagers are purported to die
from mesothelioma (Emri et al. 2002). This has recently been linked to a genetic
susceptibility within these communities(Carbone et al. 2002;Roushdy-Hammady et
al. 2001).

1.2.4 The history of asbestos and Malignant Mesothelioma

Asbestos had been suspected of causing MM and lung cancer long before the
epidemiological proof was established, yet unfortunately its use continued in large
quantities in Western countries until only recently and its use in many developing
countries is expanding — see section 1.2.3. The heat resistant property of asbestos was

recognised in ancient times — everlasting lamp wicks used at the temples of the vestal
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virgins were made from asbestos. Its dangers were also suspected, the 1** Century AD
Roman historian, Pliney the Elder, advised his friends not to buy slaves from asbestos
mines “because so many of them die young”.

In the UK, in 1929, a Leeds Coroner called for a public enquiry following the
death of an employee of Turner and Newell, which was the UK’s biggest producer of
asbestos. In 1930 Merewether and Price reported to Parliament concluding that the
development of “asbestosis” was irrefutably linked to the prolonged inhalation of
asbestos dust(Greenberg 1994). Following this, in 1931, regulations to limit the
amount of dust exposure allowed were introduced. In 1955, Richard Doll published
evidence that asbestos caused lung cancer(Doll 1955) and in 1960 Wagner et al.,
produced evidence linking asbestos to the then rare tumour Mesothelioma(Wagner et
al. 1960). In 1970 the 1969 Asbestos Regulations (replacing the 1931 regulations)
were instituted. In 1985, The Asbestos Prohibition Regulations were introduced to
prohibit the import, supply and use of many asbestos products and applications
(allowing only some chrysotile products). By now epidemiological studies by
Craighead and Mossman (Craighead and Mossman 1982) had demonstrated
conclusively that asbestos caused the majority of MM cases by showing the direct
relationship between exposure to fibres and tumour development. In 1988, The
Control of Asbestos at work Regulations (1987) was introduced to further limit use of
chrysotile asbestos. Regulations were further tightened and revised during the 1990s
until a final total European Union ban was passed in 1999, and was implemented in
the UK that year. The ban is to have pan-European effect from January 2005. In 1964,
at the New York Academy of Sciences, much of the evidence showing the harmful
effects of asbestos was gathered together, but a total ban on asbestos in America was
not passed through Congress until 2003 (Greenberg 2003).

The “magical properties” of asbestos lead to its widespread use with large
numbers of mainly men being exposed to inhalation of fibres. Not only people
working in asbestos mines and those who worked at and/or lived near asbestos
processing plants have been exposed but anyone working in the building trade up
until the 1980s is likely to have been exposed to asbestos due to its almost universal
use(Burdorf et al. 2003;Koskinen et al. 2002;Wang et al. 1999). Dockyard workers
were at particularly high risk, mainly because of the use of amphibole asbestos for
insulation in naval ships. The exposure was particularly high in laggers, boilermakers,

painters, welders and burners, and shipwrights (Sheers and Coles 1980). In Australia,
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Yeung et al., examined the distribution of MM in different occupational groups from
1979 — 1995. The building industry had the largest number of MM victims, followed
by ship building and repair, asbestos cement production, crocidolite mining and
milling, rail locomotive construction and repair, coal-fired power stations, and other
engineering operations. Occupations with high rates were plumbers, carpenters,
machinists and car mechanics(Yeung ef al. 1999;Yeung and Rogers 2001).
Electricians also had high exposure to asbestos, as it was used as lagging to insulate
cables, leading to a high incidence of MM in this group(Robinson et al. 1999).
Exposure by car mechanics to asbestos from asbestos lined brake cables has recently
been questioned as a risk factor for MM and recent studies suggest that this is not a
high risk factor(Goodman et al. 2004;Hessel et al. 2004;Laden et al. 2004).

A famous victim of Mesothelioma was the actor Steve McQueen, who died
aged 50. His asbestos exposure was said to be due to him breathing through asbestos
containing fire protective clothing worn as a racing driver, but he had had multiple
exposures in the many jobs he’d undertaken before his acting success, including work
on construction sites and in ships. When in the marines, while in the brig, he had had
to clean an engine room, which involved cleaning pipes coated with asbestos that
were ripped down producing a very dusty atmosphere (Penina Spiegel: McQueen The
untold story of a bad boy in Hollywood).

1.2.5 The tumorigenesis of asbestos fibres

Amphibole fibres can remain unchanged for decades, whereas chrysotile fibres
can undergo fragmentation by organic acids leading to progressive clearance (Churg
and DePaoli 1988). This may partly explain why amphibole fibres have the highest
mutagenic potential. Stanton et al, (Stanton et al. 1977), demonstrated that the risk of
mesothelioma is related to the concentration of long amphibole fibres (>8um)
(Stanton et al. 1981). The tumorigenic potential of an asbestos fibre is partly
dependent upon its physical properties, with longer, thicker fibres having a greater
effect (Barrett e al. 1989;Lippmann 1988;Stanton et al. 1977;Stanton et al. 1981).
There is a dose response with carcinogenesis directly related to the intensity of
exposure, which is true of both serpentine and amphibole fibres(Davis et al.
1978;Iwatsub;) et al. 1998;Prehn 1975;Suzuki and Kohyama 1984). Interestingly,

fibres greater than 10pum in length and thicker than 0.15um in diameter are more
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closely associated with lung cancer (Barrett ef al. 1989;Lippmann 1988). This may be
partly due to where the fibres become lodged within the respiratory system, as these
longer fibres may not be able to reach the pleura, although the route by which
asbestos fibres reach the pleura is controversial - a direct path through the lung
parenchyma or a circuitous route via the lymphatics?(Bignon et al. 1979;Boutin ef al.
1996;Gibbs et al. 1991;Sebastien et al. 1980)

Mesothelial cells seem to be particularly susceptible to the mutating effect of
the fibres. Boutin ef al., 1996 (Boutin et al. 1996) showed that following inhalation,
asbestos fibres gather near the mesothelial cell layer in “black spots”, seen at
thoracoscopy and predominantly distributed in the lower costal and diaphragmatic
zones. These appear to be the sites of particle collection on the mesothelial surface
and are related to sites of lymphatic drainage from the mesothelium and blood
vessels(Muller ef al. 2002) (Mitchev et al. 2002). The exact mechanism of fibre
tumorigenesis is unclear, but they are known to produce chronic inflammatory
responses leading to the stimulation of oxidant pathways(Manning ef al. 2002a).
These produce oxygen and nitrogen species that lead to cell proliferation and
apoptosis(Kinnula 1999) Oxidative stress and the free radicals produced are also
associated with malignant transformation (Barrett 1994;Gulumian 1999). The ever
present asbestos fibres initiate and perpetuate inflammatory cytokine release and
proliferative responses that can activate signalling pathway proteins such as epidermal
growth factor (EGF) and mesothelial cell EGF receptor expression(Pache et al. 1998).
This results in the stimulation of the mitogen activating protein kinase (MAPK)
cascade through extracellular signal-related kinase (ERK1) activity(Zanella et al.
1999), which can result in changing the expression of ECM components such as
matrix metalloproteinases (MMPs)(Davidson et al. 2003;Tanimura et al. 2003).

A common feature of MM cells, presumably transformed from mesothelial
cells, is the loss of the tumour suppressor gene p16INK4a (Cheng et al. 1994;Hirao et
al. 2002;Kratzke et al. 1995;Lechner ef al. 1997;Papp et al. 2001). pl6™** is a
member of a family of inhibitors specific for cyclin-dependent kinases (CDKs), which
play essential roles in the cell cycle by mediating the phosphorylation of the
retinoblastoma susceptible gene (Rb). Phosphorylation of Rb inactivates its growth-
suppressive ptoperties at the centre of the cell cycle, as shown schematically in figure
1.2. p16™** is also required for p53-independent G1 arrest in response to DNA-

damaging agents(Shapiro et al. 2000).
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Growth stimulating
signals

G2 phase

Cell cycle

Figure 1.2 The cell cycle. Rb is phosphorylated by cyclin D dependent kinases (CDKs) resulting in its
inactivation. This releases Rb-bound E2F, triggering the expression of key cell cycling enzymes
including dihydrofolate reductase, thymidine kinase and thymidine synthetase. These allow the cell
cycle to move from G1 (gap phase) into the S phase (DNA synthesis). The inhibitory activity of the
cyclin dependent kinase inhibitor p16 and the action of p53 are shown. P53 activates p21, which
inhibits CDK4 and CDK®6, as does p16, hence preventing the phosphorylation of Rb and allowing it to
bind E2F, rendering it inactive. Further cyclins and cyclin-dependent kinases act at different points

around the cell cycle, but are not shown for simplicity.

1.2.6 A role for SV40 in malignant transformation of mesothelial cells

Oncogenes may also be important in the transformation of mesothelial cells
and there has been great controversy over the role of Simian virus 40 (SV40) in the
pathogenesis of MM. SV40 is a monkey virus that may have been introduced into the
human population by contaminated poliovaccines, produced in SV40-infected
monkey cells, between 1955 and 1963(Dang-Tan et al. 2004). More recent

epidemiological evidence suggests that SV40 may be contagiously transmitted by
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person to person regardless of previous SV40 contaminated vaccination (Barbanti-
Brodano et al. 2004), although this is a contentious issue with other workers finding
no evidence for this(Carter et al. 2003). Others have found evidence for SV40
infection in children born after 1982(Butel et al. 1999).

In 1993, it was noticed that the injection of wild type SV40 into the visceral
cavities of Syrian hamsters induced MM tumours in up to 50% of animals in the
absence of asbestos exposure (Cicala et al. 1993). Mesothelial cells in humans are
more susceptible to the transforming effects of asbestos in the presence of SV40
(Bocchetta et al. 2000), i.e. SV40 appears to potentiate the oncogenic effects of
asbestos fibres. SV40 contains two viral oncoproteins, the large T antigen (Tag) and
the small t antigen (tag). Their oncogenicity is associated with Tag’s ability to
inactivate p53 and retinoblastoma tumour suppressor proteins (Testa and Giordano
2001)and also by its ability to induce chromosomal aberrations in the host cell.

Small tag binds the protein phosphatase PP2A, which leads to constitutive
activation of the Wnt pathway, resulting in continuous cell proliferation(Barbanti-
Brodano et al. 2004). SV40 has been implicated as a causative agent for MM
(Cerrano et al. 2003) and although some investigators argued that these findings were
due to laboratory contamination (PCR products) the most recent analyses show that
SV40 is probably a co-mutagen with asbestos fibres in MM (Carbone et al. 2003).
SV40 is not found in all tumour samples and there seems to be geographical variation,
for instance, De Rienzo et al., found SV40 in 4 out of 11 MM samples from patients
in the United States but none out of 9 Turkish samples(De Rienzo et al. 2002). A
study of 17 MM tissue samples in the UK showed no evidence for the role of SV40 in
the tumour aetiology(Mulatero et al. 1999).

1.3 Clinical features and natural history of Malignant Mesothelioma

1.3.1 Histopathology of MM

There are four main histological categories of MM: epithelial (~50% of cases),
sarcomatous (~15%), biphasic or mixed (~25%) and poorly differentiated (~10%).
The sub-type distribution is fairly consistent around the world. A study of 1,517 cases
of MM in the New York area showed that epithelial cell type was predominant
(61.1%), followed by biphasic (22.1%) and fibrosarcomatous (16.4%) (Suzuki 2001).
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The histological diagnosis of MM is often difficult to reach and pathology panels are
often necessary to reach a consensus — although even these only agree in up to 75% of
cases(McCaughey et al 1991). More recent investigations show that
immunohistochemistry is helpful in distinguishing between MM and adenocarcinoma
of the lung, for instance E-cadherin is much more common in adenocarcinoma than
MM (Ordonez 2003). However, there is no histochemical technique available that
gives 100% reliability in diagnosing MM.

1.3.2 Clinical presentation

Due to the aetiology and time-lag following exposure to asbestos and tumour
development (30-40+ years), most cases present in late adulthood with men
accounting for 70-80% of cases(Pelucchi et al. 2004). Presentation is usually with
either chest pain or shortness of breath usually related to the formation of a pleural
effusion, which is often the only clinical sign. Tumours appear to originate in the
parietal pleura following the malignant transformation of mesothelial cells(Adams et
al. 1986;Nishimura and Broaddus 1998). The tumour spreads around and encases the
lung, invaginating along fissures as shown in the post mortem lung section in figure
1.3. It can spread directly into the chest wall and infiltrate the other structures of the
thoracic cavity. It often tracks along planes of tissue and along biopsy tracts(Bydder et
al. 2004)and at autopsy approximately one third of MMs have invaded the
peritoneum(Suzuki 2001).

The disease is very rarely picked up early and it is unclear whether early
diagnosis effects the long-term outcome. Screening radiologically for MM has not
been useful but recent investigations of soluble mesothelin-related proteins measured
in the serum has shown some promise for the detection of early MM(Robinson et al.

2003).
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Figure 1.3. Section of lung
from a victim of MM. The
deposition of collagen results
in gross thickening of the
pleura with a large mass of
collagen at the lung base in
this example. The tumour can
also be seen invaginating the
oblique fissure between the
upper and lower lobes.
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1.3.3 Survival and treatment

The median survival time is from 10 — 14 months, with a 2 year survival of
20%(Edwards et al. 2000;Law et al. 1984;Ruffie et al. 1989). Those surviving for
longer have certain good prognostic factors including epithelioid histology, good
performance status, early disease stage, absence of pain at presentation and age less
than 55(Baas 2003). As the disease progresses, dyspnoea, weight loss, anorexia and
malaise become prominent features. Patients generally die from respiratory failure or
pneumonia. Some deaths are due to pericardial or myocardial involvement or small
bowel obstruction after intra-abdominal disease extension.

There has been no conclusive evidence that surgery is of any benefit for the
treatment of MM, despite reports of good outcomes in highly selected patients with
good prognostic features (Sugarbaker et al. 2004;Zellos and Sugarbaker 2002). These

studies did not have a control arm and the natural history of patients in this better

32



prognostic group is not clear. A South African study comparing pleurectomy with
extrapleural pneumonectomy showed that patients surviving the longest had early
tumour stages, epithelial histology and absence of pain or weight loss pre-operatively.
There was a trend toward improved survival in the extrapleural pneumonectomy
treated group who also received adjuvant radiotherapy (de Vries and Long 2003).
However, the published surgical studies are generally either retrospective or without
control arms and so can only be interpreted cautiously.

Chemotherapy has marginal effects with the best results still only producing
partial responses in ~20% of patients (Middleton et al. 1998;Steele et al. 2000).
Recent studies with Pametrexed, a novel multitargeted antifolate that inhibits at least
three enzymes in folate metabolism and purine and pyrimidine synthesis(Adjei 2003),
have shown promise. In a phase III trial of 456 patients a response rate of 41% was
achieved with pametrexed and cisplatin compared with 16.7% with cisplatin alone.
This however, actually represents an improvement in median survival from 9.3
months in the cisplatin group to 12.1 months in the pametrexed and cisplatin
combined group(Vogelzang et al. 2003). The BTS is currently running a multi-centre
trial with three arms comparing active symptom control (ASC), MVP (mitomycin,
vinblastine, cisplatin) and ASC, and vinorelbine and ASC. These chemotherapy
regimens were selected as their effectiveness in terms of palliation have been fully
reported previously and the study aims to examine effective palliation as well as any
survival benefit(Muers et al. 2004;Vogelzang et al. 2003).

The role of radiotherapy appears to be limited to control of pain, particularly
chest wall masses, and the prophylactic treatment of biopsy sites to prevent seeding of
the tumour along needle or drain tracks (Senan 2003). The effects of local
radiotherapy for pain control are often only relatively short-lived. The mainstay of
treatment is the palliation of symptoms and even with this, pain control can be very

difficult as the disease progresses.

1.3.4 Experimental treatment of Malignant Mesothelioma

There are a number of experimental approaches under investigation. Some use
intrapleural techniques such as photodynamic light therapy, while others use
knowledge gained from examining tumour biology to select potential therapeutic

targets. Intrapleural induced hyperthermia using simple perfusing fluids or perfusions
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of chemotherapeutic drugs, such as cisplatin and doxorubicin, at around 41°C have
been used mainly in conjunction with cytoreductive surgery (Deraco ef al
2003;Monneuse et al. 2003;van Ruth ef al. 2003). The theory being that this will have
local cytotoxic effects to residual tumour cells without systemic side effects. The
results have been mixed — some resulting in significant morbidity without much
benefit, while others were better tolerated with good results in early stage disease, but
again without controls the results can only be assessed cautiously. Other studies have
used combinations of therapy such as debulking surgery followed by continuous
hyperthermic peritoneal perfusion with cisplatin, and a single postoperative
intraperitoneal treatment with fluorouracil and paclitaxel(Feldman er al. 2003). The
results of this appeared good but depended upon good prognostic factors such as a
lack of invasive growth and minimal residual tumour.

Another intrathoracic technique is photodynamic therapy. This involves the
systemic administration of a photosensitising agent activated at a light wavelength
specific to the absorption characteristics of the sensitizer in the presence of oxygen.
Early stage III studies with first generation photosensitising agents showed that this
technique could be employed in MM following cytoreductive surgery, but there was
no prolongation of survival(Pass et al. 1997). More recent sensitising agents have
shown more promise. In a porcine model of MM, xenografts were selectively
destroyed without damaging thoracic organs(Krueger et al. 2003). It is hypothesised
that there is differential uptake of the agent by tumour cells, but a recent study
suggests that the effects are mediated by vascular damage in both normal and tumour
tissue(Cramers et al. 2003). A more recent phase I trial of Foscan-mediated
photodynamic therapy showed better toxicity profiles and appears to warrant a phase
II trial(Friedberg et al. 2003).

Other approaches have attempted to stimulate immune responses to tumours.
A multicentre stage II trial of immunotherapy by infusion of autologous activated
macrophages and gamma-interferon showed good tolerance but no effect on tumour
growth(Monnet ef al. 2002). The immunomodulatory cytokine Interleukin-12 (IL-12)
has shown high levels of anti-tumour effects when administered systemically to a
murine model of MM, but the side effects are significant. MM cell gene transfection
with IL-12 produced immunity against the tumour cells both locally and at a distant

site in the murine model without side-effects(Caminschi ef al. 1999).
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Other work has targeted growth factors and signalling pathways. Many of
these approaches work well in vitro, for instance the epidermal growth factor receptor
inhibitor (EGFR) ZD1839 inhibited MM cell growth(Janne et al. 2002). This inhibitor
was also shown to potentiate the radiation response of MM tumours in a murine
model(She et al. 2003). Suramin, an inhibitor of extracellular growth factors also
inhibited tumour growth in a mouse model of MM(Cook et al. 2003).

Other studies have attempted to address the apparent apoptotic resistance of
MM cells. MM cells over-express the anti-apoptotic protein Bel-xL. Treatment of
human MM cell lines with antisense oligonucleotides to the gene, bcl-xl, resulted in
greater apoptosis rates and this was more marked in combination with cisplatin
treatment(Ozvaran et al 2004). Inhibition of histone deacetylase using
suberohydroxamic acid (SBHA) sensitised MM cells to TRAIL (TNF-related
apoptosis-induced ligand) apoptosis and specific down-regulation of anti-apoptotic
proteins, particularly Bel-xL were demonstrated(Neuzil et al. 2004). These techniques
have not yet progressed beyond the laboratory setting.

The final group of experimental approaches to MM has involved gene therapy.
MM remains a good candidate tumour for gene therapy for a number of reasons.
These include its localised nature, often in association with a pleural effusion, which
allows easier local application of a vector. The pleural fluid in itself could be useful
by acting as a reservoir for the gene therapy applied. These techniques have used
suicide gene therapy, such as a stage [ trial of adenoviral mediated intrapleural herpes
simplex virus thymidine kinase/ganciclovir gene therapy(Sterman et al. 1998). This
showed low toxicity and successful gene transfer, but as with most gene therapy
techniques was limited by penetration of the gene therapy into the tumour. As with
many of these approaches, gene therapy is most likely to work in combination with
debulking surgery. In a murine model, combination gene therapy with interferon-
before surgical debulking improved tumour free long-term survival compared with
surgery alone(Kruklitis et al. 2004). Other gene therapy approaches have used gene

6INK4A

replacement therapy, replacing the deleted pl gene resulted in prolonged

survival in nude mice with human xenograft MM tumours(Frizelle ez al. 2000).
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1.4 The extracellular matrix in cancer

A characteristic feature of MM is its highly fibrous nature with deposition of
large quantities of ECM in and around the tumour. Collagen is the major structural
protein component of the ECM and appears to be of great importance to MM
pathogenesis. The ECM acts as a scaffold that the tumour cells can grow on and

through but also has other functions in tumour progression described below.

1.4.1 The ECM in local tumour invasion and metastasis

ECM, predominantly composed of collagen, is deposited in and around MM
tumours. The collagen is thought to be derived from both the surrounding stromal
cells and from the MM cells themselves and is likely to have an important role in MM
tumour growth. There is extensive literature demonstrating the importance of the
ECM in the mechanisms that solid tumours use for growth, invasion of local
structures and in metastasis.

The balance between tumour local invasion and metastasis appears to be
related to its interaction with the surrounding ECM. At the primary tumour site, some
malignancies such as melanoma, are surrounded by only minimal stroma (Varani
1987) and local invasion is limited. In others, for example squamous head and neck
cancer, large quantities of ECM are produced by direct tumour synthesis and by
stimulating ECM production from surrounding stromal cells(Hagedorn et al. 2001).
These tumours are invasive locally but have much lower metastatic potential. This
suggests that expression of collagen may be related to local invasion rather than
metastasis, however the type of collagen and composition of the ECM is critical.
Terranova et al., (Terranova et al 1982), showed that laminin promotes the
attachment of metastatic sarcoma cells to the basement membrane. The same group
showed that in metastatic melanoma cells, removal of fibronectin or exposure to
laminin lead to an increased tumour cell affinity for basement membrane collagen,
resulting in greater cell invasion (Terranova et al. 1984). In MM, tumour cells have
the ability to synthesise components of the basement membrane and enhanced
attachment to ECM would be anticipated as laminin receptors are present in large

numbers on the surface of MM cells(Kallianpur et al. 1990).
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In laryngeal cancer, there is a lower incidence of neck metastases than in other
cancers of the head and neck region. However, some show metastases at very early
stages and these correlate with the expression of collagen IV. In these tumours,
collagen IV in the stroma surrounding tumour cells is a bad prognostic factor
(Krecicki et al. 2001). In human colorectal cancer, non-metastatic cancer cells induce
mainly fibroblast proliferation, whereas metastatic cancer cells mainly induce
fibroblast collagen synthesis, suggesting that the production of collagen is more
important than fibroblast cell proliferation in the process of metastasis (Basso et al.
2001). In these two examples increased production of collagen is pro-metastatic.

Stromal changes at the invasion front include the appearance of
myofibroblasts, cells that share characteristics with both fibroblasts and smooth
muscle cells. Fibroblasts are the main precursors of myofibroblasts and the
transdifferentiation is modulated by cancer cell-derived cytokines, such as
TGFpB(Grotendorst et al. 2004). Myofibroblasts produce pro-invasive signals, such as
N-Cadherin, that are implicated in positive invasion signalling pathways (De Wever
and Mareel 2003). In human melanoma, secretion of TGFB; by tumour cells
stimulates fibroblasts to deposit ECM within and around the tumour. The high
expression of collagen and other matrix proteins correlates with the number and size
of metastases (Berking et al. 2001). These studies suggest that TGFp effects on the
ECM are important in both local invasion and metastasis.

Loss of contact between cells and the ECM induces apoptosis in non-
malignant cells such as fibroblasts. Loss of contact between tumour cells and the
ECM does not necessarily result in cell death, as tumour cells upregulate anti-
apoptotic proteins such as Bcl 2 and have reduced or absent p53 activity(Jin and
Varner 2004;Meredith, Jr. et al. 1993).

1.4.2 Integrins and the ECM in malignancy

Interactions between cells and the ECM have been shown to influence gene
expression by the cell and that the balance between proteases and their inhibitors
greatly influence cell-matrix interactions (Stetler-Stevenson et al. 1993). Many of
these interactions are now thought to occur via integrins. Integrins are adhesion

receptors on the cell surface that interact with their immediate environment and

37



respond to changes in ECM by integrin-ligand interactions. This enables information
to flow into and out of the cell (Newham and Humphries 1996). Integrins are
composed of two subunits, o and B, and o8 combinations form to create their own
binding and signalling properties(Giancotti and Ruoslahti 1999). Some integrins, such
as a5PB1 recognise predominantly a single ECM component, in this case fibronectin.
Others recognise several ligands, such as avp3, which binds vitronectin, fibronectin,
fibrinogen and denatured collagen. They differ from growth factor receptors in having
no intrinsic enzymatic activity. They activate integrin-regulated signalling pathways
by co-clustering with kinases in focal adhesion complexes(Jin and Varner 2004).

The ECM plays an essential role in coordinating the signalling processes
involved in the growth, tissue invasion and metastasis of tumours and the effects of
the ECM are primarily mediated by integrins(Jin and Varner 2004). Integrin
signalling regulates the activity of cytoplasmic kinases and growth factor receptors
and controls the intracellular actin cytoskeleton(Giancotti and Ruoslahti 1999).
Integrin activation initiates cell signalling pathways such as the MAPK cascade
leading to the activation of transcription factors that regulate the expression of genes
critical for ECM degradation or cell migration, such as the matrix metalloproteinases
(MMPs) (see section 1.4.4) (Crowe and Shuler 1999). Specific integrin expression
enhances malignant progression in some cancers, such as colon carcinoma, where a
higher expression of a5B1 is found in invasive cell lines compared with poorly
invasive lines. The invasive cell lines demonstrate greater cell adhesion to the ECM
protein fibronectin (Gong et al. 1997). Adherence of tumour cells to the ECM,
degradation of matrix components by MMPs and movement of the cell bodies are all

essential processes that require the tumour cells to interact with ECM via integrins.

1.4.3 Protection of tumour cells against chemotherapy by ECM

The formation of ECM and stroma around tumour cells may be a reason for
the lack of response of some solid tumours to anticancer drugs. Sethi et al.(Sethi et al.
1999), demonstrated that in small cell lung cancer the presence of tumour cell
interactions with the ECM, specifically through B1 integrins, made the cells resistant
to chemotherapeutic agents. If this finding applies to other tumours then the resistance
of highly fibrotic MM tumours to conventional therapy becomes more

understandable. In other work, cells grown on collagen coated Teflon membranes had
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slower penetration by anticancer drugs (cisplatin, etoposide, gemcitobine, paclitaxel,
vinblastine) than cells grown on Teflon alone (Tannock et al. 2002). In human gastric
cancer the amount of stromal collagen was found to be a significant predictor of
disease relapse and this was associated with reduced CD8+ T-cell infiltration. This is
because CD8 cells induce tumour cell apoptosis in gastric carcinoma patients (Ohno

et al. 2002).

1.4.4 Matrix metalloproteinase (MMP) interactions with the ECM in tumour

progression and metastasis

There are currently 23 MMP genes identified in humans and many are
implicated in cancer (Itoh and Nagase 2002). They have essential functions in tumour
cell migration and invasion through their effects on the ECM. Before tumour cells can
invade local structures or metastasise to other organs they must locally degrade ECM
components that would otherwise act as a physical barrier. To do this they have
enhanced production of MMPs, with MMP2 and MMP?9 (also known as gelatinases A
and B) and collagenase-1 (MMP-1), which has its predominant effect on collagen,
being the most common MMPs present in lung diseases(Atkinson and Senior
2003;Beeh et al. 2003;Cataldo et al. 2001;0Ohbayashi 2002)including MM, which has
increased expression of MMP2 and MMP9(Edwards et al. 2003;Giancotti and
Ruoslahti 1999;Liu et al. 2001). MMPs degrade different ECM components including
basement membrane collagen, interstitial collagen, and proteoglycans - active in
normal tissue remodelling and repair. Their proteolytic activity is normally regulated
by specific tissue inhibitors of MMP (TIMPs). Over-activity of MMPs without up-
regulation of TIMP activity is a common feature of many tumours, although the
interaction between MMPs and TIMPs is complex(Khasigov et al. 2003). The action
of MMPs is essential to cancer cell migration, which occurs in two ways: single cell
locomotion and cohort migration (cell movement en mass keeping cell-cell contact).
MMPs are essential for this migration, through remodelling of the ECM, and are
found localised at leading edges in both types of cell migration (Nabeshima et al.
2002;0Ohbayashi 2002). MMPs have other important functions in the malignant

process, such as the activation of TGFp - see section 1.6.2.
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1.4.5 Malignant Mesothelioma and the ECM

There has only been a limited amount of research into the relationship between
MM and the ECM despite the high levels of ECM protein deposition around many of
these tumours. MM cells have the ability to synthesise components of the ECM and
have a high expression of laminin receptors that bind to the ECM(Kallianpur et al.
1990). If grown on collagen 1 in vitro, MM cells show increased cell separation and
invasiveness compared with cells grown on an intact basement membrane, which
appears to inhibit cell invasion(Ehlers et al. 2002). The three different histological
types of MM described in section 1.3.1 all express ECM to varying degrees. Scarpa et
al., examined expression of 3 ECM components: laminin, fibronectin and collagen
IV. Epithelial MM cells have the highest expression of laminin and collagen IV,
biphasic MM cells express the highest level of fibronectin and fibroid (sarcomatous)
MM cells weakly express fibronectin, laminin and collagen IV. The Biphasic cells
have the highest chemotactic and haptotactic motility, but fibroid MM cells migrate
towards the lowest concentration of laminin. Epithelioid MM cells have the lowest
chemotactic and haptotactic motility for each of the ECM components (laminin,
fibronectin and collagen IV)(Scarpa et al. 1999). There are high levels of the
interstitial collagens I and III expressed in MM tumours, which also synthesise
hyaluronan(Liu et al. 2004), a major constituent of the ECM. CD44 receptors, an
adhesive protein receptor which binds hyaluronan, are also expressed by MM cells
and those with the highest amount of CD44 receptor show an increase in proliferation
and haptotactic migration, demonstrating that the interaction between an adhesive
protein receptor and the ECM plays a role in local tumour extension(Nasreen et al.
2002). Another component of the ECM, the glycoprotein Tenascin-C, is found in all
histological types of MM and appears to be associated with a worse prognosis. It has
anti-adhesive properties and is particularly high in the fibrotic stroma of tumours and
around the tumour border, but mRNA levels are not particularly high within MM
tumour cells(Kaarteenaho-Wiik e al. 2003). Tenascin-C synthesis is stimulated by
TGFp, which is also produced by MM tumours, and may be stimulating Tenascin-C

production from stromal tissue.
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1.5 Growth factors in Malignant Mesothelioma

MM cells, like many cancer cells, produce a large number of growth factors.
Those reported in the literature include transforming growth factor beta
(TGFP)(Garlepp and Leong 1995;Kuwahara et al. 2001;Maeda et al. 1994), platelet
derived growth factor (PDGF)(Gerwin et al. 1987), insulin-like growth factor (IGF) I
and II(Lee et al. 1993), vascular endothelial growth factor (VEGF)(Konig et dl.
1999), basic-fibroblast growth factor (bFGF)(Strizzi et al. 2001b) and granulocyte-
colony stimulating factor (GCSF)(Kasuga et al. 2001). Most of these are thought to

have both paracrine and autocrine functions in regulating tumour growth.

1.5.1 TGFp in MM

TGFB is found at high levels in MM associated pleural effusions in man
(Maeda ef al. 1994), and in vitro MM cell lines have been shown to produce 30-70
times more TGFB than non-malignant mesothelial cells (Kuwahara er al. 2001).
Immunolocalisation of TGFf in human MM tissue sections shows there are high
levels of TGFB, expression in the tumour cells and of TGFp; in the surrounding
stroma(Jagirdar et al. 1997). TGFp inhibits the differentiation of naive CD4+ T cells
toward Th-1 phenotype following presentation of purified protein derivatives to MM
cells i.e. inhibits the immune response(Valle et al. 2003). Finally, inhibition of TGFf;
responses, using antisense oligonucleotides, in MM cells and in a murine model of
MM resulted in decreased cell and tumour growth(Fitzpatrick et al. 1994;Marzo et al.
1997). TGFp is discussed at length section 1.6.

1.5.2 Platelet derived growth factor in MM

PDGF is expressed at much higher levels by MM cells than mesothelial cells
(Gerwin et al. 1987). It appears to be predominantly the PDGF BB isoform that is
important in MM cells, which remains at very low levels in normal mesothelial cells.
This is true for the expression of both the growth factor and its receptor. The PDGF
AA isoform remains relatively high in normal mesothelial cells but low in malignant

lines suggesting autocrine roles of one isoform in malignancy and the other in normal
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cells (Versnel et al. 1991). The function of PDGF in MM is unclear but it has been
shown to be mitogenic and a chemoattractant for MM cells. The motile response of
the MM cells in response to PDGF is dependent upon a3p1 integrins and their
interaction with the matrix proteins fibronectin, laminin, and collagen type IV as
adhesive substrates along which the cells can move. On a non-matrix adhesive
substrate, poly-L-lysine, there is no cell migration, again highlighting the importance
of the ECM (Klominek et al. 1998).

1.5.3 Insulin-like growth factors in MM

IGF-I and II are polypeptides that have effects upon cellular proliferation and
differentiation. IGF-I and its receptor are also present on both normal mesothelial
cells and MM cells and these cells proliferate in response to exogenous IGF-I (Lee et
al. 1993). In a hamster mesothelioma model (SV40-induced), cells were
electroporated with an inducible expression vector containing antisense cDNA to a
fragment of the IGF-I receptor. This had an inhibitory effect on growth and
tumorigenicity of the MM cells and reduced proliferation in vitro (Pass et al. 1998).

1.5.4 Vascular endothelial growth factor in MM

VEGF has an important role in angiogenesis as a regulator of endothelial cell
proliferation both in normal and malignant tissue growth processes. Analysis of
human MM tissue by immunohistochemistry and i situ hybridisation demonstrated
increased VEGF associated with increased microvessel density (i.e. angiogenesis)
(Konig et al. 1999). VEGF may also act by stimulating tumour growth directly
through a mechanism involving activation of tyrosine kinase receptors (Strizzi ef al.
2001a). Targeting of VEGF and a closely related protein VEGF-C simultaneously
using antisense oligonucleotide complementary to VEGF inhibited MM cell growth in
vitro. This result was confirmed using antibodies to the VEGF receptor and the
VEGF-C receptor and by using a diphtheria toxin-VEGF fusion protein, which is
toxic to cells that express VEGF receptors (Masood et al. 2003).
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1.5.5 Basic fibroblast growth factor in MM

Basic FGF (bFGF) is another potent angiogenic factor that promotes in vitro
endothelial cell growth and in vivo vessel formation. High levels of b-FGF in MM
correlate with poor patient survival, but the mechanism is unclear and does not appear
to be related to its angiogenic effects (Strizzi et al. 2001b). The mechanism may be
due to effects upon the ECM, as b-FGF produced by MM cells stimulates hyaluranon
and proteoglycan synthesis from fibroblasts and normal mesothelial cells (Asplund et
al. 1993).

1.5.6 Granulocyte colony stimulating factor in MM

G-CSF has also been shown to be produced by human MM cell lines, although
its production by MM cells appears to be extremely rare in vivo with only three
reported cases. When G-CSF is produced patients usually suffer haematological
complications such as elevated neutrophil levels (Kasuga et al. 2001)or chronic

myelogenous leukaemia (Masuda ef al. 1995).

1.6 The role of transforming growth factor  (TGFp) in malignancy

1.6.1 TGFp function and signalling

TGFB is a secreted cytokine that is a member of a large group of
multifunctional proteins including TGFBs (TGFB;, TGFB, and TGFf3), bone
morphogenic proteins (BMPs), activins and inhibins. These proteins have diverse
roles in development and tissue homeostasis regulating growth, differentiation,
migration, adhesion, apoptosis and morphogenesis. Most members of this cytokine
family, including TGF, are disulfide-bonded dimeric molecules. They bind to two
different types of membrane receptors, which form hetero-tetrameric complexes, to
activate an intracellular signalling pathway involving Smad proteins (see section
1.6.5)(Kretzschmar ef al. 1999;Moustakas et al. 2002;Roberts and Sporn 1993).

The TGFpP sub-family (TGFpB;, TGFf,; and TGFp3) has multiple functions in

growth and development, inflammation and repair, host immunity and is a potent
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stimulator for the production of collagen and other matrix components(Clark and
Coker 1998). It is of particular interest in cancer as it appears to have a dual role -
initially acting as a tumour suppressor (see section 1.6.8), but later as a tumour
enhancer (see sections 1.6.9 — 1.6.11)(Derynck et al. 2001). Many tumours, including
MM, appear to escape from the tumour suppressor effects of TGFB, and furthermore,
produce TGFp in significant quantities(Kuwahara et al. 2001;Maeda et al. 1994).

The various roles of specific TGFp isoforms are uncertain in malignancy but
there is some evidence to suggest differing effects. In breast cancer, Tamoxifen
therapy leads to an up-regulation of TGFf, but has no effect on TGFp;, suggesting
that in this cancer TGFp; is protective (Brandt ef al. 2003). In ovarian cancer there is
up-regulation of all three isoforms but their differing functions are unclear(Nilsson
and Skinner 2002). Chondrosarcoma cells grown in vitro, show a two-fold increase in

DNA synthesis in response to all three isoforms in serum-fed confluent cell
conditions. In serum-free confluent conditions, only TGFp; stimulates proliferation,
TGFp, has no effect and TGFp; is inhibitory(Boumediene et al. 2001). However, in
Giant cell tumours of the bone there appears to be an absence of TGB; expression but
an increase of TGFp;, although its affects are unclear(Franchi et al. 2001).
Conversely, in colon cancer, TGFB; and TGFp, are up-regulated to a much greater
extent than TGFp3(Bellone et al. 2001). In the progression of keratinocyte skin cancer
HaCaT-ras clones of increasingly aggressive nature show that TGFf; appears to be
associated with a more differentiated state, TGFB, with a highly malignant and
invasive cells and TGFf3 with tumour stroma formation and angiogenesis(Gold et al.
2000).

The role of the different TGFp isoforms is far from clear and all appear to
have the potential for pro-tumorigenic effects, although this varies with the type of

cancer examined.
1.6.2 TGFp synthesis and activation in MM
TGFp;, TGFB, and TGFP3 are synthesised as a homodimeric proprotein

(proTGFp), which has a mass of 75 kDa. Dimeric propeptides called latency

associated proteins (LAPs) are the N-terminal sequence of proTGFB and are cleaved
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from the active TGFP dimer in the trans Golgi. Hydrophobic interactions, further
strengthened by an intersubunit disulfide bridge stabilises the active TGFf dimer(Shi
and Massague 2003). Disulfide links are formed between cysteine residues of LAP
and cysteine residues in the latent-TGFB-binding protein (LTBP). LTBP is a member
of the LTBP/fibrillin protein family(Kanzaki et al. 1990;Ramirez and Pereira 1999),
which contain multiple epidermal growth factor-like repeats and a unique domain
containing cysteine residues(Kanzaki ef al. 1990). In this large latent complex (LLC),
comprising TGFB, LAP and LTBP, TGFp cannot bind to its receptors. This complex

is shown in figure 1.4.
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Figure 1.4 The TGFP large latent complex (LLC) comprises the active TGFB dimer, latency

associated proteins (LAP), and latent TGFB binding protein (LTBP). TGFB and LAP are
proteolytically cleaved as indicated. TGFf remains noncovalently associated with LAP, which is bound
to LTBP by disulfide bonds. The LLC is covalently linked to the ECM through an isopeptide bond at a
region that is protease-sensitive to allow LLC to be released from the ECM. Adapted from Annes et al.,
2003(Annes et al. 2003).

The LLC is covalently linked to the ECM where it is sequestered. The
association with LAP keeps the TGFP dimer inactive and TGFB must be released
from LAP before it can bind to its receptor. This can therefore provide a large

reservoir of secreted TGFP within the ECM. Activation is thought to be through
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proteases that preferentially degrade the pro-segments of the TGFp complex (LAP)
releasing the active stable dimer(Annes ef al. 2003).

There are a number of proteases associated with malignant cells that can
activate TGFB by degradation of LAP, including MMP-9 and MMP-2 (Yu and
Stamenkovic 2000). In MM tumours, both MMP-9 and MMP-2 are produced by the
tumour and are able to activate TGFP. Similarly, plasmin converted from
plasminogen at sites of tumour cell migration and invasion can also activate TGFf}
(Andreasen et al. 1997). Finally, non-protease activating mechanisms such as
thrombospondin-1, an ECM protein, may activate TGFp by causing a conformational
change of the latency associated peptide preventing it from conferring latency on
TGFB(Murphy-Ullrich and Poczatek 2000). Expression of thrombospondin-1 has
been shown to activate TGFB in human glioma tumours(Sasaki ef al. 2001) and in
pancreatic tumour cells increased expression of thrombospondin-1 and TGFp is
associated with increased tumour cell invasiveness(Albo et al. 1998). The presence of
these mechanisms within the local MM tumour environment and specifically within

the ECM can activate TGFB and may help to localise its activity.
1.6.3 The TGFp receptor complex

Active TGFp signals through a heteromeric complex of two types of receptor
transmembrane serine/threonine kinases called TGFp receptor type I (TPRI) and II
(TBRII). Within the human genome there are 7 type I and 5 type II receptors, which
are used by different members of the large TGFp family(Manning et al. 2002b). Type
I and type II receptors contain approximately 500 amino acids, with an N-terminal
extracellular ligand binding domain, a transmembrane region and an intracellular C-
terminal serine/threonine kinase domain(Shi and Massague 2003). The TGFP sub-
family (TGFB;, TGFB,, TGFpB3) have only one type II receptor (TPRII), for which
active TGFB has a high affinity. TGFP doesn’t directly interact with the type I
receptors (Massague 1998). The binding of the active TGFP dimer to TBRII induces a
conformational change, which exposes the binding epitope of the type I receptor(Hart
et al. 2002) aﬁd since each receptor only binds to one monomer of the active TGFf3

dimer, the activated receptor complex comprises four receptor molecules (two TBRII
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and two TPBRI)Shi and Massague 2003). Within this complex TPRII kinase
phosphorylates the Glycine-Serine (GS) sequence upstream from the TPRI kinase
domain. This changes the GS region into a binding surface for receptor Smad proteins
(described in section 1.6.4)(Huse et al. 2001) and activates the TPRI kinase, which
phosphorylates the bound Smad receptor protein. Intracellular signalling then
proceeds by activation of the Smad pathway (described in section 1.6.5).

There are a number of type I receptors called activin receptor-like kinase-1
(ALK1), ALK2, ALK3, ALK4, ALK5, ALK6, ALK7. ALK4, 5 and 7 are TGFpB
activated type I receptors, ALKS being the predominant signalling receptor for
TGF.1.3 activity(DaCosta et al. 2004), ALK1 is expressed specifically on endothelial
cells and is essential for angiogenesis(Mo et al. 2002), but can also bind TGFp; and
this appears to have counteracting effects to TGFB;/ALKS activation in endothelial
cells during angiogenesis(Goumans et al. 2002). ALK2, 3 and 6 are activated by bone

morphogenic proteins (see table 1.1 above).

1.6.4 Smad signalling proteins

Smads are a family of intracellular signalling proteins so called after the
original Smad family members discovered as the Drosophila signalling protein Mad
(mothers against decapentaplegia) and the C.elegens signalling proteins Sma2, 3 and
4 (Graff et al. 1996;Liu et al. 1996;Savage et al. 1996;Sekelsky et al. 1995). The
Smads are divided into 3 classes dependent upon their function. Types and function of
Smad proteins are described in table 1.1. Smad proteins contain 3 regions that are
highly conserved between Smad types and between species. The structure of Smad
proteins is described in figure 1.5.
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Antagonist (or
Receptor Smads Co-Smads inhibitory) Smads
Smad1l, Smad5, Smad8 Smad4 Smad6, Smad7
Smad2, Smad3 Mcd (Drosophila) Dad (Drosophila)
Mad (Drosophila) Sma4 (C.elegans)
Sma2, Sma3 (C. elegans)

Table 1.1 The Smad signalling proteins. The function of receptor Smads, co-Smads
and inhibitory Smads are explained in the text. In TGFp signalling, the receptor
Smads are Smad2 and Smad3, the co-Smad is Smad4 (common to all Smad signalling

pathways) and the inhibitory Smad is Smad7.

Linker region

MAPK C Terminus
phosphorylation *Receptor
A phosphorylation
B hairpin a1l helix L3 loop
D [ [ s
At J — A
Y Y
MH]1 domain MH2 domain
*DNA binding *Smad-Smad4 interactions

*Nuclear localinition *Interactions with transcription factors
A el
shntersction with Activation of transcription

transcription factors *Interaction with receptor and membrane
binding proteins e.g. SARA

Figure 1.5 Smad proteins. Smad proteins are comprised of 3 regions. Mad homology
regions 1 and 2 (MHI and MH2) are highly conserved at the N and C termini of the
protein. There is a non-conserved linker region. Phosphorylation in response to TGFp
occurs at 2 terminal serines in an SSXS motif at the C terminus (Abdollah et al.
1997). In the MH2 region the ol helix and L3 loop determine the specificity of R-
Smad-receptor interactions (Chen ef al. 1998;Chen and Massague 1999).
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1.6.5 Smad Signalling

In TGFB (and activin) signalling there are receptor regulated Smads (R-
Smads); Smad2 and Smad3, which are anchored to the cell membrane through
membrane bound proteins such as the Smad-anchor for receptor activation (SARA;
(Tsukazaki et al. 1998)). These R-Smads are activated following phosphorylation at
the TPRI serine/threonine kinase site. The second class of Smad protein is the
common mediator Smad or co-Smad, Smad4, which neither binds to the receptor site
nor is phosphorylated by it, but forms a hetero-oligomeric complex with the activated
phosphorylated R-Smads(Heldin er al. 1997). The formation of this complex is
essential for the passage of the R-Smads across the nuclear membrane and in binding
to gene targets. In the nucleus there is further interaction with co-repressors such as c-
Ski (Akiyoshi er al. 1999) and SnoN oncoprotein (Sun et al. 1999) and with co-
activators such as the major histone acetyltransferases CBP (CREB-binding protein
(CREB; Ca’** /cAMP response element-binding protein, is a transcription factor that
regulates cell growth, homeostasis, and survival)) and p300 (Derynck et al. 1998).
Further interaction occurs with transcription factors such as activating transcription
factor 2-derived peptide (ATF2) before binding to gene promoter sites and the
initiation of gene transcription. Although there are Smad3 binding sites, no direct
Smad?2 binding sites have been identified, which appears to rely on Smad4 sites and
transcription factors for gene promoter activation(Frederick et al. 2004;Randall et al.
2004).

The third component of the Smad family is the inhibitory Smads (I-Smads). In
TGFp signalling this is Smad?7, first described as an antagonist of TGFf signalling in
1997 (Nakao et al. 1997). In BMP signalling the inhibitory Smad is Smadé, inhibiting
the activation of Smadl and SmadS. Smad7 is released from the nucleus and its
transcription is initiated following TGFp signalling, as the gene promoter site has a
Smad3 and Smad4 binding site (von Gersdorff e al. 2000). Smad7 crosses the nuclear
membrane and binds to TBRI in synergy with another protein, designated STRAP
(serine-threonine kinase receptor-associated protein), blocking the phosphorylation
site and preventing the activation of the R-Smads. An E3 ubiquitin ligase, Smad
ubiquination-related factor 1 (Smurfl), interacts with Smad7 in the nucleus inducing
ubiquitination and translocation into the cytoplasm (Ebisawa et al. 2001;Suzuki et al.

2002). It associates with the TBRI via Smad7 with subsequent enhancement of
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turnover of both TBRI and Smad7 by initiating their ubiquination. The signalling

sequence is illustrated schematically in figure 1.6.

TGFp +
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Figure 1.6. The Smad pathway. This is described in detail within the text. Briefly, activated

TGFp binds to the TGFp receptor type II (TBR II), which then phosphorylates and activates the type I
TGFp receptor (TBR I). This exposes a serine/threonine phosphorylation site that phosphorylates and
activates the receptor Smads 2 and/or 3, which are then able to form oligomeric complexes with
Smad4, the co-Smad, which carries the signal to the nucleus. Within the nucleus this complex interacts
with transcription factors, co-stimulators and/or co-repressors before binding to transcription sites
within target gene promotor regions. Following this, breakdown of the complex occurs predominantly
by ubiquination with some recycling of the R-smads. Transcription of Smad7, the inhibitory Smad, is
stimulated by the transcriptional activity of the receptor Smads and is transported into the cytoplasm

where it binds TBR I, blocking the active site and inhibiting further activity.
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1.6.6 TGFp cross-talk with other signalling pathways

Three major interactions with other pathways that affect the Smad pathway
have been identified. The first is the regulation of R-Smads by the mitogen activated
protein kinase (MAPK) signalling family; the second is the effect of co-factors,
stimulated by other pathways, interacting with the Smad pathway at transcriptional
sites, such as Ski(Akiyoshi et al. 1999); the third is the stimulation of I-Smads by

other signalling proteins.

1.6.7 MAPK signalling and TGFf

The MAPK signalling family has three major pathways comprising the
extracellular signal-regulated kinase (ERK) 1/2, the stress-activated protein kinases c-
Jun-NH2-terminal kinase (JNK) and p38 kinase. These are illustrated in figure 1.7.

Mutations in the MAPK pathways are common in human cancers and
increased activity following upstream mutations are also relatively common. They can
affect the Smad pathway in many ways that can either enhance or inhibit Smad
effects. For instance, the activation of ERK1/2 by the frequently mutationally
activated oncogene Ras inhibits the Smad pathway by phosphorylation of the linker
region (see figurel.5) of Smad2 or Smad3 (Kretzschmar ef al. 1999). Conversely, in
untransformed lung and interstitial epithelial cells, TGFf; can induce TGFB; mRNA
by induction of an AP-1 complex at the TGFP; gene promoter and the signal is
mediated through the Ras cascade and ERKs (Yue and Mulder 2000b). Stable
expression of dominant-negative Smad3 or Smad4 significantly inhibits the ability of
TGFp; to stimulate the TGFf; promoter. MAPK can also enhance TGFB mediated
signalling via an ERK-dependent pathway in epithelial cells through a pathway that
includes the activation of Smad2 by MEKK1 (MAP or ERK kinase kinase), an
upstream activator of JNK (Brown ef al. 1999). In rat chondrocytes, TGFp has been
shown to activate ERK1/2 but not p38 kinase or JNK (Yonekura et al. 1999).

Another MAPKKK (MAPK kinase kinase), TAK1 (TGFp activated kinase 1),
and its activator TAB1 (TAK1 binding protein) are activated by TGFp leading to p38
kinase activit); (Hanafusa et al. 1999) although the direct route of this activation is
still unclear. In BMP2 signalling (another member of the TGFB family), BMP2-
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induced neurite outgrowth involves the activation of TAK1 and hence p38 kinase.
Smadé6 (the other I-Smad, important in BMP signalling) and Smad7 are up-regulated
by BMP2 stimulation and have been found to interact physically with TAK1-binding

protein, which is necessary for TAK1 activation (Yanagisawa et al. 2001).

Stimulus Growth Cytokines/ Cytokines/
\ factors Stress Stress
MAPKKK Raf MEKK1-4, MEKK, ASK 1,
ASK, MLK MLK
1 v v v

MAPKK MEK1/2 MKK 4/7 MKK 3/6

Pi—

v v

MAPK ERK1/2 JNK1/2, 3 p38

h

Cellular ] Proliferation Apoptosis Cell motility
response Development Inflammation Apoptosis
Differentiation Tumorigenesis Chromatin
Cellular survival remodeling
Osmoregulation

Figure 1.7 MAPK signalling. The three MAPK signalling pathways, ERK, JNK and p38 kinase, are
each made up of a cascade of MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK) and the
MAP kinase, illustrated in the flow chart above (Adapted from Cowan and Storey, 2003. J Exp Biol
206: 1107-1115).

One of the key transcription elements regulated by Smads is the activator-
protein 1 transcription protein (AP-1) complex. This is also activated by activation

transcription factor-2 (ATF-2), a constitutively expressed member of the c-Jun family
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that is a downstream substrate of the JNK and p38 pathways. ATF-2 is
transcriptionally activated as a result of an interaction of Smad3 and 4 (Sano et al.
1999) and is another example of this complex signalling interplay whereby AP-1 is
activated by MAPK/Smad-interdependent amplification (de Caestecker er al. 2000).
AP-1 activity is essential in the process of obtaining a metastatic phenotype (Denhardt
1996) and in cancer, AP-1 activity appears to be critical in the auto-induction of
TGFB (Kim et al. 1990).

In normal rat fibroblasts, ERK activation negatively regulates Smad7
transcription possibly by inhibiting translocation of Smad complexes to the nucleus.
However, the JNK cascade (not p38 kinase) co-operates with Smad signalling to
induce Smad7 transcription through the AP-1 complex (Uchida et al. 2001). Smad7
can also be induced by other proteins such as epidermal growth factor (Afrakhte et al.
1998), interferon gamma (Ulloa ef al. 1999) and nuclear factor - kB (NFxB) (Bitzer et
al. 2000) as a result of the activation of different pathways.

The cross-talk and interplay between signalling pathways is extremely
complex and any number of defects occurring in malignant cells could affect the
TGFp pathway directly or indirectly. TGFp has a wide variety of effects that can vary
between cell types and there are clearly a number of ways in which TGFp stimulation

becomes pro-tumorigenic.

1.6.8 TGFp as a tumour repressor

TGFp acts on normal cells to control cell proliferation. It does this in a number
of ways that, although not fully understood, appear primarily to prevent the
phosphorylation that inactivates pRb (the retino-blastoma protein at the heart of cell
cycle regulation), hence blocking the advance of the cell cycle through Gl (as
illustrated in figure 1. 2).

This can occur by TGFpP suppression of the c-myc gene at a transcriptional
level, which regulates the G1 cell cycle machinery (Moses et al. 1990). Different
Smad transcription factor complexes can cause the synthesis of proteins p21 and
p15MNK4B

, which block the cyclin/CDK complexes responsible for pRb
phosphorylation (Datto et al. 1997).
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In epithelial cell renewal, TGFB maintains the balance between cell number
and cell loss by inhibiting cell proliferation and inducing apoptosis (Perlman et al.
2001). It has been recognised as a tumour suppresser and the loss of sensitivity to
TGFp is recognised as an important early feature of tumorigenesis. This loss of
sensitivity may occur through a number of mechanisms; in hereditary ﬁon—polyposis
colorectal cancer (a hereditary form of colon cancer) a somatic mutation of TGFBR2,
the gene encoding TBRII, occurs leading to TGFp insensitivity resulting in growth
advantage and clonal expansion with progression to tumour(Togo er al. 1996). A
number of human tumours show loss of heterozygosity at gene loci within different
components of the TGFp signalling pathway resulting in loss of tumour suppresser
activity (see table 1.2). For example, Smad4 was first described as the tumour
suppresser DPC4, common in pancreatic cancer (Hahn et al. 1996). The majority of
these mutations are associated with microsatellite repeat sequences. These are
mutations due to inactivation of the DNA mismatch repair system resulting in
hypermutable states that make simple repetitive DNA sequences unstable during
DNA replication. If this occurs in critical coding or regulatory regions of the gene,
then a functional change may result.

TGFp tumour suppressor effects may also be lost due to the mutation of other
downstream targets such as the deletion of the locus encoding p16™** (Chin et al.
1998). As described above, this protein blocks cyclin/CDK complexes responsible for
Rb phosphorylation. The loss of this function results in increased cell cycling and

proliferation.
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Gene Protein Tumour type Frequency
Microsatellite instability = (+)
No microsatellite instability = (-)

TGFBR2 TRRII Colon (+) ~30 %
Colon (-) ~15%
Gastric (+) 30-80 %
Gastric (-) <5%
Glioma (+) ~70 %
Glioma (-) <5%
NSCLC (+) ~75%
NSCLC (-) <5%
Pancreas <5%

TGFBRI TBRI Ovarian <5%
Metastatic breast <5%
T-cell lymphoma <5%

MADH4 (DPC4) | Smad4 Pancreas 25-90 %
Colon (+) 30 %
Colon (-) <5%

MADH?2 Smad2 Colorectal <5%
Lung <5%

Table 1.2 Mutations in Smad genes. All the genes in the table are tumour

suppressors, mutated in human tumours, with subsequent loss of heterozygosity.
NSCLC = Non-small cell lung cancer. (Adapted from Akhurst RJ and Derynck R
2001 (Akhurst and Derynck 2001)).

1.6.9 TGFp and the tumour microenvironment — the pro-tumorigenic role

As described in section 1.4 there are a number of factors in the tumour
microenvironment that can increase the levels of and activate TGFP e.g. plasmin
generation by tumour cells, increased protease expression such as MMP2 and MMP9,
which activates TGF sequestered to the ECM, and increased expression of TGFB by

tumour cells. Many different tumours have been demonstrated to grow in association
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with TGFB production (Pasche 2001). The three key features of the pro-tumorigenic
effects of TGFp are angiogenesis (new vessel formation from pre-existing vessels),

immune modulation and the stimulus of ECM production.

1.6.10 TGFp and angiogenesis

Angiogenesis is a pre-requisite for solid tumour growth, invasion and
metastasis. Blood is essential for the delivery of nutrients and oxygen to tumour cells
and blood vessels act as portals for tumour cells to intravasate the vasculature leading
to metastasis. TGFP is a pro-angiogenic growth factor in both normal cells and in
cancer and the ECM acts as scaffolding through which new vessels can form. In
embryogenesis, TGFB receptor type II deficiency results in defects of yolk sac
vasculogenesis (de novo vessel formation) (Oshima ez al. 1996) and in TGFp type I
receptor null mice there is abnormal angiogenesis (Larsson ef al. 2001), both of which
are embryonically lethal. In 3D matrigel cocultures, TGFB is required for the
induction of mesenchymal cells to smooth muscle cells as part of the formation of
capillary-like structures (Darland and D'Amore 2001). In hereditary haemorrhagic
telangiectasia, a hereditary condition of multisystemic angiodysplasia in man, the
genetic defects are primarily within TGFp signalling(Lux et al. 1999;McAllister ef al.
1994).

In tumours, TGFB; activated at the tumour/stroma border induces VEGF
expression at the tumour periphery (Breier et al. 2002). VEGF is a potent inducer of
angiogenesis and can act as a survival factor for immature blood vessels (Benjamin et
al. 1999). In prostate carcinoma cells transfected with TGFB;, there is potent
induction of angiogenesis, whereas TGFJ neutralising antibodies reduce tumour
angiogenesis (Ueki et al. 1992). In breast cancer, high levels of TGFp; mRNA are
associated with increased microvessel density and both TGFP levels and microvessel
density correlate with poor patient prognosis (de Jong ef al. 1998). The ability of
endothelial cells to migrate and invade in the process of angiogenesis is enhanced by
the expression of MMP-2 and MMP-9 and down-regulation of TIMPs. This occurs in
response to TGFB in both tumour cells and endothelial cells (Madri ef al. 1988;Yang
and Moses 1990).
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1.6.11 TGFpB and immunosuppression in relation to malignancy

The second component of the pro-tumorigenic effects of TGFP is to allow the
tumours to escape from immunosurveillance. TGFP is able to suppress the immune
system in a number of ways. It can inhibit T-cell proliferation, T-cell differentiation
into cytotoxic T cells and helper T cells, and inhibit the T-cell stimulatory functions
of antigen-presenting cells. It can also inhibit the activity of natural killer (NK) cells,
neutrophils, macrophages and B cells (Letterio and Roberts 1998). T helper cells type
I (Thl) and cytotoxic T cells play major roles in immune-mediated tumour cell
killing. The suppression of these functions by TGFB at the site of tumours may go
some way to explaining how these tumour cells escape the immune response. In MM,
TGFp appears to drive the shift in the Th1/Th2 balance toward Th2 dominance via
IL-10 and leads to inhibition of the Th-1 type responses directly in MM cells(Maeda
and Shiraishi 1996).

1.6.12 TGFp and tumour related ECM

The third pro-tumorigenic role of TGFB is in the stimulation of ECM
synthesis. In most solid tumours, stromal fibroblasts and/or myofibroblasts are
considered to be the major cell types responsible for the increased production of ECM
in response to growth factors such as TGFp released by tumour cells (Bosman et al.
1993;Dahiman et al. 2000;Faouzi et al. 1999;Kauppila et al. 1998;Minamoto et al.
1988). There is also evidence of tumour cells themselves producing ECM proteins in
response to autocrine tumour TGF production. For example, in breast cancer, TGFp,;
production can result in over-expression of tenascin-C by the tumour cells, which is
associated with a migratory and invasive tumour cell type(Maschler et al. 2004).
Tumour cell derived TGFp; has been shown to increase the deposition of fibronectin
and tenascin-C by oral tumour cells(Dang et al. 2004). There can be marked ECM
deposition in glioma, and TGFf, synthesised by tumour cells stimulates an autocrine
production of collagen I by the glioma cells(Paulus et al. 1995). TGFB, produced by
Moser colon cancer cells stimulates the production of fibronectin and laminin by the
same tumour ‘cells(Huang and Chakrabarty 1994). The ECM has a number of key

roles necessary for tumour growth as discussed above (see section 1.4).
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1.7 Experimental inhibition of TGFf

Inhibition of TGFp has been investigated in many fibrotic diseases and more
recently, following the recognition of the pro-tumorigenic effects of TGFp, those
techniques and others have been used as tools or as possible therapies in cancer
research. There are five broad methods for inhibiting TGF activity: 1) inhibition of
TGFp before it binds to its receptors by ECM constituents such as the proteoglycan
decorin, 2) antibodies to neutralise TFGp activity, 3) inhibition of receptor activation
by the use of soluble TGFP type Il receptors, 4) Smad signalling blockade by
numerous gene manipulation techniques including antisense to Smad2 and Smad3 and
transfection of the inhibitory Smad7, and more recently, 5) the use of small molecular

weight inhibitors to block TGFp receptors. Each of these is discussed below.
1.7.1 Inhibition of TGFp before receptor binding

Decorin is an endogenous proteoglycan that naturally inhibits TGFB. In
pulmonary fibrosis, TGFp is a key mediator of collagen deposition and fibrosis. In a
murine model of pulmonary fibrosis, transfection of decorin before bleomycin
instillation resulted in a reduction of bleomycin-induced fibrosis(Kolb et al. 2001). In
a rat glioma model, glioma cells transfected with decorin resulted in tumours that
grew initially but then regressed compared with control transfected tumour cells,
which all resulted in death(Stander et al. 1998). Decorin probably does not work by
simply binding to and inactivating TGFp since it has recently been shown to possibly
function by interaction with Smad2 (Abdel-Wahab et al. 2002). Also, gene transfer of
decorin inhibited colon and squamous cell cancer xenograft tumour growth via

inactivation of the EGF receptor tyrosine kinase (Reed ef al. 2002).

1.7.2 TGFp neutralising antibodies
TGFB neutralising antibodies have been used to block the activity of TGFp in

a number of experimental settings. In models of renal nephropathy, TGFp antibodies

have been used to inhibit the pro-fibrotic effects of TGFp, which in a murine model
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resulted in reduced deposition of collagen III (Ling et al. 2003). In a rat model of
progressive nephritis, systemic TGFf antibodies were shown to reduce TGFB/Smad
signalling responses with reduced renal scarring(Fukasawa et al. 2004). Interestingly,
there seems to be a dose response to TGFp antibodies, demonstrated in a rat model of
nephropathy in which only lower doses of the antibody reduced scler’osis(Ma et al.
2004). Higher levels did not and this does produce some difficulties in finding the
most effective antibody dose. In other systems, corneal fibrosis was reduced in a
rabbit model with the demonstration of reduced collagen deposition (Jester et al.
1997). Following a successful preliminary trial (Siriwardena et al. 2002), a TGFp,-
specific antibody is under controlled clinical trials in humans to reduce collagen
contraction and deposition in glaucoma filtration surgery. In the nervous system, pan-
specific TGFf antibodies have been used to reduce collagen deposition around a
crushed sciatic nerve in a rat model of nerve injury(Nath ef al. 1998).

In cancer, TGFP reduces the immune response to tumour cells, as described in
section 1.6.11. In a dendritic cell based tumour vaccine model, TGFB antibodies
enhanced the ability of dendritic cells to present antigen in mammary tumour bearing
mice resulting in increased T cell stimulation and reduced tumour growth(Kobie et al.
2003). In a human xenograft model of prostate cancer, TGFB; neutralising antibodies
reduced angiogenesis and tumour growth in mice(Tuxhorn et al. 2002). In another
approach, TGFp antibodies enhanced the effects of cisplatin treatment against human
breast cancer tumour cells by reducing the induction of p21 cyclin dependent kinase
(Cdk) inhibitor and enhancing the activity of Cdk 2. These resulted in facilitating the
progression of S phase into G2M phase of the cell cycle with resultant increased DNA
fragmentation, implying that TGFB, may protect the tumour cells from DNA
damage(Ohmori et al. 1998).

1.7.3 Soluble receptor complexes to inhibit TGFB

Soluble TGFp type II receptors (TBRII) have been shown to inhibit TGFp
activity. Soluble TBRIIs transfected into hepatoma cells lead to a reduction in tumour
growth when those cells are used to grow tumours in a rat model(Zhao et al. 2002b).
Most work involving soluble TPRIIs and cancer have examined the effects on

metastasis. Transfection into pancreatic ductal adenocarcinoma cells that were then
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injected into athymic mice inhibited the metastatic potential(Rowland-Goldsmith et
al. 2002). Systemic administration of soluble Fc:TGF-beta type II receptor fusion
protein in murine transgenic and transplantable breast cancer models did not reduce
the size of the primary tumour but did reduce tumour cell motility, intravasation, and

formation of lung metastases(Muraoka et al. 2002).
1.7.4 Gene transfection techniques to inhibit TGFp and Smad signalling

There are a number of ways to block TGFB using gene transfection by
targetting different parts of the TGFp signalling pathway. As described above, TGF[3
can be reduced by the over-expression of the proteoglycan decorin (a natural inhibitor
of TGFpB) by gene transfer (Zhao et al. 1999). Antisense can be delivered to TGFP
specific isoforms as demonstrated by Fitzpatrick et al., 1994(Fitzpatrick et al. 1994),
and Marzo et al., 1997(Marzo et al. 1997), who showed that in MM, antisense
oligonucleotides to TGFPB, reduced TGFB production with the consequence of
inhibited anchorage-independent growth, reduced tumorigenicity and delayed tumour
growth in vivo.

The TGFp receptor is another target for gene transfection. In a rat model of
liver fibrosis, a vector expressing a dominant-negative TGFp receptor was transfected
into the liver. This resulted in inhibition of both TGF signalling and fibroblast
activity leading to reduced collagen deposition i.e. reduced fibrosis (Ueno et al.
2001). Inhibition of TGFB can also be achieved by blocking the Smad signalling
cascade. This can be accomplished by transfection of the inhibitory Smad, Smad7, or
by using antisense to the receptor Smads, Smad2 and 3 (Zhao et al. 1998), or to the
co-Smad, Smad4 or by transfection of dominant negative constructs for Smad4 or the
receptor Smads. In an animal model of lung fibrosis, transfection of lung cells with
Smad7 inhibited TGFP-induced lung fibrosis (ECM deposition, assessed by
quantifying collagen deposition) in a bleomycin induced murine model of lung
fibrosis (Nakao et al. 1999). In a rat kidney model of renal fibrogenesis, TGFp-
mediated collagen deposition has been blocked by the over-expression of Smad7

using a doxycycline inducible stable expression transfection system (Li et al. 2002).
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1.7.5 Small molecular weight inhibitors of TGFf

Finally, small molecular weight inhibitors of TGFp receptor activation have
recently been demonstrated to inhibit activity. SB431542 is a small mo}ecular weight
inhibitor of the TGFpB; receptor. This has been shown to block phosphorylation and
translocation of Smads (from the receptor to the nucleus), with resultant inhibition of
VEGF production and inhibition of proliferation of glioma cells(Hjelmeland et al.
2004). Another small molecular weight inhibitor, halofuginone, used in a mouse
model of squamous cell carcinoma, inhibits side effects of radiotherapy i.e. radiation-
induced fibrosis. Halofuginone inhibits the effects of TGFp by elevating the levels of
Smad7, reducing the phosphorylation of Smad2 and Smad3 and reducing the
expression of cytosolic and membrane TPRII, resulting in the amelioration of

radiation-induced fibrosis(Xavier et al. 2004).

1.8 Summary

MM is increasing in incidence and will continue to do so for the next 10-20
years in Western countries and may increase for many years in developing countries
that are still using large amounts of asbestos. It is an aggressive tumour that is
unresponsive to conventional treatment with a median survival of 10-14 months. The
primary cause is asbestos fibres, although co-factors such as SV40 may have
synergistic effects. Following asbestos exposure, there is a time lag before
presentation of MM of 30-40+ years. A key characteristic of this tumour is that it is
extremely fibrous due to the excessive deposition of collagen within the ECM.

The ECM has been shown to have an essential role in the growth of many
solid tumours, acting as a scaffold through which the tumour can grow, and by
multiple interactions with tumour cells that are important for local tissue invasion,
metastasis, angiogenesis and in protecting the tumour from chemotherapeutic agents.

Like many tumours, MM produce growth factors including TGFB. TGFp has
three basic pro-tumorigenic effects: it is pro-angiogenic, immunosuppressive and
stimulates production of ECM proteins. Inhibition of TGFB in other cancers has

shown great potential. The levels of TGFB produced by MM tumours are reported as
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high and are likely to be responsible for much of the fibrous tissue associated with
MM through the stimulation of collagen synthesis.

What is not known is how essential TGFp is for MM tumour growth and how
important the role of collagen deposition is. If collagen is important, then the
necessity off TGFP stimulation for its production is also not known: Inhibition of
TGFp may result in blocking MM collagen production and limiting tumour growth by
inhibiting an autocrine growth loop between collagen deposition and tumour growth.
The importance of different TGFp isoforms is uncertain in cancer as discussed in
section 1.6.1. Specific TGFpB antibodies can be used to block the different TGFp
isoforms, whereas inhibition of the intracellular signalling pathway should block all
isoforms.

TGFp is thought to signal predominantly through the Smad pathway, which is
unique to the TGFp family (see table 1.1). Part of this signalling involves Smad7, a
natural inhibitor of the Smad signal, which acts as negative feedback, and has been
used in transfection experiments to inhibit TGFp signalling. Smad7 is therefore a
potentially useful tool with which to inhibit the signalling and hence the activity of
TGFB. The Smad pathway has been shown to interact with other pathways and in
collagen regulation there appears to be a role for the MAPK signalling cascades. The
importance of the MAPK signalling pathways is unclear in relation to TGFp and
collagen synthesis in MM cells, as these pathways have both inhibitory and
stimulatory effects on TGF activity in other cell types (as discussed in section 1.6.7).
Whether these signalling pathways are important or not for collagen production in
MM is not known.

The cell biology of MM is not fully understood and since current therapies are
inadequate, a better understanding of factors that enhance the growth of these tumours
will potentially identify novel therapeutic targets.
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1.9 Hypothesis

MM cell synthesis of TGFp stimulates MM cell collagen production
and promotes tumour growth. Strategies to inhibit TGFp activity or
signalling will inhibit MM collagen production and limit tumour

growth.

1.10 Aims

Aim 1.

To assess the relationship between TGFf and collagen production in MM cells
by measuring collagen and TGFP synthesis in 7 MM cell lines (3 murine, 4
human) and examine the effect of TGFp stimulation on MM cell collagen

production.

Collagen production: the amount of collagen produced basally and in response to
TGFP will be assessed in vitro by measuring hydroxyproline production using

reverse-phase HPLC.

TGFp production: the production of active TGFp by MM cells will be demonstrated

and quantified using a mink lung epithelial cell assay.

Smad signalling: an assessment of the Smad signalling pathway in MM cells will be
made by measuring phosphorylated (activated) Smad2 levels at different time points
following TGFp stimulation using Western blotting.

Aim 2.
To assess the effects of inhibiting TGFf on tumour growth using an established

murine model of MM

Murine model of MM: An established murine model of MM using syngeneic cells
will be used to assess the effects of inhibiting TGF on MM tumour growth in vivo.
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TGFp neutralising antibodies in vive: Pan-specific, TGFf;-specific and TGFf,-
specific neutralising antibodies and their controls will be administered systemically
to mice and the effects on collagen production and tumour growth assessed by
measuring tumour weight, tumour collagen content using reverse-phase HPLC and

by histological examination of tumour sections

Aim 3.
To assess the effects of blocking the Smad signalling pathway by over-expression
of Smad7, as an alternative means of inhibiting all three isoforms of TGFf, on

MM cell collagen response and tumour growth.

Transient transfection of Smad7 in vitro using the LID transfection system: this
system will be optimised for the transfection of MM cells by transfection of green
fluorescent protein (GFP) to assess transfection efficiency with different LID
components. It will then be used in the assessment of MM cell collagen gene

responses.

Gene response: this will be assessed by transiently transfecting an a;(I) pro-
collagen gene promoter luciferase reporter into MM cells with dual transfection of
Smad7 or a control vector, using the LID system, and measuring basal and TGFf

stimulated reporter activity.

Retroviral transfection of Smad7 to create stable transfections of MM cells over-
expressing Smad7: this system will be used to produce cell cultures in which all
cells are over-expressing Smad7, which will be used to assess total collagen

production and the effects of Smad7 on tumour growth.

Collagen production: using HPLC measurements of hydroxyproline synthesis to

measure collagen production by Smad7 or control vector expressing MM cells.

Tumour growth: using the murine model to grow tumours from MM cells that have

been stably transfected to over-express Smad7, or a control protein, the effects of
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Smad7 on tumour growth will be assessed by measuring tumour weight and collagen

content (using reverse-phase HPLC).

Aim 4.
To investigate the role of MAPK signalling in the collagen response of MM cells
to TGFp stimulation

MAPK activation by TGFp: the activation of MAPK pathways (ERK, p38 kinase
and JNK activation) will be measured by Western blotting of lysates from MM cells
in vitro following their exposure to TGFp, to examine for the activated MAPK

proteins

Inhibition of MAPK signalling: the collagen response of MM cells to TGF[} at gene
and protein levels while blocking ERK activity, p38 kinase activity and JNK activity,

using specific inhibitors, will be assessed at gene and protein levels:

Gene response: by transfecting MM cells with the a,(I) pro-collagen gene promoter
luciferase reporter assay (as above), using the LID system, and treating the cells with

the specific MAPK inhibitors before exposure to TGFp.

Protein response: collagen production will be assessed by measuring total collagen
production, using reverse-phase HPLC measurement of hydroxyproline, by MM cells

treated with the specific inhibitors.

Aim 5.

To examine the TGFp receptor for expression of different isoforms

An initial assessment for the presence of different subtypes of the type I receptor —
ALKI1 and ALKS — and, since Smad7 stimulates down regulation of these receptors in
other systems, the effects of Smad7 transfection on ALK1 and ALKS expression by
MM cells will be assessed using immunohistochemical and Western blotting

techniques.
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Chapter 2. Materials and Methods
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2.1 In Vitro Studies

2.1.1 Cell lines

Seven Malignant Mesothelioma (MM) cell lines were studied. Four cell lines
were derived from human tumours and three from murine ascitic fluid. The human
lines JU77, NO36, LO68 and ONESS, were established from MM cells isolated from
pleural effusions as described previously (Manning et al. 1991). AB1 and AB22
(murine) MM cell lines were derived from tumours induced by inoculation of
crocidolite asbestos into BALB/c mice and the AC29 cell line from crocidolite
inoculated CBA mice as described previously (Davis et al. 1992). All seven cell lines
were kindly donated by Professor Bruce Robinson, Department of Medicine,
University of Western Australia.

2.1.2 Materials

Tissue culture plastic ware was purchased from TTP, Helena Biosciences,
Sunderland, UK and Sarstedt Ltd, Leicester, UK. Culture medium, Dulbecco’s
Modified Eagle Medium (DMEM), Trypsin-EDTA, Penicillin/Streptomycin and L-
Glutamine were purchased from GibcoBRL, UK. Foetal calf serum (FCS) was
purchased from Autogen Bioclear, Wiltshire, UK.

2.1.3 Cell culture conditions

Cells were routinely grown in 75 cm’ tissue culture flasks in DMEM
containing 10% FCS (v:v), penicillin (100 U/ml) and streptomycin (100 pg/ml) and
grown in a humidified atmosphere of 10% CO, at 37°C. Culture medium was changed
every 3-4 days and cells passaged at visual confluence with a 1:5 to 1:10 split ratio.
Routine tests for Mycoplasma were carried out at regular intervals using a commercial

mycoplasma detection kit (Boehinger Mannheim).

2.1.4 Cell Passage

At visual confluence the culture medium was removed from the flask. The cell

layer was washed twice with 5 ml of phosphate buffered saline (PBS, Oxoid Ltd, UK)
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to remove remaining serum, which would deactivate trypsin. The PBS was removed
and 1ml of trypsin/EDTA introduced into the flask. The flask was briefly rocked to
spread the trypsin/EDTA evenly over the confluent cell monolayer and then placed in
an incubator for 2 — 4 minutes at 37°C until the cell layer had visibly detached from
the plastic. Detachment and rounding of the cells was confirmed using’ an inverted-
phase contrast light microscope (Olympus CK2, Olympus Optical company Ltd,
Japan). DMEM (4 ml) containing 10% FCS was then added to neutralize the
trypsin/EDTA and the cells resuspended by passing them several times through a 10
ml pipette. Aliquots of either 1 ml (1:5 ratio) or 0.5 ml (1:10) of the cell suspension
were then added to a fresh flask with 10 ml of culture medium.

2.1.5 Storage of cells under liquid Nitrogen

Cells were stored in a cell bank by freezing in dimethyl sulphoxide (DMSO)
and submerging under liquid nitrogen. Briefly, cells were grown to confluence in 75
cm?’ flasks, washed with PBS and trypsinised as described in section 2.1.4. Following
re-suspension in 5 ml media containing 10% FCS the cells were spun in 15 ml
polypropylene tubes at 300g, 6 min, 4°C. The supernatant was discarded and the cells
re-suspended in 1.5 ml of freezing solution (DMSO 10%, FCS 20%, DMEM,
penicillin (100 U/ml) and streptomycin (100 pg/ml)), which was added slowly over 2
min to avoid a rapid change of the osmotic gradient across the cell membrane that
would damage the cells. The cells were then placed into cryovials (2 ml volume),
labelled and wrapped in tissue paper before being covered in a polystyrene case to
slow down the freezing time. This was then placed in a -80°C freezer before being
transferred to a liquid nitrogen cell bank the following day. Cells could be re-used at
any time by thawing in a waterbath at 37°C for 2-3 min before adding to 10 ml 10%

FCS in a 75 cm” tissue culture flask. The growth medium is replaced the following
day.

2.1.6 Cell Counting

At visual confluence cells were trypsinized as described. The cells were
resuspended in 5 ml of fresh media and 10 pl of this cell suspension was introduced

into an Improved Neubauer Haemocytometer (BDH/Merck) and visualised under an
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inverted phase-contrast light microscope. As the volume of one grid in the chamber is
10*ml the number of cells/ml was calculated by taking the average of the four grids
on the chamber multiplied by 10*. Cells were then seeded in tissue culture plates at

the required concentration

2.2 Bioassay for TGFpB

A mink lung epithelial cell (MLEC) bioassay system was selected to measure
levels of active TGFp produced by MM cells. There are a number of assays available
to measure TGFp levels but this assay has been shown to be robust and both highly
sensitive and specific(Abe ef al. 1994). It is a quantitative bioassay that has a further
advantage over other assays in that it doesn’t involve radioactive elements. TGFp is
known to induce plasminogen activator inhibitor-1 (PAI-1) expression and this has
been exploited to produce the bioassay. By creating MLECs that are stably transfected
with an expression construct containing a truncated PAI-1 promoter fused to a firefly
reporter gene, luciferase activity can be stimulated from the construct by exposure of
the cell to TGFB. The luciferase is measured, using a luminometer, from the MLEC
lysates (since the luciferase remains intracellular) after 16 hours of exposure to either
TGFP or conditioned media thought to contain TGFp, and the level of luciferase
activity is dose-dependent for TGFpB concentrations. Each time the bioassay is used a
number of set concentrations of TGFp are also measured to produce a standard curve
for each experiment, since luciferase activity will vary due to other variables
including the number of passages performed on the MLEC cells, the cell number and
the time taken for incubation. This means that although luciferase activity varies
between experiments the level of TGFB quantified, by correction to the TGFp

standard curve, remain consistent. The bioassay is described in more detail below.

2.2.1 Mink Lung Epithelial Cell line

The assay uses mink lung epithelial cells (MLEC), kindly supplied by DB
Rifkin (Department of Cell Biology, New York University Medical Centre, New
York), that have been stably transfected with an 800 bp fragment of the 5> end of
human plasminogen activator inhibitor-1 (PAI-1) gene promoter (Mimuro et al. 1989)
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upstream of the firefly luciferase gene in a pl9LUC-based vector(Abe et al. 1994).
The cells were maintained in DMEM supplemented with 10% FCS, penicillin (100
U/ml), streptomycin (100 pg/ml) and Geneticin (200 pg/ml) and grown at 37°C in
10% CO,. Geneticin resistance is produced by the transfected construct and so
incubation in the presence of this antibiotic allows only the transfected MLEC cells to
grow. The cell line was maintained by passage and splitting of cells in a 1:10 ratio.

The cells were used to assay test samples for active TGFf.

2.2.2 Assaying of active TGFp

Confluent or subconfluent MLEC were trypsinised gently and resuspended in
growth media at 1.6 x 10°cells/ml and plated at 100 pl/well in 96 well tissue culture
plates. Cells were incubated at 37°C in 10% CO, for three hours to allow cell
attachment. The medium was then aspirated and 100 pl of the test sample
(conditioned media — see section 2.2.3) added directly to the attached cells with
triplicate repeats. Dilutions of TGFp; (0.01-1.2 ng/ml) were made in media similar to
the test media and added to attached MLEC cells in triplicate repeats to create a
standard curve. The samples and standard TGFp, dilutions were incubated for 16
hours overnight at 37°C in 10% CO,. The culture media was gently aspirated from the
cells and the cells gently washed with 50 pl of PBS. The cells were then lysed with
100 pl of lysis buffer (Boehinger Mannheim) and incubated at room temperature for
20 min, to allow for complete cell lysis. The lysates (45 pl sample repeated in
triplicate) were centrifuged at 300g for 2 min to remove cell debris and transferred to
an opaque 96 well plate. 100 pl of luciferase substrate buffer was added to each
sample and the luciferase activity from each measured in a microplate luminometer
(Tropix 717, PE Applied Biosystems). Samples of the lysates (45 ul) obtained from
the cells exposed to standard TGFp; dilutions (in triplicates) were also transferred to
the 96 well plate. The mean value of luciferase activity for each triplicate repeat was
calculated and recorded and the concentration of TGFp in the sample calculated by

comparison with the luciferase activity measured from the standard TGFp; dilutions.
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2.2.3 Conditioned medium

Seven different MM cells (4 human, 3 murine) were grown in 75 cm” flasks at
37°C in 10% CO, containing 10% FCS. At confluence, the medium was removed and
washed with PBS. 5 mls of serum-free medium was then placed on the cells and left
for 24hr. The medium was then removed for subsequent use in the MLEC assay to
assess for active TGFB concentrations. The number of cells in each flask was
recorded, as described in section 2.1.7, so that values of TGFB concentrations could

be corrected for cell number.
2.2.4. Effects of TGFp neutralising antibodies on MLEC luciferase activity

To confirm that the luciferase activity produced following exposure of the
cells to TGFB or conditioned media was due to TGFP and not other factors present in
the serum, luciferase activity was measured following the pre-treatment of the TGF
standards with pan-specific TGFP neutralising antibody (Cambridge Antibody
Technologies (CAT), Cambridge, UK) at 50 pg/ml and 100 pg/ml (antibody
concentrations recommended by CAT). Following this, pan-specific TGFp antibody,
at 100pg/ml, was added to the conditioned media samples from AB22 and AC29 cells
before application to the MLEC cells to confirm that luciferase activity was due to
TGFB. AB22 and AC29 cells were assessed as these were the predominant cell lines

used throughout the study.

2.2.5 Effects of different TGFp isoform specific neutralising antibodies on TGFp;
stimulated MLEC luciferase activity

Since a TGFp-specific (CAT) and a TGFpB,-specific antibody (CAT) were to
be used in the murine model of MM (see section 2.7) these antibodies were also used
to pre-treat TGFp, standards before application to the MLEC cells and activity
compared with results obtained from pan-specific TGFB antibody treatment. This was
to assess the specificity of the antibodies and to compare the effectiveness of TGFf;-
specific antib.ody with the pan-specific antibody when used at the same concentration

(100p/ml), which should inhibit the activity of the chosen dose of TGFB, (0.3 ng/ml —
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selected as the mid-point of the TGFP, standard curve concentrations). TGFf3,-

specific antibody should not inhibit the activity of TGFp; induced luciferase.

2.3 Vector preparation for use in transfection experiments

Two Smad7 vectors were prepared for use in transfection experiments. The
first was a Smad7 cDNA plasmid in an expression vector for use in a transient
transfection system. The second vector was more complex for use in a lentiviral
transfection system. The preparations of these two vectors are described below,
followed by a description of how they were used in transfections. The reason for

using two separate transfection systems is explained in section 2.4.

2.3.1 Smad7 vector

A Smad7-Flag construct containing Smad7 cDNA and a small peptide “tag”,
coding for Flag, as an amino terminal addition that has been cloned into a specific
restriction site of the 5.4 kb expression vector pcDNA3 (Nakao et al. 1997), was
kindly provided by CH Heldin (Ludwig Institute for Cancer Research, Upsala,
Sweden). The Flag tag can be identified easily using anti-Flag antibody. The Smad7
insert is 1.3kb in length cloned into the pcDNA3 vector (see figure 2.1) at restriction
sites using cloning enzymes BamH I and Xho I at the 5’ and 3’ ends respectively.
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Restriction enzyme site
between T7 CMV promoter
and Sp6 promoter with
restriction enzymes active at
this site listed. This is the
point at which 1.3 kb Smad7-
Flag is inserted using
restriction enzymes BamH 1
and Xho L.

Pvul

Figure 2.1 Schematic of the pcDNA3 vector used in these experiments as published
by Invitrogen. Flag/Smad7 cDNA was inserted into this vector between restriction
sites BamHI and Xhol at the restriction site indicated, as described in the text. This

vector was also used, as shown above, as a control vector.
2.3.2 Confirmation of plasmid insert size

To confirm that the insert was 1.3kb in size, consistent with being Smad7, a
double digest was performed to cut the insert out of the construct and the products of
the digest reaction separated in a 1% agarose gel. Briefly, approximately 15 ug
Smad7-pcDNA3 plasmid DNA (as supplied) was dissolved in 50 pl TE buffer and 2
ul of this was added to an eppendorf (repeated in quadruplicate). To each sample the
following were added: 1 pl of restriction endonuclease BamHI, 0.5 pl of restriction
endonuclease Xhol, 2 pl of reaction buffer D (Promega, Tris-HCl 6mM, MgCl, 6mM,
NaCl 150 mM, DTT 1mM, pH 7.9) and 15 pl ddH,0. This mixture was then
incubated for 1 hour at 37°C. The digested sample was then run at 50mV in a 1%
agarose gel (1g agarose added to 100 ml TBE buffer and melted in a microwave oven
followed by the addition of 5 pl ethidium bromide (10 mg/ml stock)) with the uncut
sample (i.e. original undigested plasmid) as a control and a 1kb DNA ladder. The
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DNA bands were visualised under UV light and compared with the DNA size ladder

as shown in figure 2.2, confirming that the insert size was 1.3kb.

12.2

11.2 W

10.2

9.5 kb

8.1 kb

61 kb

5.1 kb

4.1kb e

3.1 kb) 1.3 kb size

insert

L 14 \ it/
N Y
4 separate digest Uncut vector control

mixtures (4 duplicates)
1 kb DNA ladder DNA ladder

Figure 2.2. Gel showing DNA bands following double digest of pcDNA3/Smad7
¢DNA to confirm that the insert size is ~1.3kb, which is consistent with it being

Smad7. Four repeat digests were run and all confirmed that the insert size was ~1.3kb.

Following confirmation of correct insert size the quantity of plasmid was
increased by transformation, purification and amplification as described in sections
2.3.3 and 2.3.4.

2.3.3 Transformation and Amplification Procedure for plasmid DNA

A 2 pl aliquot of Smad7 plasmid DNA diluted in TE buffer to Ing/ul
(determined using a spectrophotometer, 1 OD,5=50pg/ml) was added to 50 pl of
DH5a E. coli competent cells and incubated for 30 min on ice in a pre-chilled falcon
tube. The cells were then heat-shocked for 45 seconds at 42°C in a water bath,
allowing plasmid to cross through the cell membrane, and immediately placed back
on ice for 2 minutes, preventing further movement of plasmid across the membrane.
The cells were suspended in 450 pl of SOC buffer (20mM glucose added to SOB

medium*) and shaken at 220rpm, 37°C for 1 hour. Agar plates containing ampicillin
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(50 pg/ml) were pre-heated at 37°C and 10 and 100 pl of the cells in the SOC medium
were plated separately and allowed to dry before being inverted and incubated over
night at 37°C. The two quantities of 10 and 100 pl of medium were used as the
number of cells present was unknown. The use of two concentrations increases the
likelihood of growing discrete colonies without overgrowth, which would make
colony selection difficult. The remaining cells were stored at 4°C. After overnight
incubation (16 hours) 2 discrete colonies were selected from either plate and placed
into 2 ml of LB-broth (25g LB broth mix, Sigma Chemical Company, and 1L ddH,0
and autoclaved) containing ampicillin (50 pg/ml) in 14 ml Falcon “snapcap” (#2059)
tubes and incubated at 37°C, in an orbital incubator at 220 rpm for approximately 8
hours. An aliquot of this medium (2 ml) was then used to inoculate 250ml LB
medium in a 1000 ml flask (the large flask allows good aeration) and incubated at
37°C, in an orbital incubator at 220 rpm overnight.

(*bacto-tryptone 20g, bacto-yeast extract Sg, NaCl 0.5g dissolved in 950 ml
deionized water. 10 ml of 250mM KCl solution added and pH adjusted to 7.0 with SN
NaOH. The volume was adjusted to 1 litre with water and the medium sterilised by

autoclaving. Just before use, 5 ml of a sterile solution of 2M MgCl, was added)
2.3.4 Purification of plasmid DNA

Purification of plasmid DNA was performed using a Qiagen EndoFree
Plasmid Maxi kit (Qiagen Ltd, West Sussex, UK). Briefly, bacterial cells were grown
as described in section 2.3.3 and harvested by centrifugation at 6000 x g for 15
minutes at 4°C. The supernatant was aspirated and the bacterial pellet resuspended in
10 ml of resuspension Buffer P1 (50mM Tris-Cl, pH 8.0, 10mM EDTA, 100pg/ml
Rnase A, Qiagen EndoFree Plasmid Maxi kit), which contains RNase, ensuring that
no cell clumps remained. 10 ml of lysis Buffer P2 (200 mM NaOH, 1% SDS (w/v),
Qiagen) was added and mixed gently by inverting 4-6 times, followed by incubation
at room temperature for 5 min (vortexing is avoided as this would shear the genomic
DNA). 10 ml of chilled neutralization Buffer P3 (3.0 M potassium acetate, pH 5.5,
Qiagen) was added to the lysate to enhance precipitation and mixed immediately by
inverting 4-6 times. The mixture was poured into the barrel of the QIAfilter cartridge

and incubated at room temperature for 10 minutes (this allows a precipitate of
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proteins, genomic DNA and detergent to float to the top and form a layer allowing
easier filtration without clogging). The outlet nozzle cap was removed and the lysate
filtered into a 50 ml tube. 2.5 ml of buffer ER (Qiagen Proprietary formulation) was
added to the filtrate and mixed by inverting the tube 10 times followed by 30 min
incubation on ice. During this time a QIAGEN-tip 500 was equilibrated by applying
10 ml of equilibration Buffer QBT (750 mM NaCl, 50mM MOPS, pH 7.0, 15%
isopropanol (v/v), 0.15% Triton® X-100 (v/v), Qiagen) and the column allowed to
empty by gravity flow. The filtered lysate was applied to the QIAGEN-tip and
allowed to enter the resin by gravity flow. The tip was then washed through with 2 x
30 ml of wash Buffer QC (1.0 M NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol
(v/v), Qiagen) to remove contaminants (such as traces of RNA and protein) from the
plasmid preparation and also to disrupt non-specific interactions, and remove any
nucleic acid binding proteins without the use of phenol. The DNA was eluted with 15
ml of elution Buffer QN (1.6 M NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol (v/v),
Qiagen) and collected in a 30 ml endotoxin-free tube. The DNA was precipitated by
adding 10.5 ml of isopropanol at room temperature, which was mixed and centrifuged
immediately at 15,000 x g for 30 minutes at 4°C. The supernatant was removed and
the pellet washed with 5 ml endotoxin-free 70% ethanol (to remove precipitated salt)
at room temperature and centrifuged at 15,000 x g for 10 minutes. The DNA pellet
was then air-dried for 5 minutes and re-dissolved in 75 pl of endotoxin-free TE (10
mM Tris-Cl, pH 8.0, ImM EDTA) buffer.

The final DNA concentration was calculated by diluting 2 pl of the solution in
500 ul on ddH,0 and reading the ODy¢ and ODag on a spectrophotometer. The ratio
of OD;4 to OD;gp gives an estimate of the purity of the DNA (a value of 1.8 equates
with a pure DNA sample) and using the ODy¢ value the concentration of the sample
was calculated (1 OD260=50 pg/ml). The DNA was stored in ampoules at -20°C.

2.3.5 Creation of a Smad7 vector for use in retroviral transfection.
The expression vector “pHR-CMV-EGFP” was supplied by Dr Walter Low in
collaboration with Professor Mary Collins (Institute of Immunology and Molecular

Pathology, University College London) and was used for retroviral transfection. This

vector contains a 700 bp region encoding LacZ, between the restriction sites Xhol and
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BamHI. These two restriction sites are also at the 5° and 3’ end of the Smad7-Flag
region of the Smad7-pcDNA3 construct described in section 2.3.1. This allows the
Smad7-Flag to be inserted into the pHR vector in the correct orientation, after
excision of the 700 bp LacZ region, using the same restriction enzyme sites.

The 700 bp LacZ region was first cut from the pHR vector to leave a linear
cDNA strand of the remaining expression vector. A test cut was first performed using
0.5 ml of pHR-CMV-EGFP vector (at 1 pg/ml by diluting the DNA in TE buffer
following calculation of the DNA concentration using spectrophotometry as described
in section 2.3.4) added to 2 pl of reaction buffer B (Promega), 1 pl of restriction
enzyme Xhol, 1 pl of restriction enzyme BamHI and made up to 20 pl with 15.5 pl of
ddH,0 in ependorfs and incubated at 37°C for 1 hour. Three other reaction mixtures
were made using DNA and reaction buffer in the same amounts in the presence or
absence of restriction enzymes. Each mixture was corrected to 20 ul with ddH,0. A 5
ul sample of each reaction mixture was mixed with 1 pl of 5 x loading buffer and run
in parallel at 80 mV in a 1% agarose gel (see section 2.3.2) to confirm that appropriate

sized pieces of DNA resulted from the reaction. The results are shown in figure 2.3

2. kb

B. Single digest with BamHI

C. Double digest with Xhol and BamHI
700bp

D. Uncut vector

Prtt

A B C

Figure 2.3 Gel showing restriction enzyme cutting of the pHR-CMV-EGFP vector
using a double digest with Xhol and BamHI. Single digests using either Xhol or
BamH]1, shown in lanes A & B, result in linearisation of the vector, shown uncut in
lane D. A double digest using both restriction enzymes results in two bands (the
smaller 700bp band is just visible) in lane C. The small 700 bp section is the LacZ

region, which is being removed from the vector at the point where Smad7 is to be

inserted.
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2.3.6 Gel extraction of DNA from plasmid constructs

The optimal molar ratio for ligation of DNA insertions to vector constructs
is insert: vector, 3:1. Given that i) the Smad7 insert is 1.3 kb in length, ii) the Smad7-
pcDNA3 vector is 5.2 kb uncut, and iii) the retro-viral vector insert pHR is 9 kb in
length, quantities of each construct were calculated so that a ratio of cut vector (pHR)
to Smad7-Flag insert of 1:3. This was obtained following two double digest reactions
of the retroviral vector and the Smad7 vector. The following reaction mixtures were

prepared:

Retroviral vector Smad7 vector
25 ul DNA (=20pg) 60 pl DNA (=100pg)
12 pl Buffer B (10x) (Promega) 12 pl Buffer B
5 ul Xhol (restriction endonuclease) 20 pl Xhol
5 pl BamHI (restriction endonuclease) 20 pl BamHI
73 ul ddH,O 8 ul ddH,0
Totals 120 pl 120 pl

The reactions mixtures were incubated at 37°C for 2 hours and then run on a
1% agarose gel (see section 2.3.2) at 100 mV for 15 min followed by 20 mV for 16
hours together with a DNA size ladder. These reactions result in the cutting of both
ends of the insert from the vector to produce two pieces of linear DNA. The gel was
viewed in a dark room under UV light at 365 mHz. This wavelength will not damage
the cut ends of the DNA. While visualised under UV light the Smad7 insert and the
retroviral vector were identified by size and cut from the gel using a scalpel and

placed into separate ependorfs. This is shown in figure 2.4.
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Figure 2.4. A. Double digests of the pcDNA3/Smad7 vector and the retroviral pHR
vector containing LacZ were performed as described in the text. The 700bp cDNA of
LacZ is not seen as it has run off beyond the end of the gel. The cDNA of interest
were identified (boxed on gel image) and cut out from the gel using a scalpel, leaving

the remaining vector components (B) to be discarded.

The size of each gel piece was kept to a minimum by removing extra
agarose. The gels were weighed and the DNA extracted from the gel using a
QIAquick Gel Extraction Kit (Qiagen Ltd). Briefly, to solubize the gel, 3 volumes of
buffer QG (proprietary solubilisation and binding buffer, Qiagen Ltd) were added to 1
volume of gel (100 pug ~ 100 pl) for both the insert and the vector. Each was
incubated at 50°C for 10 min (or until the gel had dissolved). Buffer QG contains a
pH indicator, which is yellow at pH< 7.5. Following this, 1 gel volume of isopropanol
(i.e. volume of isopropanol equals weight of gel) is added to the mixture of the
retroviral vector gel as this increases the yield of DNA fragments <500bp and > 4kb.
Each sample was applied to a column that binds DNA and spun for 1 minute at 10000
X g in a table top microcentrifuge (Beckman GS-15R Centrifuge, Beckman Ltd, UK).
The column was then washed with buffer QG and centrifuged for 1 min at 10000 x g,

which removes all trace of agarose. The column was washed with buffer PE (Qiagen)
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and left to stand for 5 min before a further 1 min centrifugation. The DNA was eluted
by adding 50 ul buffer EB (10mM Tris-Cl, pH 8.5) and a further 1 min centrifugation
at 10000 x g. Final quantification of DNA was performed as described in section
2.34.

2.3.7 Quantification of DNA using . DNA phage Hind III digest ladder

The quantity of DNA produced was calculated by running 5 pl and 10 pl of
both the Smad7 insert and the retroviral vector against a A DNA/Hind III ladder in a
1% agarose gel (section 2.3.2) and visualised under UV light. The A DNA is a phage
DNA 50 kb long. When digested with Hind III it is cut into fragments of 23, 9.3, 6.6,
4.4,2.3,2.0 and 0.5 kb. The . DNA/Hind III is aliquoted at 50 ng/ul, so that 10 ul
contains 500 ng. If 10 pl is run on a gel then the 23 kb band contains 230 ng, the 6.6
kb band 66 ng etc. By comparing the intensity of the plasmid bands in the gel with the
MHind III marker the amount of DNA in the band is estimated and the concentration

calculated. See figure 2.5 for DNA quantification using Hind III ladder.

N N PP

dilution
IOp.l A DNA 5 }Ll of 5x Smad7 cDNA
phage Hind III dilution
digest ladder retroviral
vector

Figure 2.5. Quantification of DNA concentrations by comparison of band densities
from 5pl of both the retroviral vector and the Smad7 ¢cDNA run in conjunction with a

A Hind III phage on a 1% agarose gel.
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Using this data, the amounts of both the vector and insert are calculated for a ligation

reaction, such that the vector : insert molar ratio is 1 : 3 as described in section 2.3.8.

2.3.8 Ligation of vector and insert to form new construct pHR-CMV-Smad7-
Flag-EGFP |

Following quantification of the DNA concentration described in section
2.3.7 the final concentration of the retroviral vector was calculated as 94 pg/ml and
the Smad7 insert was 50 ng/ml. Given that a molar ratio of the vector : insert of 1 :3
is required and the size of the vectors are 9 kb for the vector and 1.3 kb for the insert,
then for 100 ng of vector 43.33 ng of insert is optimal. This was approximately
equivalent to 1 pl vector (at 94 pg/ml) to 1 pl (50 ng/ml) insert. Therefore for ligation

of these two pieces of DNA the following ligation reaction was mixed:

Vector 1l
Smad7 insert 1 ul
T4DNA ligase 1 pl (which binds the ends of DNA that have been cut by
the same restriction endonuclease)
Reaction buffer 4 pl
ddH20 13 pl
Total 20 ul

This ligation mixture was incubated at 14°C for 16 hours. 1 pl of this was then grown
with 50 pl E. coli HB101 cells for transformation, amplification and final purification
as described in sections 2.3.3 and 2.3.4. The final DNA concentration was calculated
using spectrophotometry as described in section 2.3.4. This new vector was stored at -
20°C until required. Confirmation that the ligation was successful in producing a
vector of the appropriate size was by running the ligation reaction on a 1% agarose gel

at 80mV over 40 min — see figure 2.6.
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Figure 2.6 Ligation reaction. 1% agarose gel showing bands from samples from the
ligation reactions run in conjunction with the non-ligated components. This confirmed
that ligation had occurred to create the new vector pHR-CMV-Smad7-Flag-EGFP.
Small amounts of non-ligated DNA at the Smad7 size can be seen, but the bulk of the

reaction mixture is at the correct size confirming successful ligation.

2.4 Gene Transfection Techniques

Gene transfection is a useful way of introducing genes into a cell in order to
modify cell behaviour. This technique is used in a number of experiments described in
this thesis. Transfection can be either transient or stable i.e. a relatively short-lived
expression of the gene by the transfected cell or continuous expression of the gene,
which is also passed on to daughter cells. Both of these techniques are used in these
investigations. Transient transfection is particularly useful for studies of reporter gene
assays, as only the activity of transfected cells is measured and so very high levels of
transfection are not required to obtain meaningful results. This technique is also
useful in permitting dual transfections of two vectors simultaneously, as will be
described in section 2.5.4, to assess the effects of Smad7 transfection on the response

of a procollagen promoter gene reporter.
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The transient transfection technique used in these experiments is the “LID”
vector. This is a novel integrin targeting vector that comprises three parts: Lipofectin
(L), an integrin binding peptide (I) with a 16-lysine tail, and the plasmid of the
selected cDNA (D), which combine electrostatically to form the LID vector
complex(Hart er al. 1998). Integrins are a family of of heterodiméric adhesion
receptors expressed on almost all cells, described in section 1.4.2. Viruses use
integrins to gain entry to cells and adenovirus, as a transfection vector, is dependent
on the cell expression of integrin a,Bs and to a lesser extent a,B3 (Delporte et al.
1997;Hashimoto et al. 1997;Summerford et al. 1999;Takayama et al. 1998;Tatebe et
al. 1998).

The LID vector has a high in vitro transfection efficiency compared with
lipofectamine-based methods and it is relatively simple to use making it a practical
tool to use within the laboratory(Jenkins et al. 2000). The design of the vector is for
the integrin targeting element, a small peptide, to bind the vector to the target cell and
enhance gene transfection. The effectiveness of LID transfection integrin is thought to
depend upon the integrin profile of the target cell and also the cationic properties of
the peptide (Hart ef al. 1998). In principle, modifications in the peptide should allow
different integrins to be targeted. The technique is established in this laboratory for
transient transfections. The protocol is described in detail below, section 2.4.1 — 2.4.6.
MM cells have not been transfected with this system previously and so initial
experiments were to establish optimal transfection conditions.

Stable transfection produces cell lines in which all cells contain the transfected
gene and this is passed onto daughter cells with cell expansion and passage. This is
useful for measuring changes in total cell collagen production following transfection
of a vector producing an intracellular protein such as Smad7, since transient
transfection will transfect perhaps 20% of cells, but a 20 % change in collagen
production in a cell culture may not yield significant changes. By using stable
transfection to produce cell lines in which all cells are transfected, any change in
collagen production is more likely to be measurable. In the in vivo model of MM,
described in section 2.7, tumours are induced from cells grown in culture and so
stably transfected cells can also be used to grow tumours and assess the effect of

Smad7 over-e)kpression on tumour growth.
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A retroviral technique was used in collaboration with Dr Walter Low and
Professor Mary Collins (Institute of Immunology and Molecular Pathology,
University College London) to create stable transfectants. The technique is well
established in Professor Collins laboratory, with Dr Walter Low providing expertise
in the transfection process. The system uses HIV derived replication-defective
retroviral particles generated by transient co-transfection of human kidney cells with a
three plasmid combination required for packaging, reverse transcription and
integration(Naldini et al. 1996). The packaging plasmid construct contains the human
cytomegalovirus (hCMV) immediate early promoter, which drives the expression of
all viral proteins required in transfection. The second plasmid encodes a heterologous
envelope protein with high stability, which allows for viral vector concentration by
ultra-centrifugation. The third plasmid is the transducing vector, containing the cis-
acting sequences of HIV required for packaging, reverse transcription and integration
as well as unique restriction sites in to which the cDNA of the chosen gene for
transfection can be cloned.

Once the vector has been created, it is applied to the target cells and results in
the stable transfection of the chosen gene. These cells will continue to express the
chosen gene and can be used both in vitro and in vivo to examine the effects of the

resulting gene over-expression.

2.4.1 Transient transfection using the lipofectin-integrin-DNA (LID) system

This is a liposome based method of transfection that targets integrins to
increase transfection efficiency, using a lipofectin-integrin-DNA (LID) vector (Hart et
al. 1998).

2.4.2 Transfection mixture

The transfection mixture is composed of three elements: Lipofectin (L; a
cationic liposome preparation), an integrin-targeting peptide (I; that has a sixteen-
lysine tail which allows it to bind DNA), and cDNA (D; the plasmid for transfection)
— see section 1.8.1. These elements are combined in a specific optimised weight ratio
of Lipofectin : integrin-targeting peptide : DNA of 0.75: 4: 1 respectively (Hart et al.
1998), where upon they combine electrostatically to form the LID complex. The
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transfection mixture was made by diluting the stock components in OptiMEM
(Gibco-BRL) freshly on the day of transfection. The integrin targeting peptide,
“Peptide 6” (produced by Zinsser Analytic, Maidenhead, UK), which is designed to
bind specifically to the integrin aSB1 (sequence - [K];sGACRRETAWACG), was
dissolved in OptiMEM at a concentration of 0.1 mg/ml. Plasmid DNA Was dissolved
in OptiMEM at 1 pg/100 pl and lipofectin dissolved in OptiMEM at a concentration
of 0.75 pg/100 ul (Lipofectin is supplied at 1 mg/ml (Gene Medicine, Texas, USA)).
Lipofectin was mixed with the peptide before adding the plasmid. The complexes
were then allowed to form for 30-60 min before further dilution with Optimem to the
required concentration of DNA. Two other peptides were also used, peptide 8
(sequence — [K];6GACDCRGDCFCA), which targets integrin o431 and peptide 1
(sequence - [K];sGACRGDMFGCA), which targets the RGD component of integrins
non-specifically. These peptides were used in the LID complex to assess its

transfection efficiency of targeting different integrins in MM cells.

2.4.3 Assessment of transfection efficiency in MM cells

The LID vector has not previously been used to transfect MM cells and so the
initial experiments were to determine the optimal transfection conditions for MM cell
transfection using this system. This involved finding the most efficient peptide of
those available, comparing different DNA concentrations and assessing the level of
maintained protein expression over time following transfection, to see if levels

remained constant for the duration of experiments using transfected cells.

2.4.4 Comparison of peptides used in LID complex

Vector induced expression of green fluorescent protein (GFP) was used to
assess cell transfection rates in vitro. The GFP plasmid is a 4.7kb expression vector
(PEGFP-N3 see figure 2.7) that encodes a red-shifted variant of wild-type GFP, which
has been optimised for brighter fluorescence and higher expression in mammalian
cells(Chalfie et al. 1994). 1t is available commercially and can be amplified (see
section 2.3.3) to maintain stocks. This plasmid was used in the LID complex at
lpg/ml final concentration as described in section 2.4.1 and three separate

transfection mixtures made using peptides 1, 6 and 8 (see section 2.4.1).
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Figure 2.7 pEGFP-N3 vector. Restriction sites are shown. As published by Clontech

Laboratories Inc.

MM cells were seeded into 24 well plates and grown until visual confluence in
culture medium (normal cells transfect more efficiently when sub-confluent, however
the MM cells appeared to transfect as efficiently or more efficiently when the cultures
are dense). The media was then removed from the cells and the cells washed with
PBS. 0.25 ml of the LID transfection medium was applied to each well at room
temperature. Four wells were treated with each of the three transfection mediums.
Cells were incubated with the transfection medium for 5-6 hours at 37°C in 10% CO,.
The transfection medium was then removed and replaced with culture medium
containing 1% FCS to allow recovery following transfection (10% FCS is sometimes
used for cell recovery following transfection, but for the MM cells using the LID
vector, 1% FCS was adequate). Transfected cells are identified by expression of GFP,
visualised under an inverted fluorescent microscope. To calculate the transfection
rate, the cells were trypsinised at 24 hr post transfection (allowing enough time for
GFP synthesis) and counted as described in section 2.1.7 under normal light
conditions and then under fluorescent light for visualizing transfected cells. The
percentage of cells expressing GFP is then calculated for each of the three groups.
This was repeated twice in the murine cell lines, AB22 and AC29.
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2.4.5 Comparison of DNA concentration used in the LID complex

To compare the effect of using different DNA concentrations in the
transfection medium, three separate LID complexes composed of peptide 6 were
prepared with GFP plasmid at a final DNA concentration of 1, 2 ‘and 5 pg/ml

Transfection efficiency was calculated as described in section 2.4.3.

2.4.6 Assessment of transfection over time

AB22 cells were transfected as described in section 2.4.4 with a LID complex
containing peptide 6 and GFP at a final concentration of lug/ml. Total and

fluorescing cells were counted at 24 and 56 hours to assess GFP expression over time.

2.4.7 Retroviral Stable Transfection

A retroviral system based on the human immunodeficiency virus (HIV) was
used for stable gene transfer into MM cells creating lines over-expressing either
Smad7 or a control vector. The technique, described by Naldini e al., 1996(Naldini et
al. 1996), uses HIV derived replication-defective retroviral particles generated by
transient co-transfection of 293T human kidney cells with a three plasmid
combination required for packaging, reverse transcription and integration. The three-
plasmid expression system was obtained from and used in collaboration with
Professor Mary Collins and Dr Walter Low at the Institute of Immunology and
Molecular Pathology, University College London. Essentially, it contains the
packaging plasmid construct, containing the human cytomegalovirus (hCMYV)
immediate early promoter, which drives the expression of all viral proteins required in
transfection. This plasmid is defective for the production of the viral envelope and the
accessory protein Vpu. Cis-acting sequences crucial for packaging, reverse
transcription and integration of transcripts derived from the packaging plasmid have
been eliminated. The second plasmid encodes a heterologous envelope protein — the
vesicular stomatitis virus glycoprotein (VSV-G) with high stability, which allows for
particle concentration by ultra-centrifugation. The third plasmid is the transducing
vector (pHR), containing the cis-acting sequences of HIV required for packaging,

reverse transcription and integration as well as unique restriction sites in to which the
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Smad7-Flag ¢cDNA (cut from the pcDNA3 vector described in section 2.3.1) was
cloned to create the vector pHR’CMV-Flag-SMAD7-IRES-EGFP (see section 2.3.5).

293T human kidney cells, which are highly transfectable, were grown in 6
well plates using DMEM containing 10% F CS and penicillin/streptomicin (100U/ml).
At sub-confluence (~70%) they were transfected in OptiMEM (Invitrogen) with
plasmid at a mass ratio of 3:3:1 of packaging:transfer:envelope (to a total of 30ug
DNA) using Lipofectamine (Invitrogen), which contains a liposome suspension,
according to the manufacturer's instructions. Lipofectamine transfection produces
near 100% transfection rates in human 293T cells. The transfection medium was left
on the cells for 16 hours and the transfection medium then exchanged for 10% FCS in
DMEM. The cells were left in DMEM containing 10% FCS for 2 days and the virus
particles generated by the 293T cells harvested by filtration of the cell medium
through a 450nm filter (Sartorius) followed by ultra-centrifugation. The medium was
spun at 50,000g for 2 hr at room temperature using a AH629 rotor in a Beckman
refrigerated centrifuge (Beckman instruments, Palo, CA). The pellet was resuspended
in 1ml DMEM containing 10% FCS, which could be stored at -80°C. A second
harvest was taken 2-3 days later.

To titrate the viral stocks, cultured 293T cells were seeded at 5x10° cells on a
24 well plate and grown until 70% confluence. They were then transduced with
serially diluted, concentrated viral vector stocks. GFP-positive fluorescent cells were
counted using con-focal microscopy and excitation-emission at 470 nm measured.
Viral vector titre was determined as the average number of GFP-positive cells per 20
1-mm?” fields multiplied by a factor to account for plate size, and dilution of the viral
stock. The viral titre was calculated at 5 x 10° per ml. MM cells were transfected by
application of 2 x 10° viral particles in 0.25 ml of DMEM to sub-confluent MM cells
(70-80%) in six well tissue culture plates. Four human MM cell lines were
transfected: JU77, LO68, ONESS8, and NO36 and three murine MM cell lines: AB1,
AB22, and AC29. Each cell line was transfected with the Smad7 expressing construct
pHR’CMV-FLAG-SMADT7-IRES-EGFP (that also expresses GFP) and a parallel
group transfected with its control pHR’CMV-IRES-EGFP, which expresses GFP
alone. Cells that had been transfected express GFP as well as Smad7 and this can be
visualised by fluorescence microscopy. This confirmed that all cells seen were

expressing GFP i.e. all cells had been transfected and no further cell selection was
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performed — see results section 3.2.5. Following transfection, the cells were grown to
confluence, passaged and grown in 75 cm? flasks to confluence before being frozen

down and placed in the cell bank (see section 2.1.5) until required.

2.5 Assessment of collagen expression by MM cells

The production of collagen by MM cells and their response to stimulus or
specific inhibitors was measured in two ways. The first measured the response at gene
level by assessing the activity of a pro-collagen gene promoter reporter vector
transfected into MM cells. This method allows rapid measurements of gene activity
from a reporter vector transfected into the target cells by measuring luciferase activity,
as the truncated promoter region of procollagen is linked to a firefly luciferase gene.
When the promoter region is stimulated the construct produces luciferase that can
then be measured as described in section 2.2.2. The level of activity of the reporter
was measured under a number of conditions described, including transfection with

Smad?7 i.e. a dual transfection of the gene reporter vector and Smad7.

2.5.1 Procollagen gene promoter activity in MM cells following transfection of a

procollagen gene promoter luciferase reporter

To assess the collagen gene response of MM cells to TGFp, a procollagen
gene promoter reporter system was used. An expression vector containing a 2.3kb
fragment (sequences between —2310 to +115) of the mouse promoter region of the
COL1AL1 gene for oy (I) procollagen (PGLIcx), upstream of the firefly luciferase gene
was kindly provided by Dr Jill Norman, Department of Medicine, UCL,
London(Norman et al. 2001). This construct was used in a LID complex using a DNA
concentration of 1ug/ml as described in section 2.4.1 to transfect murine AC29 cells.
A similar expression vector containing a 3.5kb fragment of the human a«; (I)
procollagen promoter gene (based on the vector described by Boast et al. (Boast et al.
1990), with luciferase cDNA cloned into the vector in place of CAT) kindly supplied
by Francesco Ramirez, Brookdale Centre for Molecular Biology, Mount Sinai School
of Medicine, New York, was used to transfect human derived Ju77 cells. 0.25 ml of
the LID transfection media was added to each well in 24 well plates with four repeats
per group. After 6 hours the transfection media was removed and replaced by 1% FCS
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supplemented culture medium for 16hr. The medium was replaced with serum-free
media for 6 hours, then treated with 1 ng/ml TGFf; in serum-free medium. Luciferase
activity was measured between 15 and 24 hours in four repeats as described in section

2.2.2. From this an optimal time-point was selected for the assay with these cells.

2.5.1.1 Assessment of procollagen gene promoter reporter luciferase activity

Following incubation with TGFp,, cells grown under the conditions described
in section 2.5.1 were harvested for luciferase activity. Briefly, the media was removed
and the cells washed with cold PBS (chilled to 4°C). Cell lysis buffer (100 pl,
Promega, Southampton, UK) was added to each well for 20 — 30 min at room
temperature. Remaining cells were disrupted with a cell scraper if still attached to the
plate. The lysate was centrifuged at 300g at 4°C for 5 min and 10 pl of the supernatant
added to 100 pl of luciferase assay substrate (Promega). Luminescence was measured
in a single channel luminometer (TD-20/20, Steptech Instruments, Stevenage, UK) for
15 seconds following a 3 second delay. All measurements were repeated in groups of
four and the mean calculated and expressed as relative light units (RLU). The total
protein concentration was measured for each lysate using a protein assay kit (BCA,
Pierce, Rockford, USA) with bovine serum albumin used as a standard control
(described in section 2.6.6). Each individual luciferase reading was corrected for
protein concentration to give a final reading of luciferase activity expressed as RLU

per mg of protein.

2.5.1.2 Dual transfection of MM cells with a procollagen gene promoter
luciferase reporter and Smad7

A LID transfection medium was made using the PGL1a procollagen promoter
luciferase reporter plasmid and Smad7-Flag plasmid as a dual transfection complex.
Essentially, the transfection process is the same as that described in section 2.4.4, but
using two separate DNA plasmids instead of one. The DNA plasmid concentrations
are each halved so that the final DNA concentration remains constant. A control dual
transfection medium was made using the reporter plasmid and the empty vector
pcDNA3 as a control for the Smad7. AC29 MM cells were grown in 24 well tissue
culture plates and at confluence LID transfection medium added to the cells (at DNA
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concentration of 1pg/ml using 0.25ml per well), repeated in quadruplicate. Following
transfection, overnight serum rescue and 6 hours pre-incubation, as described in
section 2.3.1, the cells were treated with 1ng/ml TGFB, in fresh serum-free medium.
The experiment was stopped after 24 hours and luciferase activity measured as
described in section 2.5.2. 10 pul of each lysate was used to measure the protein

concentration as described in section 2.6.6.

2.5.2 Assessment of Collagen Production by MM cells

The second method of assessing collagen expression is to measure the total
production of collagen by cells by measuring Hydroxyproline (hyp) levels using
reverse-phase HPLC(Campa et al. 1990). Hyp is an essential component of collagen
that makes up 12.2% of the total collagen protein (w:w). The method, developed by
this laboratory produces extremely accurate measurements of pico-molar amounts of
hyp and can be used to measure in vitro collagen production and the collagen content

of tissue samples, such as MM tumours.
2.5.2.1 Measurement of Hydroxyproline

The effect of 0 — 10 ng/ml TGFpB; on collagen production in MM cells was
determined. Furthermore, collagen production was assessed following inhibition of
the Smad pathway by Smad7 transfection (see section 2.4.7 on the creation of stably
expressing Smad7 MM cell lines), inhibition of ERK1/2 activity using the specific
MEK(1 inhibitors UO126 and PD98059, and inhibition of p38 kinase using SB203580.

2.5.2.2 Cell culture conditions

Cells were grown to visual confluence, trypsinised as described in section
2.1.4, and re-suspended in DMEM containing 10% FCS before being seeded at a
density of 2.5 x 10* cells/well in 24-well plates. Once confluent, the media was
removed and replaced with 0.5 ml of pre-incubation medium containing 4 mM
glutamine, 50 pg/ml ascorbic acid, 0.2mM proline and 1% FCS or serum-free
medium and incubated for 24h. The medium was replaced with 0.5 ml fresh pre-

incubation medium alone or 0.5ml pre-incubation medium containing 10 pM UO126,

91



50 uM PD98059 or 1.5, 10 or 15 pM SB203580 and incubated for 15 minutes (this
allowed the cells a brief exposure to treatments before TGFB; was added) at 37°C.
The medium was removed and replaced with 0.5 ml of fresh media containing either
TGFB; (1ng/ml) alone or TGFB, with 10 uM UO126, 50 uM PD98059 or 1.5, 10 or
15 uM SB203580, or the inhibitors alone. Control groups consisted of MM cells
exposed to fresh pre-incubation media alone for the 24h incubation period. As the
U0126, PD98059 and SB203580 compounds are diluted in DMSO, the same amount
of DMSO was added to other groups in experiments involving these compounds (i.e.
50ul for PD98059 experiment, 10ul for UO126, 1.5, 10 or 15 pl for SB203580, all in
0.5 ml medium). A plate containing cells exposed to fresh pre-incubation medium was
stored at —40°C without further incubation to determine the background level (to) of
hydroxyproline present in the culture medium and cell layer at the start of the
incubation period and cell counts performed on an identical plate. The remaining
plates were then incubated for a further 24h with parallel sets of plates treated in the
same way to determine cell number. At the end of the incubation period, cell counts
were performed on these plates (see 2.5.8) whilst plates set up for hydroxyproline

measurements were frozen at —40°C, prior to analysis.

2.5.2.3 Parallel tissue culture plates for cell counts

Cell counts were performed on 24 well plates treated in parallel to those for
measuring hydroxyproline with four repeat wells per group. At the end of the
incubation period, culture media was removed and the cell layer washed with 1 ml
PBS to remove any remaining serum. 250 pl of trypsin/EDTA was added and the cells
incubated for approximately 2 minutes. Rounding and detachment of the cells was
observed using an inverted phase-contrast light microscope. To re-suspend the cells
and protect them from prolonged exposure to active trypsin, 750 pl of DMEM
containing 10% FCS was added to the cell suspension. An aliquot from each well was

removed and counted as described in section 2.1.7.
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2.5.2.4 Cell harvesting and recovery of ethanol-insoluble fraction

Frozen plates described in section 2.5.4 were left to thaw at RT and then the
cell layer scraped into the medium (total volume 0.5 ml) and aspirated. Each well was
washed with 0.5ml PBS and the washings combined with the initial aspirate. 2 ml of
absolute alcohol was added to give a final concentration of 67% (v/v) ethanol and
proteins were precipitated in this solution at 4°C overnight. Free amino acids and
small peptides remain in the ethanol soluble fraction, which was separated from the
ethanol insoluble fraction by passing the samples through 0.45 pm Durapore®

membrane filters (Millipore). The protein pellet was washed by passing with a further
2ml of 67% (v/v) ethanol through the filter.

2.5.2.5 Acid Hydrolysis

Each 0.45 pum filter was placed in a Pyrex heat/acid resistant tube using
forceps and 3ml of 6M HCI added. Each tube was capped and hydrolysed at 110°C for
16 hours. After cooling a small aliquot of charcoal was added to each tube and
vortexed to de-colorize the sample. The solution was then filtered through a 0.65 pum
membrane filter (Millipore) to leave a colourless solution. 150 pl of this sample was
then transferred to an ependorf tube with a perforated cap and evaporated to dryness

under vacuum using a centrifugal sample concentrator (Savant SpeedVac Plus SC110,

Life Science International).
2.5.2.6 Amino acid derivatisation

The dried samples were dissolved in 100 pl of water and buffered with 100l
of potassium tetraborate (0.4 M, pH 9.5). A 100 ul aliquot of 36 mM 7-Chloro-4-
nitrobezo-2-oxa-1, 3-diazole (NBD-Cl) in methanol (144 mg NBD-Cl in 20 ml
methanol) was added and the solution derivatised for 20 min at 37°C protected from
light. The reqction was stopped by reducing the pH with addition of 50 ul of 1.5M
HCI and 150 pl of concentrated Buffer A (167 mM sodium acetate, pH 6.4, in 26%
acetonitrile (v/v)). Samples were then filtered through a Durapore® (Millipore) 0.2
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um pore size filter before loading on to the High-Pressure Liquid Chromatography
(HPLC) auto-sampler.

2.5.2.7 Chromatographic conditions

The auto-sampler injects 100 ul of derivatized sample onto the HPLC column.
Samples were separated on a Beckman System Gold HPLC apparatus (Beckman Ltd,
High Wycombe, UK), with a reverse-phase cartridge column (LiChroCART
LiChrospere, 250 mm x 4 mm diameter, 5 pm particle size, 100RP-18) protected by a
directly coupled precolumn (LiChrosorb, 4 x 4mm diameter, 5 um particle size,
100RP-18). NBD derivatives were eluted with an acetonitrile gradient, generated by
changing the relative proportions of buffers A and B over time (see table 2.1). Buffer
A (8% (v/v) acetonitrile and 50mM sodium acetate, pH 6.4) was freshly prepared and
run through the column for 40 minutes before the first sample in order to equilibrate
the column. Solutions of hydroxyproline (hyp) were prepared and used as standards
(50pmol hyp). These were run as the first three and last three samples in each HPLC
run. Absorbance was monitored at 495nm and processed on a chromatography

computing integrator for quantitative analysis.
2.5.2.8 Quantification of hydroxyproline

A peak corresponding to hyp eluted after 5-6 min and the hyp content was
determined by comparing the peak area of samples generated on the chromatogram to
that generated from the average of the standard solutions. To correct for the amount of
hyp present in the cell layer and the medium at the start of the incubation, the quantity
of hyp present in the samples derived from the t, plate (see section 2.5.8) was
measured and this subtracted from values of subsequent samples. All values were then
corrected for cell number and expressed as nmol of hyp/10° cells/24hours. Hyp is

quantified using the following calculation:
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Nmol hyp = acid hydrolysis volume (3000ul) x 500ul reaction mix ~ x HPLC value

Volume aliquot dried (150 pl) 100 pl loaded on column 1000

To correct for cell number : nmol hyp x 10° =nmol/10° cells /24 hr
cell number .

Collagen is calculated assuming a hydroxyproline content of 12.2% (w/w).

Mobile phase A — 8% Acetonitrile (v/v), 50mM sodium acetate, pH 6.4
B — 75% Acetonitrile (v/v), 25% water
Flow rate 1.00ml/min
Temperature 40°C
Detection 495 nm
Gradient Time (min) %B
0 0
5 5
6 80
12 80
12.5
25

Table 2.1 Chromatographic conditions for Hydroxyproline analysis by Reverse-
Phase Liquid Chromatograpy (modified from Campa ef al.,(Campa et al. 1990))

2.6 Protein analysis - Western Blotting and Protein Assay

Western blotting was used to examine cells for the expression of specific
proteins. To confirm that the stable transfection of MM cells using the retroviral
vector had been successful, Western blotting was performed to look for the Flag
peptide, which is expressed when Smad7 is expressed as a result of transfection. This
differentiates it from endogenously expressed Smad7.

To assess cell signalling activity, measurement of phosphorylated signalling
proteins was performed using Western blotting. Smad signalling occurs following the
phosphorylation of receptor Smads, such as Smad2. Similarly the phosphorylation of
MAPK signalling proteins: ERK1/2, p38 kinase and JNK, are markers of their
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activation. Measurement of the phosphorylated form of these proteins using specific
antibodies therefore demonstrates signalling activity. Western blotting is also useful
to assess the expression of particular proteins by cells. In these experiments the
expression of the TGFp type I receptors ALK1 and ALKS are measured to assess
whether there is differential expression of these receptors on MM cells. In the tumour
model, differential expression of these receptors following the transfection of Smad7
is also measured since Smad7 should cause down-regulation of the receptor.

Protein quantification was also performed using a commercial protein assay
(Pierce BCA Protein Assay), described in section 2.6.6, and used for the

quantification of protein concentration for the luciferase assays described in 2.5.1.

2.6.1 Cell culture conditions and sample processing for Western blotting

MM cells were grown as a monolayer in six well plates with 10 % FCS
supplemented DMEM. At confluence, cells were pre-incubated in serum-free media
for 24 hours. Cells were then incubated with fresh media containing TGFpB; (1 ng/ml)
for between 1 min and 4 hours. The media was removed and the cell layer rinsed with
PBS at 4°C. For examination of phosphorylated signalling protein; phospho-Smad2,
phospho-ERK and phospho-p38 kinase, the cell layer was rinsed with a chilled (4°C)
mixture of sodium vanodate 50 mM and sodium fluorate 1 mM in PBS to inhibit
dephosphorylation. This step was not required for examining non-phosphorylated
proteins; B-actin, activin receptor-like kinases 1 and 5 (ALK1, ALKS5) and the
labelling peptide Flag, targeted to confirm Smad7 expression. 200 pl of Tris Glycine
SDS lysis buffer (Invitrogen) was added to each well and the plates frozen at —40°C.
The samples were later thawed and the cell layer scraped into the buffer. The sample
was transferred to an ependorf tube and urea added to a final concentration of 2M and
mercaptoethanol at final concentration of 4% (v:v) added to each sample. The caps of
the ependorfs were pierced and the samples incubated at 95°C for 5 minutes. This

process denatures and breaks down sulphide bonds between proteins.

2.6.2 Protein gel electrophoresis

After cooling to room temperature, 10-30 pl samples of cell preparations

described in section 2.6.1 were loaded onto a 10% polyacrylamide gel (20.25 ml
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ddH,0, 12.5 ml 1.5 M Tris-HCI (ph 8.8), 0.5 ml 10 % (v:v) SDS stock, 16.5 ml
Acrylamide/Bis (30% stock), 250 pl 10% ammonium persulphate, 25ul. TEMED
(N,N,N’,N’tetramethylethylenediamine)) using a Hamilton syringe. 10 pl of protein
ladder (SeeBlue, Invitrogen) was also loaded and gels run at 120-130 V for 2-3 hours.

2.6.3 Protein transfer

The gel was laid on a nitro-cellulose membrane (Hybond ECL, Amersham
Pharmacia Biotech, UK) between two sets of four pieces of blotting paper and two
pairs of sponges to compress the gel/membrane interface within the transfer block.
Electrophoretic transfer onto the nitrocellulose membrane was carried out across a
gradient of 200 mA for 1-2 hours. Confirmation of protein transfer was made by
covering the membrane in Ponceau S solution (0.1% Ponceau (w/v) in 5%acetic acid
(v/v), Sigma-Aldrich Ltd) for 2-3 min and rinsing under dH,O. Protein bands
appeared red. The band density directly correlated with protein concentration giving

an indication of protein loading and any variation between lanes.

2.6.4 Antibody labelling

The membrane described in section 2.6.3 was washed in TBS (50 mM Tris-
HCI (pH 7.4), 150 mM NaCl) and incubated on a shaker for 2 hours at room
temperature in a blocking solution (skimmed milk powder in TBS at 5%
concentration (w/v)) to block non-specific antibody binding sites. The membrane was
transferred to a 50 ml polypropylene tube and incubated with agitation overnight at
4°C or between 30 and 60 minutes at room temperature (see table 2.2) with the
primary antibody diluted in blocking solution. The membrane was then washed
briefly in TBST (TBS and 0.05% Tween®) or ddH20 and incubated on a shaker at
room temperature for 1 hour with horse radish peroxide (HRP) conjugated secondary
antibody (see table 2.2). Finally it was washed in TBST for 30 minutes with at least

three wash changes.
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2.6.5 Antibody binding visualisation

Binding was visualised by adding 2 ml of luminol reagents (1:40 solution
A:B, ECLplus Western blotting reagents, Amersham International, UK) to the
membrane and incubating at room temperature for 5 min. The excess reagent was then
allowed to run off the membrane, which was then wrapped in Saran film and exposed
to ECL photo film (Kodak, Amersham Pharmacia Biotech, UK) in the dark. The
reagent becomes fluorescent following activation by the horseradish peroxidase
conjugated to the secondary antibody. This fluorescence is detected on the ECL film
at sites of antibody binding. The time of film exposure was varied following an initial
30 second exposure, which gave an indication of band luminescence (seen after
development in a film processor (Fuji X-ray film processor, Fuji Photo Film Comp.
Ltd, Japan)) and ranged between 10 seconds and 10 minutes. The antibody labelled

protein bands appear as dark linear bands on a transparent background.

98



Target protein Primary Antibody Secondary Antibody

FLAG Spg/ml Anti-FLAG® M2 monoclonal 1:2000 Anti-mouse HRP
antibody isolated from a murine cell conjugated IgG. 30 minutes
culture that binds to FLAG fusion proteins | at room temperature

(Sigma). 30 minutes at room temperature | (Sigma)

Phosphorylated | 0.5 — 2 pg/ml rabbit immunoaffinity 1:2000 Anti-rabbit HRP
Smad2 purified IgG to phospho-Smad2 conjugated IgG. 1 hour at
(Ser465/467) (Upstate cell signalling room temperature (Santa

solutions, NY 12946). 4°C overnight Cruz Biotechnology Inc)

ALK1 2.5 — 5 pug/ml polyclonal antibody against | 1:2000 Anti-rabbit HRP
carboxy terminus of ALK1 (Santa Cruz conjugated IgG. 1 hour at

Biotechnology Inc). Overnight at 4°C. room temperature (Santa

Cruz Biotechnology Inc)

ALKS 5 — 10 pg/ml rabbit polyclonal antibody 1:2000 Anti-rabbit HRP
against a peptide mapping within an conjugated IgG. 1 hour at

internal domain of TGF$ Rl (ALK5) room temperature (Santa

(Santa Cruz Biotechnology Inc) Overnight | Cruz Biotechnology Inc)

at 4°C.

B-Actin 1:1000 polyclonal rabbit antibody. 4°C 1:2000 Anti-rabbit HRP
overnight. (Sigma) conjugated IgG. 1 hour at

room temperature (Santa

Cruz Biotechnology Inc)

Phosphorylated | 1:1000-1:2000 rabbit polyclonal 1:2000 Anti-rabbit HRP
ERK antibodies to phospho-Thr202/Tyr204 conjugated IgG. lhour at
peptide of human p44 MAP kinase room temperature (Santa

(supplied in 200pl solution, antibody Cruz Biotechnology Inc)

concentration not specified, Cell signalling
Technology, Inc). 4 hours at 4°C

Phosphorylated | 1:1000 rabbit polyclonal to Thr180/Tyr182 | 1:2000 Anti-rabbit HRP

p38 kinase peptide of phospho-peptide of p38 kinase | conjugated IgG. 1hour at
(supplied in 200p! solution, antibody room temperature (Santa
concentration not specified, Cell signalling | Cruz Biotechnology Inc)
Technology, Inc), 4 hours at 4°C

|

Table 2.2 Antibodies used in Western blotting showing the concentrations of
antibody used and incubation conditions.
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2.6.6 Protein Assay

The assay (Pierce BCA Protein Assay) reagent assesses the reduction of Cu**
to Cu'* by protein in an alkaline medium by sensitive and selective colorimetric
detection of the cuprous cation (Cu'). A purple coloured reaction is produced by the
chelation of two molecules of the reagent that contains bicinchoninic acid (BCA) with
one cuprous ion. This complex is water-soluble and exhibits a strong absorbance at
562 nm that is linear with increasing protein concentrations over a working range of
20 to 2000 pg/ml. 10 pl of supernatant from each cell lysate was transferred into a
well on a 96 well plate. 10 ul of each standard (bovine serum albumin was diluted
from 2mg/ml stock solution using the same diluent as the cell samples (i.e. cell lysis
buffer) to concentrations of 25ug/ml up to 2000pg/ml to produce standard protein
concentrations) and 10 pl of diluent were each transferred into blank wells and this
was repeated in quadruplicate. 200 pl of “working reagent” (50 : 1 parts A : B) was
added to each well and the plate briefly mixed on a shaker for 30 seconds before
being covered and incubated for 30 min at 37°C. After incubation, the plate was
allowed to cool to room temperature before the absorbance was read at 562 nm on a
plate reader (Titertek Multiscan MCC/340). Using the standard protein measurements
a standard curve was constructed and the linear portion used to calculate the protein

concentration of the lysate samples.

2.7 In vivo Animal Model of Malignant Mesothelioma

2.7.1 Animals and cell lines

Tumours were derived from the three murine MM cell lines AB1, AB22 and
AC29 following transplantation into mice. Cells stably expressing Smad7 or control
vector were created as described in section 2.4.7 such that for each of the three murine
lines (i.e. non-transfected controls) there was a Smad7 expressing and a control vector
expressing equivalent cell line. All AB1 and AB22 cell line derived tumours were
grown following transplantation into BALB/c mice and all AC29 cell line derived
tumours in CBA mice (syngeneic matches). Cells were counted and diluted in DMEM

to a concentration of 1 x 107 cells per ml. BALB/c and CBA mice were obtained from
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Harlan, UK (SPF, female, 6 to 8 weeks old) and maintained under standard conditions

in the animal facility at University College London.
2.7.2 Establishing flank tumours

MM tumours were grown subcutaneously on the hind flanks of mice. The
positioning of the tumour on the flank is useful as 1) it allows easy access for MM cell
inoculation, ii) the tumours are clearly visible allowing easy monitoring of size, and
iii) the tumours appear to cause little or no distress to the animal. The mice were
anaesthetized by inhalation of a combination of Halothane at 2 — 4 L/min and Oxygen
(4 L/min) in an induction chamber and maintained on this combination of gases for
the duration of the procedure. The hind flank of each mouse was shaved and 100 pl of
the suspended cells at 1 x 107 cells per ml (i.e. 1 x 10° cells) injected subcutaneously
into each flank (figure 2.8). The mice were recovered in a dry heated cage before
being returned to their cage. In each experiment groups of 10 mice (one tumour on
either flank) were used for each treatment regimen. 5 mice were sacrificed at 10 days

post MM cell inoculation and 5 mice at day 15.

Figure 2.8. Murine model of MM. 1 x 10°
MM cells injected sub-cutaneously into each
o shaven flank of syngeneic mice

In experiments examining the effect of over-expressing Smad7 in cell lines, 3
animal groups were established: i) non-transfected MM cells ii) control transfected
MM cells and iii) Smad7 transfected cells. When tumours reached Icm in largest
diameter measured externally using callipers or at 28 days had passed then the
experiment was ended and all animals culled by cervical dislocation. The tumours
were removed and half placed in 4% paraformaldehyde for histological and

immunohistological analysis and half placed directly in liquid Nitrogen to be used for
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collagen analysis. The tumours were then weighed before further processing of the

paraformaldehyde samples and storage of the frozen samples at —80°C.

2.7.3 Treatment of mice using systemic TGFP neutralising antibodies

Using AC29 cells, the protocol described in section 2.7.2 was used to establish
tumours in syngeneic BALB/c mice. Mice were pre-treated on the day prior to AC29
MM cells inoculation with TGFp antibodies (TGFB;-specific, TGFB,-specific or pan-
specific TGFp, supplied in collaboration with Cambridge Antibody Technologies
(CAT), Cambridge, UK), or matched IgG control antibodies (CAT supplied) or PBS.
These were administered by intra-peritoneal injection to achieve systemic absorption.
The dose of antibody was Smg/kg diluted in 50ul of PBS for both the neutralising
TGFpB antibodies and their controls, or 50pul of PBS alone. This treatment was
repeated 3 times per week, following the initial dose on the day before MM cell
inoculation, until the end of the experiment i.e. when tumours in any group had
reached the maximum size permitted or at specific time points. In each treatment
group there were either 5 or 10 mice allowing for either one or two timepoints

depending on the experiment design.

2.7.4 Histological processing of tumour samples

Half of the tumours harvested were fixed overnight at 4°C in 4%
paraformaldehyde as described in section 2.7.2. They were then washed in two
changes of PBS for 30 min each and then placed in a solution of PBS and 15%
sucrose overnight and washed for a further 30 min in PBS. The tumours were placed
in 50% ethanol for 30 min and then stored in 70% ethanol. Tumours were then
processed and embedded in paraffin in an automated tissue processor (LeicaTP 1050).
Each tumour was orientated and formed into wax blocks before being placed on ice
and 4 — 5 pm sections cut on a retraction microtome (Shandon, UK). Sections were
collected on poly-L-lysine coated glass slides (4 pum) for immunohistochemical
analysis or on glass slides (5 pm) for histological staining. After placement on the
slides the sections were blotted once between damp blotting paper and left to dry at

room temperature overnight before use the following day.
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2.7.5 Processing of tumour samples for HPLC analysis of collagen content

Half the tumours harvested were snap-frozen in liquid nitrogen. Tumour
samples were then crushed under liquid nitrogen and stored at —80°C. An aliquot of
approximately 10mg was weighed and added to 2ml 6M HCI in a Pyrex tube. Each
tube was capped and hydrolysed at 110°C for 16 hours. After cooling a small aliquot
of charcoal was added to each tube and vortexed to de-colorize the sample. The
solution was then filtered through a 0.65 pm membrane filter (Millipore) to leave a
colourless solution. The solution was then diluted 1 in 200 using 6M HCl and 100 pl
of this sample then transferred to an ependorf tube with a perforated cap and
evaporated to dryness under vacuum using a centrifugal sample concentrator (Savant
SpeedVac Plus SC110, Life Science International). Calculation of hydroxyproline
content was then performed as described previously in section 2.5.6. with adjustments

for the dilutions described above.

2.8 Histological and immunohistochemical staining Techniques

2.8.1 Martius Scarlet Blue (MSB) staining for collagen analysis

An assessment of tumour collagen deposition was made by histological
examination of tumour sections following staining using MSB. This technique results
in collagen being stained blue, which is then easily identifiable. The collagen content
of the tumours was visually assessed following MSB staining of tissue sections.
Briefly, sections were de-waxed and rehydrated through xylene and ethanol before
being stained in an automated system (Sakura Diversified Stainer, Bayer Diagnostics,
UK) capable of staining up to 60 slides simultaneously. Table 2.3 lists the steps
involved in this staining procedure.

The sections were then cover-slipped in an automated cover-slip machine
(Sakura Coveraid, Bayer Diagnostics, Hants, UK) and examined using an Olympus

BX40 light microscope.
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Step Solution Time (min)

1 Xylene 3

2 Xylene 3

3 100% ethanol 2

4 90% ethanol 2

5 70% ethanol 2

6 Lugol’s lodine 5

7 Thiosulphate (3%) 3

8 Wash 1

9 Celestine Blue 10
10 Wash 1

11 dH,0 30 sec
12 Haematoxylin 5
13 Wash 30 sec
14 Acid alcohol 20 sec
15 Wash 30 sec
16 Wash 2
17 90% ethanol 30 sec
18 Orange G (0.2% in Picric alcohol) 8
19 dH,O S sec
20 Red Mix (Ponceau de Xylidine 0.5% and Fuchsin 7

0.5% in 1% Glacial acetic acid)

21 dH,O 20 sec
22 Phototungstic acid (1%) 30 sec
23 dH,O 20 sec
24 Pontamine sky blue (1% in Glacial acetic acid) 5
25 1% Acetic acid 20 sec
26 70% ethanol 20 sec
27 90% ethanol 20 sec
28 100% ethanol 1
29 Xylene 1
30 Xylene 1
31 Xylene 2

Table 2.3 Modified MSB staining protocol showing the stages involved in the
procedure and the time at each station.
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2.8.2 Immunohistochemical staining of tumour sections

Tissue sections of tumours 4 pum thick (as described in section 2.7.4) were
dewaxed and rehydrated by washing in a sequence of xylene x 2, 100% ethanol x 2,
90% ethanol, 70% ethanol, 50% ethanol, water and finally PBS. The slides were dried
around the section without touching the section itself and the section marked and
encircled using a wax pen. The slides were then treated with 3% hygrogen peroxide
for 10 min in a humidified chamber by dripping the solution onto the horizontal slide
— the wax pen mark keeping the solution within the marked area, followed by three
washes with PBS for 5 min each wash. The slide was shaken of free liquid and treated
with serum, at 1.5% dilution in PBS, for 20 min, in a humidified chamber, using the
serum in which the secondary antibody was hosted. This acts as a non-specific tissue
blocker. The serum was drained off, without washing, and the primary (i.e. target)
antibody added at variable dilutions depending upon previous experience with the
antibody. If a new antibody was being used then it was first titrated by running the
experiment with a range of antibody dilutions of 0.5 to 20 pg/ml. The experiment was
later repeated using the most appropriate antibody dilution. The sections were
exposed to the primary antibody overnight in a humidified chamber at 4°C and then
washed in PBS for 5 min 3 times. The peroxidase conjugated secondary antibody was
then added and left for a further 1 hour at room temperature, in a humidified chamber.
Different dilutions of secondary antibody were assessed to find the most effective
concentration. At this point, mouse serum could be added for more non-specific
blocking if previous results had shown a lot of background staining. The slide was
then washed in PBS for 5 min x 3 and staining visualised by exposure to a solution of
600pg /ml 3,3’-diaminobenzidine (DAB; Sigma) and 0.03% H,O,. This was prepared
using a DAB substrate mixed with 30% H,0O, (working solution — 6mg DAB, 10ul
30% H,0; solution in 10ml PBS). The slide was exposed to DAB in a specified DAB
chamber in a fume cupboard for 3 - 10 min before being rinsed with ddH,O. The slide
was then counter stained with haematoxylin in an automated staining machine (see
section 2.12) and mounted using an automated cover-slip machine (Sakura Coveraid,
Bayer Diagnostics, Hants, UK). Finally it was examined using an Olympus BX40
light microscope. In each experiment negative controls were also run. These were a

matched IgG primary antibody or no primary antibody or no secondary antibody. The
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maximum number of sections to be examined during one experiment was between 15

and 20. Antibodies used were ALK1 and ALKS5 as shown in table 2.4, which also

shows secondary antibodies used.

antibody against a peptide mapping
within an internal domain of TGF
RI (ALKY) (Santa Cruz
Biotechnology Inc) Overnight at
4°C.

Target protein Primary Antibody Secondary Antibody
ALK1 2.5 = 5 pg/ml polyclonal antibody 10 pg/ml Anti-rabbit
against carboxy terminus of ALK1 HRP conjugated IgG. 1
(Santa Cruz Biotechnology Inc). hour at room temperature
Overnight at 4°C. (Santa Cruz
Biotechnology Inc)
ALKS 5 —~ 10 pg/ml rabbit polyclonal 10 pg/ml Anti-rabbit

HRP conjugated IgG. 1
hour at room temperature
(Santa Cruz

Biotechnology Inc)

Table 2.4 Antibodies and dilutions used in immunoperoxidase staining of tumour

tissue sections.
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Chapter 3. Results and Discussion

107



3.1 The effect of TGFp blocking antibodies on Malignant Mesothelioma collagen

production and tumour growth

This chapter examines collagen production and TGF synthesis by Malignant
Mesothelioma cells. The hypothesis that TGFf stimulates collagen production, which
enhances tumour growth, is tested by using neutralising TGFp antibodies to block this

proposed autocrine loop.

3.1.1 TGFp stimulates MM cell collagen production

A fundamental principle of this study is that there is an autocrine growth loop
involving TGFp and collagen synthesis in MM cells, which in turn regulates tumour
growth. For this to occur, MM cells have to produce both TGFp and collagen and
furthermore up-regulate collagen synthesis in response to TGFB. To confirm this,
human and murine MM cell lines described in section 2.1.1, were assessed for basal
and TGFPB; induced hydroxyproline (hyp) production by HPLC (nmol
hyp/10%cells/24hr), as a measurement of collagen synthesis (as described in section
2.5.2). Table 3.1.1 shows collagen production measured basally and following
stimulation with 0.1, 1, and 10 ng/ml TGFp; in 4 human and 3 murine MM cell lines.
Six of the MM cell lines significantly increased collagen production in response to
TGFpB; in a dose dependent manner. One human cell line, LO68, demonstrated a
maximal response at 0.1 ng/ml TGFp,; (basal collagen production of 0.84 + 0.09
(mean + SEM) increasing to 1.01 + 0.12 nmol hyp/ 108cells/ 24hr, p < 0.05) with no
further increase in collagen production with increasing doses of TGFf;. With the
exception of LO68 the combined average fold increase in collagen production by
these MM cell lines in response to 0.1, 1 and 10 ng/ml TGFB; was 1.6 £ 0.2, 2.9 +
0.3, and 4.4 + 0.8. The dose response of two murine MM cell lines, AB22 and AC29,
used extensively throughout the study, are also shown graphically in figure 3.1.1.

There are three histological types of MM: sarcomatous, epithelioid and mixed-
type. AC29 cells have a sarcomatous morphology whereas AB22 cells are epithelial-
like. However, both demonstrate production of high levels of collagen, which

increases in response to exogenous TGFB;. In humans, both epithelial and
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sarcomatous MM are associated with large amounts of collagen deposition, although
sarcomatous are the most fibrotic. The basal level of collagen synthesis in AC29 cells
was 0.72 £ 0.09 nmol hyp/ 10%cells/24hr with fold increases above basal levels of 1.4,
3.3 and 5.3 after 0.1, 1, and 10 ng/ml of TGFf, respectively (p<0.01). In AB22 cells
basal collagen production of 0.66 + 0.01 nmol hyp/ 10%cells/ 24hr increased by 1.3, 1.8
and 3 fold (p<0.01 compared with basal levels for each increase) with 0.1, 1, and 10
ng/ml TGFp,; respectively.

Hydroxyproline (nmol / 10° cells / 24 hours) following TGFB,
(ng/ml)
Cell line 0 0.1 1 10
AB22 0.66 + 0.01 0.88 £0.12** 121 +0.04** 198+ (.14**
<
AC29 0.72 £ 0.09 1.01£0.10%* 237+0.22*%* 3.81+031** §
[¢]
AB1 0.51+0.21 0.72 +0.08*%* 1.31+£0.07** 1.53+0.04**
JU77 0.46 + 0.16 0.82+0.21** 1.37+0.31** 3.22+0.45%*
jan
ONES8 |0.27+0.12 0.56 £0.10** 098 £0.17** 1.01 £0.27** g
LO68 0.84 + 0.09 1.01 £0.12*  0.93 £0.05 0.81+0.11
NO36 0.62+0.17 0.93 £ 0.09 1.46 + 0.28 3.27 £0.51

Table 3.1.1 Procollagen production in mesothelioma cell lines following TGFp,;

stimulation. HPLC was used to measure hyp in confluent MM cells (grown in 0.4 % FCS) 24 hours

after treatment with TGFB; (0.1, 1, 10 ng/ml). Hyp levels (nmol / 10° cells / 24 hours + SEM) were
corrected for cell number and a students t test performed to assess significant changes between basal

and TGFp, —induced procollagen production. * = p <0.05, ** = p <0.01.
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Figure 3.1.1 Collagen production in murine MM cells in response to TGFf. A and
B show the production of hydroxyproline (nmol/10%cells/24hr) in response to
increasing doses of TGFP, (ng/ml) in AC29 and AB22 MM cells respectively. Each
represents the mean of 6 replicates £ SEM. ** = p < 0.01 compared with basal
non-TGFP, treated levels. The graphs demonstrate a dose dependent increase in
collagen production following stimulation by TGFf,
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3.1.2 TGFp synthesis by MM cells

Secreted active TGFp levels were measured from the seven MM cell lines
using the mink lung epithelial cell (MLEC) bioassay, a PAI-1 luciferase assay
described in section 2.2. Conditioned medium was generated from each cell line and
total cell number recorded. For each experiment a standard curve is generated using
known concentrations of TGFB. A standard curve is shown in figure 3.1.2A
demonstrating increased luciferase activity in response to increasing doses of TGFp;.
The linear portion of the standard curve lies in a range between 0.05 and 0.5 ng/ml.
Figure 3.1.2B shows the luciferase activity recorded following MLEC exposure to
conditioned medium. The levels of active TGFp production, corrected for cell number
(ng/ 10° cells/ 24hours), are shown in figure 3.1.2C and are representative of three
repeat experiments. All MM cell lines tested produced significant levels of active
TGFP. Of the murine cell lines, AC29 cells produced the most TGFp (0.58-0.82 ng/
10° cells/ 24hours) and of the four human lines, NO36 was the most consistent
producer of active TGFP, producing 0.35-0.8 ng/ 10%cells/ 24 hours. The results of the

two repeat experiments are shown in the table 3.1.2 below.

Active TGFp production (ng / 10° cells / 24 hr) + SEM

Cell line Repeat experiment 1. Repeat experiment 2.

AC29 0.62+0.010 0.51 £0.103

AB22 0.42 £ 0.021 0.32+0.021

AB1 0.55+0.008 0.56 + 0.009

JuU77 0.12+0.011 0.11 £0.023

Lo68 0.18+0.019 0.19+0.017

No36 0.58 +0.029 0.75 £ 0.031
ONESS 0.86 + 0.028 0.67 +£ 0.048

Table 3.1.2 MM cell active TGFP production measured using the MLEC bioassay in

two repeat experiments.
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Figure 3.1.2 TGFp production by MM cells assessed using the MLEC bioassay. A. A
standard curve for TGFpB, stimulated activity was created by assessing luciferase activity
(relative light intensity, RLU) over 15 seconds from MLEC cell lysates following incubation
with TGFp,. Each point represents the mean of 3 replicates + SEM. The graph equation is
shown. B. MLEC luciferase activity was then assessed following exposure to the
conditioned media samples from 3 murine MM cell lines (AB1, AB22, AC29) and 4 human
MM lines (Ju77, Lo68, No36, ONE58) and corrected for cell number. The standard curve
(A) is then used to calculate active TGFP production/million cells/24hr, as shown in C (each
represents the mean of 3 replicates £ SEM).
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3.1.2.1 Inhibition of MLEC responses to TGFp using TGFp antibodies

To confirm that the luciferase activity measured in the MLEC bioassay was
TGFB induced, activity was measured following exposure of MLEC cells to TGFp; in
the presence of a TGFp pan-specific blocking antibody. Figure 3.1.3 shows that the
pan-specific TGFB antibody suppressed luciferase activity by approximately 90%
confirming a TGFP specific luciferase response. Control murine IgG antibody did not

reduce TGFpB-induced luciferase activity.

3.1.2.2 Confirmation of MM cell conditioned medium TGFp activity in the
MLEC bioassay by inhibition with TGFf antibodies

Experiment 3.1.2.1 was repeated using conditioned medium from MM cells
(AB22 and AC29 cells were selected as these were the cell lines used for most
experiments) in the presence of neutralising TGFB antibody and inhibition of
luciferase activity was again demonstrated (figure 3.1.4). This showed that TGFB
antibodies inhibited the activity of the luciferase reporter in the presence of MM cell
conditioned media, confirming that the activity was specifically due to MM cell

produced TGFp.

3.1.3 Effects of neutralising antibodies on collagen production by MM cells

Pan-specific, TGFpB;-, and TGFp,-specific antibodies were used, along with
their matched IgG controls (as supplied by Cambridge Antibody Technologies (CAT)
and described in section 2.7.3), to assess the effects of blocking TGFf3 on MM cell
collagen production. AC29 cells were grown in culture and treated with TGFp,
(Ing/ml) pre-exposed to the neutralising or control antibodies, and hyp levels
measured after 24 hours incubation (as described in section 2.11). AC29 cells were
chosen for these experiments as this cell line was selected for the in vivo experiments
(reasons outlined in section 3.1.6). Figure 3.1.5A shows the increase in collagen
production, expressed as a percentage above basal values. It demonstrates that the
TGFB-specific, TGFp,-specific and pan-specific TGFB neutralising antibodies all

reduced the collagen response of MM cells to exogenous TGF[3, whereas cells
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Figure 3.1.3 Inhibition of TGFp , induced luciferase activity in the MLEC bioassay
using TGFp blocking antibody. In A the standard curve shows the MLEC luciferase
activity in response to TGFB, in a 0-1.2 ng/ml dose range. The linear portion of the
curve lies in a range between 0.05 and 0.6 ng/ml TGFf, and the dose in the mid-range
of this, 0.3 ng/ml, was chosen to test the inhibiting activity of a pan-specific antibody
shown in B. MLEC cells were exposed to 0.3 ng/ml of TGFp, having first been
treated with the pan-specific TGFf antibody or a matched IgG control antibody
(repeated in quadruplicate). The TGFp antibody reduced activity to very low levels,
whereas the control antibody had no significant effect confirming that the activity was
due to TGFp. ** p <0.01
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Figure 3.1.4 Inhibition of TGFp, induced luciferase activity in the MLEC
bioassay using TGFf blocking antibody. MLEC cells were exposed to conditioned
media from AB22 cells and AC29 cells having first been treated with the pan-
specific TGFP antibody or a matched IgG control antibody (repeated in
quadruplicate). The TGFP antibody reduced MLEC activity to low levels,
confirming that the effects on the MLEC cells from MM conditioned media was
due to TGFp. ** p <0.01
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Figure 3.1.5A Effect of TGF, (1ng/ml) on collagen production in AC29 cells in
the presence of TGFP neutralising antibodies or their controls (100pg/ml). The
results are expressed as percentage increases of hydroxyproline production above
basal levels at 24 hrs (the mean basal level of hydroxyproline production was 1.01
nmol/10° cells). The TGF,-specific, TGFp,-specific and pan-specific TGFp
antibodies reduced the collagen response to exogenous TGFp,. The basal level of
collagen production was not inhibited by either TGFP neutralising or control
antibodies (data not shown). ** = significant increase above basal levels. NS = non-
significant increase above basal production.
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exposed to the control antibodies still significantly increased collagen production.
This was unexpected as TGFp,-specific antibodies should not have reduced the
response to TGFp;. This is investigated further in section 3.1.4. The basal levels of
collagen production remained unchanged in the presence of the antibodies (basal
collagen production is not shown on the graph as there were no significant differences

between groups).

3.1.4 TGFp; — specific antibodies do not inhibit TGFp,

The TGFp2-specific antibody was not predicted to reduce the collagen
producing response of MM to TGFp; stimulation (TGFB; was the exogenous TGFB
isoform available for these experiments). However, the results show an inhibition of
the collagen response to TGFp; in the presence of TGFf,-specific antibodies. To
investigate whether TGFf3, antibody treatment had any effect on the levels of active
TGFB;, MLEC cells were treated with TGFB; and exposed to the TGFp isoform
specific antibodies. A treatment dose of TGFp to be neutralised was selected by
generating a standard curve for TGFp (figure 3.1.5.B1) and using the linear portion of
this curve (figure 3.1.5.B2), a dose of 0.3 ng /ml TGFB; was shown to produce
luciferase activity at the mid-point of the dose response. Therefore, this dose (0.3 ng
/ml TGFB:) was used to test the effectiveness of the antibodies in inhibiting
stimulation of the MLEC bioassay. Figure 3.1.5.B confirms that TGFp,-specific
antibodies have no effect on the response of MLEC to TGFp,. Therefore, the reason
for the inhibition of TGFB; induced collagen by TGFp,-specific antibodies remains
unclear, but it is not due to cross-reactivity between the TGFp,-specific antibody and
TGFpB;. Interestingly, TGFp,;-specific antibodies reduced the response to TGFB; by
60%, whereas pan-specific TGFP antibodies reduced activity by more than 90% - see

discussion section 3.1.14.

117



25000

i o 12000,
2 '§20000 | 10000
Q | :
5 Sh15000 | Sy
8% 6000 |
& .2 10000 o
g = |
2 B 5000 | 2000

0 Ty, 0 ; -

02 04 06 08 1 120 1.4 0.1 0.2 0.3 04 05 06
TGFP (ng/ml) TGFp (ng/ml)

3.

8000

7000

6000 | (Effects of 0.3 ng / ml TGFB,)

5000 |

4000 |

3000 | -

2000 - -

1000

0 - .
Control TGFB,- TGFB,- B,/ B, Pan-specific ~ Pan-specific
specific specific control TGF B control
0 L
—
Antibody (100pg/ml)

Figure 3.1.5B The effects of TGFp neutralizing antibodies on the activity of the MLEC
bioassay. 1. Standard curve achieved following increasing doses of TGFB,. 2. shows
the linear portion of this curve and the level of activity at the midway point (0.3 ng/ml
TGFB,) is marked. MLECs were then exposed to TGFp, at the selected dose (0.3
ng/ml) along with the neutralising antibodies at 100 pg/ml (3.) Pan-specific TGFp
antibodies almost completely block the effect of TGFpB,. TGFp,-specific antibodies
reduce the activity by 60% and the TGF,-specific antibodies have no significant
effect. There are no significant effects with the control antibodies. ** = p < 0.01
compared with control
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3.1.5 Murine model of MM to assess the effect of TGFf neutralising antibodies
on tumour growth

To assess the effects of TGFP antibodies on the growth of tumours in vivo, a
murine model of MM tumour growth, described in section 2.7.2, was used.
Mesothelioma tumours were grown on the flanks of syngeneic mice using ABI,
AB22 and AC29 cells. Tumours tended to grow as discrete nodules on the flanks of
the animals following sub-cutaneous injection of MM cells. Figure 3.1.6 shows
tumours in vivo. These were relatively easy to remove from the surrounding tissue,
unless inoculation had occurred at a deeper level i.e. into the muscle layer rather than
the sub-cutaneous space — see below. New vessel formation was seen supplying the
tumour from adjacent stromal tissue, indicated in the figure. All three tumour lines
grew tumours, but AC29 cell tumours grew faster than the other two cell lines.
Histologically, all three tumour lines contained high quantities of ECM, indicated by
blue stained collagen on Martius Scarlett Blue (see 2.8.1) stained tissue sections cut
from paraffin wax embedded tumours, shown in figure 3.1.7. The AC29 derived
tumours histologically appeared to be the most abundant in collagen deposition.
Figure 3.1.8 shows an example of a tumour section indicating some of the basic
tumour structures. Tumours were highly cellular with marked deposition of ECM.
New blood vessels are seen carrying red blood cells. Although mitotic cells are seen
throughout the tumour section, they are predominantly found in the outer regions and
tissue margins. This reflects the high cell turnover and rapid growth of these tumours
with the most active areas occurring at the tumour borders. This is the area where
tumour cell turnover, interaction with the surrounding normal tissues, and
angiogenesis is thought to occur, allowing tumour growth and local tissue invasion.

If MM cells were inoculated into the deeper muscle layer of the flank they
behaved more invasively and less predictably. Figure 3.1.9 shows that there is a
greater deposition of collagen and increased invasion by MM cells along tissue planes
at these deeper inoculation sites. These tumours required greater dissection to separate
them from the surrounding normal tissue and clear tumour borders could not always
be delineated. These were interesting findings as they suggest different tumour cell
behaviour dependent upon surrounded normal cell types and could warrant further
investigation. For the purposes of these experiments it was considered best to

inoculate cells sub-cutaneously only, as this site produced tumours that were more
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New vessel
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Blood vessels entering
tumour from surrounding
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Figure 3.1.6 Murine model of MM. Tumours grown on the flanks of syngeneic
mice are clearly visible subcutaneously (A) allowing for estimation of size (a
maximum of lcm external diameter is permitted). At dissection the tumours are
situated on the flanks on top of the connective tissue layer above the muscle layer
(B). The tumours were well vascularised with blood vessels noted to be growing in
to the tumour from surrounding normal structures.
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Figure 3.1.7 Martius Scarlet Blue (MSB) staining of murine mesothelioma tumour
sections highlighting collagen content. A AB1 derived tumour section at 20x normal
magnification and B at 40x. C AB22 derived tumour section at 20x and at 40x
magnification in D. E shows AC29 cells at 20x and F at 40x. Collagen is stained blue and
varies in its intensity and deposition between tumours derived from different cell lines.
AC29 derived tumour appear to contain the most collagen. These figures are
representative of sections from each of the three cell lines.
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Figure 3.1.8 MM tumour structures. Section through an AC29 cell derived
murine mesothelioma tumour stained with MSB highlighting typical structures
(x40 magnification). A Red blood cells within a newly formed blood vessel. B
typical tumour cells. C strands of blue stained collagen. D Mitotic tumour
cells. E blood vessel
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discrete and were consistent in morphology between experiments. These tumours
could be more accurately removed with clear separation from normal tissue - an

important prerequisite in comparing tumour weights.

3.1.6 TGFp neutralising antibodies inhibit in vivo MM tumour growth

AC29 cells were chosen for the in vivo experiments using TGFp antibodies as
this cell line had been shown to be the greatest producer of both collagen and TGFB in
vitro, and were the most consistently tumorigenic cell line in vivo, producing the
fastest growing tumours from the murine cell lines available (AB1, AB22, and
AC29). These findings were in keeping with previously published data of these cell
lines (Davis ef al. 1992).

Neutralising antibodies to TGFp were systemically administered, via an intra-
peritoneal route, to CBA mice to assess the effects of inhibiting TGFB on the growth
of tumours following the inoculation of AC29 MM cells (as described in section
2.7.3). The effects of blocking the three different isoforms of TGFP were assessed by
using TGFp;-specific, TGFf,-specific, pan-specific and a combination of TGF;- and
B2- specific antibodies (no TGFps-specific antibody was available). In each
experiment a 10 day time-point and a 15 day time-point were used to assess the
growth of tumours. The latter time-point was chosen as initial experiments had shown
this to be a time at which AC29 derived tumours began to show signs of ulceration
through the skin (at which point the experiment was stopped for ethical reasons). The
10 day time-point was taken as an intermediate time-point. Earlier time-points were
not used as they did not allow sufficient growth of tumours to detect differences in

size.

3.1.6a Pan-specific neutralising antibodies reduce MM tumour growth

Figure 3.1.10A shows that pan-specific TGFp neutralising antibodies reduce
tumour growth after 10 days (PBS control median tumour weight 18.0 mg (range 6-
36), control antibody 22.5 mg (13-94), pan-specific TGFpB antibody 13.0 mg (4-27)).
Using a Mann Whitney U test (since results were non-parametric) there was a

significant difference between the pan-specific TGFp antibody and its control
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antibody (p = 0.02). At 15 days the mice treated with the neutralising antibody had
tumours smaller than the PBS treated control group (antibody treated median tumour
weight 30 mg (range 16 — 65), PBS treated group 46 mg (22 — 109), control antibody
treated group 46 mg (18 — 105), figure 3.1.10B, p < 0.03) or, in a repeat experiment,
smaller than the control antibody treated group (figure 3.1.11, p = 0.05).

In figure 3.1.10 and 3.1.11 some groups contain twenty tumours (=10 mice),
as the aim of the experiment had been for half the group to be left for a longer time-
point. However, this was not possible, as some tumours had began to ulcerate through

the skin at earlier time-points.
3.1.6b TGFp,-specific neutralising antibodies reduce MM tumour growth

Mice treated with TGFp,-specific neutralising antibodies had tumours that
were smaller than control groups following 10 days of tumour growth (PBS treated
median tumour weights were 24.5 mg (range 10-85), control antibody treated 34.5 mg
(6-55), TGFp,-specific antibody treated 19 mg (6-36), figure 3.1.12A). Growth was
significantly reduced compared with the control antibody treated group, p < 0.05. At
15 days (figure 3.1.12B) the tumour weights of the TGF,-specific antibody group
(median 27 mg (5-51) were significantly smaller than both the PBS treated group
(67.5 mg (27-114), p < 0.01) and the control antibody treated group (57 mg (35-193),
p < 0.01). This was the most impressive reduction in tumour growth seen of all the

TGFp neutralising antibody treatments.

3.1.6c TGFp;-specific neutralising antibodies have no effect on MM tumour
growth

There were no significant changes in tumour weights when mice were treated
with a TGFp;-specific neutralising antibody. Figure 3.1.13 shows tumour weight data
from days 10 and 15. There is a trend toward a reduction in tumour size in the TGF;-
specific antibody group at 10 days, but this was not significant using the Mann
Whitney U test and in some repeat experiments the effects of the antibody produced a

trend towards larger tumours (data not shown).
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Figure 3.1.11 Tumour weights of MM tumours 15 days after inoculation with
AC29 cells in mice treated with intraperitoneal injections of PBS, pan-specific
TGFB antibody (5 mg/kg) and its control IgG matched antibody (5 mg/kg).
The pan-specific TGFP antibody treated mice had tumours that were smaller
than the control antibody treated mice. Median values are expressed in the box.
P values were calculated using a Mann Whitney U test. Bars represent median

values.
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3.1.7 Combined TGFp;- and TGFp,-specific neutralising antibodies have little

effect on tumour growth

Since no TGFP;-specific antibody was available, to assess possible effects of
TGFB3 on tumour growth a combination of TGFf;- and TGFp,-specific neutralising
antibodies was used. The aim was to compare the effects of this combination with
pan-specific TGFf antibodies in order to deduce the effects of the TGFp3 isoform.
Surprisingly, using this combination of B; and B, specific TGF antibodies produced
no significant changes in tumour growth, although there was a trend for smaller
tumours than the control antibody group (PBS treated median tumour weight 84.5mg
(range 22 — 62), TGFB, and TGFp, antibody treated 80.5 (21 — 170), control antibody
150 (20 — 365)). Figure 3.1.14 shows the result at 15 days, where the trend for smaller
tumours was observed. No differences were seen at 10 days growth. Since TGFf,-
specific antibodies used alone produced significantly reduced growth, these combined

antibody effects are very interesting and unexpected.

3.1.8 Combined results of 10 and 15 day data demonstrate that pan-specific and

TGFp2-specific neutralising antibodies reduce tumour growth

There was a large range of tumour weights in some of the groups between
experiments, although overall the results were generally reproducible. The data from
all experiments were combined to give an overall impression of tumour growth curves
in mice systemically treated with TGFf neutralising antibodies, matched IgG control
antibodies or PBS, shown in figure 3.1.15. Figure 3.1.15 plots the data as tumour
median weights and statistical analysis was carried out using Mann Whitney U test,
since the data is non-parametric. PBS treated and control antibody treated mice had
tumours that show typical exponential growth. B,-specific and pan-specific TGFp
antibody treatments resulted in a flattening of the growth curve with a marked
reduction in growth by day 15 in both groups (p < 0.001, Mann Whitney U test).
There is some reduction in growth in the pan-specific TGFf matched IgG control, but
this is not significant compared with untreated controls using the Mann Whitney U

test.
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Figure 3.1.14. Tumour weights of MM tumours 15 days after inoculation with
AC29 cells of mice treated with intraperitoneal injections of PBS, TGFp,+ TGFp, -
specific antibody mixture (both at (5 mg/kg) or an IgG matched control antibody
(given at a dose of 2 x 5 mg/kg to match the dose of the combined TGFf
antibodies). There was a trend for the TGFpB,+ TGFp, -specific antibody mixture
treated group to have smaller tumours than the control antibody treated group. Bars
represent median values.
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Figure 3.1.15 Combined data of all murine MM tumours grown using AC29
cells and treated with TGFp neutralizing antibodies (Smg/kg). Tumour weights
measured at 10 and 15 days are shown and expressed as median weight. The
tumour size at day zero is taken as zero, representing 10° cells in suspension with
no tumour structure. The reduction in tumour size at 15 days is highly significant
in both the pan-specific TGFp and the TGFp,-specific antibody treated groups
analyzed using Mann Whitney U test (using median values and assuming the
results are non-parametric) and compared with either the PBS treated control
group or the matched antibody treated control groups. *** =p <0.001
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3.1.9 TGFp antibodies have no systemic short-term side-effects

Mice tolerated antibody treatment well with no obvious side effects for the
duration of the experiment. Animal weights were no different between groups (figure
3.1.16) and they showed no characteristic signs of distress or ill-health.
Macroscopically, internal organs were normal in size and overall appearance. The
experiments were over relatively short periods of time (up to 15 days) and whether
long-term effects would occur was not determined. Clearly, worries of using TGFp
antibodies include potential effects on TGFB’s de novo tumour suppressing role,
wound healing and dysregulation of the immune system. These issues were not
addressed in these experiments due to the expense of long-term antibody treatment.
Also, the antibodies were used primarily to assess the effects of inhibiting TGFP on
tumour growth as a test of the hypothesis that TGFp plays a pivotal role in tumour
growth rather than assessing them as a potential therapy for MM.

3.1.10 TGFp neutralising antibodies reduce the collagen content of MM tumours

To assess how treatment with TGFP antibodies affects the collagen content of
MM tumours, the level of hyp in tumours was measured using HPLC. Tumours from
mice treated with pan-specific TGFB, TGFf,-specific and TGFp;-specific antibodies
and their controls that had been snap frozen and stored at —80°C were analysed as
described in section 2.7.5. The collagen content of tumours (expressed as hyp /mg
tumour) from mice treated with TGFp;-specific, TGFp,-specific neutralising
antibodies or their controls is shown in figure 3.1.17. This shows that TGFp;-specific
antibodies had no effect on the collagen content of the tumour, whereas TGFf,-
specific antibodies produced a trend for smaller tumours compared with the control
antibody treated tumours, but no significant difference compared with PBS treated
mice. The amount of collagen in the pan-specific treated experiment is shown in
figure 3.1.18. This shows that pan-specific TGFB antibody treated tumours had
significantly less collagen per mg tumour i.e. a reduction in collagen concentration,
not just a reduced total collagen due to reduced tumour size (PBS control tumour
collagen content 9.12 + 0.76 (mmol hyp / mg tumour + SEM), control antibody
treated 6.67 + 0.97, pan-specific antibody treated 4.50 + 0.47, p < 0.01). To confirm
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that the differences are not simply due to tumour size, a correlation curve plotting
individual tumour weight against its collagen concentration was plotted and shown in
figure 3.1.19. There is no direct correlation between tumour size and collagen
concentration per se i.e. bigger tumours do not necessarily have increased collagen
concentrations. This is because the control groups have more variable collagen
content and tumour size. So the difference in collagen concentrations and tumour size
between groups is likely to result directly from the effects of TGFp antibodies. This

reduced tumour collagen content is associated with a reduction in tumour size.
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Figure 3.1.16 A. Bodyweights of animals following treatment with TGFf
antibodies and matched controls shows little change for the duration of the
experiment. The results represent the mean of 10 animals per group at 1, 6 and 10
day timepoints and of 5 animals per group at the 15 day timepoint £ SEM. The
only significant change was the decrease in weight of the pan-specific TGFp IgG
matched control antibody treated mice at day 6. B. Bodyweights of mice treated
with a combination of TGFB, and TGF B, -specific antibodies (both at 5Smg/kg)
and an equal dose of the matched control antibody. There were no significant
variations in animal weights at 1, 6, 11 and 15 days. X = Start of antibody
treatment, Y = inoculation of AC29 MM cells
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Figure 3.1.17 The collagen content of tumours grown from mice treated
systemically (i.p. injections) with either TGFB,-specific or TGFp,-specific
neutralising antibodies (Smg/kg), an IgG matched control antibody (the same
for both TGFB isoforms) or with PBS, were measured using HPLC. The
collagen content is expressed as the concentration of total tumour weight and
bars represent the mean values + SEM. The TGFp,-specific antibody treated
tumours showed a trend for a reduction in collagen concentration compared
with its IgG matched control antibody. TGFf,-specific antibodies showed no
change in collagen concentration. n = 10 tumours (10 animals) per group.
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Figure 3.1.18. The collagen content of tumours grown from mice treated
systemically (i.p. injections) with pan-specific TGFp neutralising antibody
(5mg/kg), an IgG matched control antibody or with PBS, were measured using
HPLC. The collagen content is expressed as the concentration of total tumour
weight and bars represent the mean values + SEM. The pan-specific TGFP
antibody treated tumours had reduced collagen concentrations. n = 10 tumours
(10 animals) per group. ** = p < 0.01 Student’s paired t test
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Figure 3.1.19. Tumour weight — collagen correlation curve. Each tumour from the
experiment shown in figure 3.2.4A has been plotted as a weight against its collagen
concentration. All tumours from the three groups have been plotted; PBS treated,
control antibody treated and pan-specific TGF antibody treated. There is no direct
correlation between total tumour weight and collagen concentration.
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3.1.11 Discussion

Seven different MM cell lines have been used in this study. To assess the
relationship between TGFp and collagen production and to confirm that these cells
behave in a similar manner to human and rat MM cells previously reported (Carbone
et al. 2002;Kuwahara et al. 2001;Maeda et al. 1994), the quantity of collagen
produced by these cells and their response to TGFf was measured. Production of
TGFp by MM cells was also measured, as the production of both collagen and TGFB
are essential to the hypothesis that there is an autocrine loop involving these two
factors, which regulates tumour growth.

All MM cell lines examined showed high levels of collagen production with
further increases in response to TGFB. These amounts are similar to levels produced
by fibroblasts (Keerthisingam et al. 2001), which are specialist collagen producing
cells. Although all MM cell lines produced collagen, there were differences in the
amount each cell line produced, which could in part be related to their histological cell
type. In man, MM tumours with sarcomatous histology are more fibrotic than tumours
with epithelial-type histology, although even those are associated with significant
ECM deposition. The prognosis for patients with MM of sarcomatous morphology is
worse than for those with epithelioid morphology, in part due to lack of any response
to treatment by sarcomatoid mesotheliomas, whereas epithelioid tumours may have
partial responses (Ceresoli ef al. 2001). However, whatever the cell type, the overall
median prognosis is still only 10 - 14 months. This is consistent with the hypothesis
that collagen deposition limits the effectiveness of tumour therapy.

In section 3.1.2, each cell line was shown to produce significant levels of
active TGFP. Although there is variation between cell lines that can not easily be
associated with cell type, of the three murine cell lines assessed the biggest producer
of TGFB, AC29, also produced the most collagen, as described in section 3.1.1.
However, the pattern is not consistent enough from these studies to conclude that the
MM cells producing the most TGFf are those that synthesise the most collagen.

These initial investigations confirm the two prerequisites necessary for the
hypothesis that TGFp and collagen production are involved in an autocrine loop that
is important to mesothelioma tumour growth i.e. these cells produce both collagen and

TGFp and respond to the latter by increasing their collagen synthesis. These findings
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are essential for the further studies attempting to interrupt this loop with the aim of
inhibiting or partially limiting tumour growth.

In vitro studies demonstrated that the pan-specific TGFp antibody completely
inhibited exogenous TGFp;, whereas the TGFp;-specific antibody reduced the TGF[
response by only 60%. The suppliers (CAT antibodies) state that the TGFp;-specific
antibody works more effectively in vivo (personal communication), although the
reason has not been determined, and for these studies this was assumed to be true. As
predicted, the TGFp,-specific antibody did not inhibit the response of the MLEC
bioassay following TGFp; stimulation. Dose and treatment schedules used in these
studies were recommended following extensive pharmacokinetic studies by CAT. The
pan-specific antibody used, 1D11, has already been shown to reduce fibrosis in a
number of earlier studies not related to this work. In a murine model of nephropathy
induced by cyclosporin-A, the antibody prevented the development of nephropathy,
reducing deposition of collagen III (Ling ef al. 2003). In combination with an ACE
inhibitor ID11 prevented proteinuria and overt renal nephropathy in a streptozotocin
induced diabetic rat model, again by attenuating the deposition of collagen III
(Benigni et al. 2003). Furthermore, in a rabbit model of corneal fibrosis the antibody
reduced collagen deposition (Jester et al. 1997). The TGFp,-specific antibody, CAT-
152, has also been successfully used in a rat model of diabetic nephropathy in which
there was a reduced rate of pathological fibrosis in antibody treated animals (Hill et
al. 2001). Following a successful preliminary trial (Siriwardena et al. 2002), CAT-
152 is under controlled clinical trials in humans to reduce collagen contraction and
deposition in glaucoma filtration surgery. Interestingly, the TGFp;-specific antibody
has not been extensively used and this may reflect its lower activity or unexpected
responses, consistent with the findings reported here. Other work in our laboratory
showed that CAT-192 reduced airway remodelling by ~ 65% in a murine model of
asthma (Rheinhardt et al., abstract publication, ATS 2004).

The in vitro collagen response to exogenous TGFp was reduced with TGFp,-,
TGFB,- and pan-specific antibodies, although why the TGFp,-specific antibody had
an effect was unclear since the MLEC studies had shown it to have no TGFp,;-specific
neutralising effects. However, none of the antibodies had any effect on the basal
levels of collagen production despite the hypothesis that the cells respond to paracrine
TGFp synthesised and released by their neighbouring cells along with autocrine
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TGFB. The regulation of basal collagen production may be independent of TGFp or it
may be that the effects of the endogenous TGFp are predominantly autocrine. It has
been postulated that the autocrine responses to TGFp occur within caveolae (pockets
or crypts), at the cell surface, where there might not be exposure to the exogenous
antibody before a response is elicited. Alternatively, the autocrine effects may occur
by internal activation with no release of TGF into the surrounding milieu. Either of
these scenarios would explain why basal levels of collagen production were
unaffected by the antibodies. This could potentially be investigated further using
immunogold-histochemistry and electron microscopy to label binding sites and TGFp.

In vivo, to reduce animal wastage and expense, all experiments were
performed using a single murine cell line, AC29, in CBA mice - the syngeneic strain
from which these cells were derived. This cell line was selected as previous in vivo
data has shown this cell line to be more tumorigenic than the other murine cell lines
available, AB1 and AB22, despite all three cell lines having similar doubling times of
between 27 to 30 hours(Davis et al. 1992). Preliminary ir vivo data from this study
confirmed that the AC29 cell line was the most tumorigenic, with tumours that grew
faster and more consistently than any of the other murine MM cell lines.

Growth of these tumours was reduced using P,- and pan-specific TGFp
antibodies. This confirmed the theory that TGFp is pro-tumorigenic for these tumours
and is consistent with the hypothesis that TGFp may be involved in a growth loop
involving TGFP and collagen. The limited data available on tumour collagen content
shows that tumours treated with pan-specific antibodies had a reduced concentration
of collagen. This was not simply a reflection of overall size as the graphs in figure
3.1.19 show no direct correlation between tumour size and collagen content when all
groups are combined. Tumours had a reduced mean level of collagen and a reduced
size when treated with the antibody. Although these results do not prove that reduced
collagen production resulted in reduced tumour growth, the findings are consistent
with that hypothesis.

The TGFp;-specific antibody did not reduce tumour growth. This may have
been because the antibody was not effective in blocking TGFp, as suggested by the in
vitro studies. Alternatively, this isoform of TGFB may not play an independent pro-
tumorigenic role. Indeed, some of the experiments showed that TGFp;-specific

antibody treated mice grew tumours that were larger than controls, which might
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suggest that if it plays any role in tumour growth, the TGFp; isoform may be tumour
restrictive. This may be a result of TGFp anti-proliferative effects, which occur in
normal cells, still functioning in MM cells in vivo. The anti-proliferative effects of
TGFB, may be more potent than its pro-tumorigenic actions, such as collagen
stimulation or angiogenesis promotion in these cells. This was also suggested by the
effects of combining B;- and PB,-specific antibodies when the inhibition of tumour
growth by blocking TGFf, alone was lost (section 3.1.10).

The role of TGFp3; was not determined by these experiments. It was hoped that
by comparing the results using the pan-specific with the results obtained using a
combination of the B; and B,-specific TGFp antibodies, the effects of blocking TGFp;
could be deduced. As TGFp,-specific antibodies had reduced tumour growth, it was
expected that at least a similar reduction would be observed when used in
combination with the TGFp;-specific antibody. The finding that there was no
significant change supports the idea that TGFfB; and TGFB, may have opposing
effects and would suggest that TGFP; antibodies have enough tumour promoting
activity in vivo to inhibit the effects of tumour inhibiting TGFf,-specific antibodies.
The result also suggests that the TGFp, isoform is specifically pro-tumorigenic, with
the specific roles of TGFB; and B3 not determined.

These results suggest that different TGFp isoforms may have different roles in
MM. This difference between TGFp isoforms is not surprising, as although the
different isoforms each share approximately 70 % identical amino acid residues, they
are all produced by separate genes. Other workers have shown differences in the
actions of the different isoforms and this seems to be dependent on a number of
factors including the cell type. In an experimental model of autoimmune encephalitis
TGFp3 showed anti-proliferative properties towards encephalitigenic cells, whereas
TGFB, appeared to have an opposing role and was up-regulated (Matejuk et al. 2004).
Other workers found that after spinal cord injury, TGFf; was increased over the acute
inflammatory phase modulating inflammation and neuronal processes and TGFp;
increased over the sub-acute period of scarring where it regulated glial cell collagen
deposition (Lagord et al. 2002). In breast cancer, Tamoxifen therapy leads to an up-

regulation of TGFf; but has no effect on TGFp,, suggesting that in this cancer TGFp,
is protective (Brandt et al. 2003). Low concentrations of TGFpB;, TGFB, and TGFp;
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stimulate colony-stimulating factor induced granulocyte-macrophage colony-forming
units, but with high concentrations TGFp, stimulates growth whilst the other two
isoforms inhibit growth (Salzman et al. 2002). These are just some of thie examples of
different and sometimes opposing roles of the TGFp isoforms. Clearly the inter-
relationships are very complex and vary with cell type, concentration and cell
function.

As a possible therapeutic option in man there are a number of potential
problems in using TGFP antibodies. The long-term side-effects are not known.
Despite evidence from this study that there are no short-term side-effects of this form
of therapy, over a longer period there are theoretically significant effects on the
immune system and wound healing, as well as tumour suppressor effects, although in
mice it has been demonstrated that long-term treatment with monoclonal TGFp
antibodies has no effect on immune function (Ruzek et al. 2003). TGFB has a
regulatory role in controlling T-cell function by suppression of the T-cell response
(Gorelik and Flavell 2002). With long term antibody neutralisation of TGFp there
may be uncontrolled autoimmune consequences. Finally there is the bimodal role of
TGFB in cancer. In the late stages of cancer, as in the cas;: of malignant
mesothelioma, TGFB is pro-tumorigenic. However, in the early stages of cell
transformation and malignant cell growth TGFp is a known tumour suppresser (as
described in section 1.7), leading to fears that treatment may result in new tumour
formation at other sites. There is an added problem in that host antibodies are likely to
form against the TGFp antibodies after approximately 10 days, which could render
the neutralising antibodies ineffective over a longer exposure period.

TGFB is clearly a good target in MM as a reduction in tumour growth has been
demonstrated following the systemic administration of neutralising antibodies. Other
ways of inhibiting TGFp by targeting specific cells or acting only in a localised body
‘region may offer a better therapeutic option. Similarly, by targeting specific pathways
that respond to TGFP within targeted cells using gene therapy would avoid
deleterious effects of a global inhibition of TGFB. One such method is to inhibit the
Smad signalling pathway that is unique to TGFp. The other advantage of blocking the
cellular signalling in response to TGF is that it also specifically targets the autocrine

effects that antibodies may not block. For instance, the basal levels of collagen

143



production were high, but were not affected by TGFp neutralising antibodies ir vitro
and this may have been due to autocrine effects not inhibited by antibody treatment. If
basal collagen production could be reduced then a much greater inhibition in tumour

growth may be observed. This approach is examined in the following chapter.
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3.2 Transient transfection of MM cells with Smad7 using the LID vector and
stable transfection using a lentiviral vector - effects of Smad7 over-expression on

collagen production and tumour growth.

Smad7 is the naturally occurring inhibitory protein within the TGFB-Smad
pathway, which is normally stimulated by activation of the Smad pathway in response
to TGFpB. To inhibit Smad signalling in response to TGFB, Smad7 was transfected
into MM cells. This approach was aimed at inhibiting both autocrine and paracrine
effects of TGFB on MM cell collagen production and tumour growth. As TGFB
antibodies had demonstrated inhibition of tumour growth in vivo (chapter 3.1), the
effects of transfecting cells with Smad7, the inhibitory component of the Smad
pathway (described in chapter 1.5), were expected to be similar. As TGFB antibodies
had no effect on the in vitro basal collagen production by MM cells, possibly because
there was no blockade of internal TGFP autocrine effects, it was thought that by
blocking the Smad pathway, basal collagen production would also be inhibited.

To assess the effects of Smad7 transfection on collagen production and tumour
growth a method of transfecting Smad7 was first established. This chapter describes
the results of transfecting MM cells with Smad7 using two methods; the LID vector
for transient transfection and a retroviral method to create stable transfectants. It then
describes the results of Smad7 transfection on MM cell collagen responses and

tumour growth.

3.2.1 Transient transfection of MM cells using the LID vector

The LID vector transfection system (described in section 2.4.1) was optimised
in this study to maximise the number of MM cells transfected. Peptide 6, as described
in section 2.4.2, is designed to target a5B1 integrins and has been established as the
most effective peptide used in this vector to transfect human cells. However, murine
MM cells have an integrin profile that remains largely unexamined and therefore the
most efficient integrin targeting peptide was not known. Similarly, MM cells may

have different profiles of integrin expression to normal mesothelial cells.
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3.2.1.1 Comparison of transfection efficiency using different peptides in the LID

complex

To compare the transfection efficiency of different peptides, a green
fluorescent protein (GFP) expressing vector was used in the LID complex with the
three different peptides available (peptides 1, 6 and 8), and the number of transfected
MM cells assessed, as described in section 2.4.4. The efficiency of peptide 6 was
compared with peptide 8, which targets a4fB1 and peptide 1, which targets the RGD
component, common to most integrins. Figure 3.2.1A shows that in AB22 cells, using
2 pg/ml of DNA, all peptides produced significantly greater transfection rates than
having no peptide in the LID complex (p < 0.01 for peptides 1 and 6, p < 0.05 for
peptide 8). Between peptides, peptide 6 was shown to produce greater transfection
rates, for the same cDNA concentration in the LID mixture, transfecting more cells
(20 £ 2.3%) than either peptide 1 (11 £ 1.9%, p < 0.05) or peptide 8 (7 £ 2.7%, p <
0.01). A similar result was found in AC29 cells, although a proportionally lower
number of cells were transfected in each group (14 + 3.1%, 7 + 2.5% and 5 + 1.3%
with peptides 6, 1, and 8 respectively, fig 3.2.1B), again showing greater transfection
with peptide 6 than with peptide 1, p < 0.05, or peptide 8, p< 0.01. These results show
that the use of any of the peptides increases the transfection efficiency of the system,
but peptide 6 was most effective for transfecting MM cells. Therefore, this peptide

was selected for all further transfection studies using the LID complex.

3.2.1.2 The effect of LID vector cDNA concentration on transfection efficiency

To assess the effects of different concentrations of cDNA in the LID complex
on cell transfection rates, increasing concentrations of GFP ¢cDNA were used, as
described in section 2.4.5. AB22 cells were used in these experiments, as these were
the most readily transfected murine MM cells. Figure 3.2.2A shows increased
transfection efficiency with increasing concentrations of DNA within the LID
complex. At 5 pg/ml DNA over 30% of cells were transfected, which was reduced to
18.5% with 2 pg/ml (this is consistent with the data in figure 3.2.1, in which 2 pg/ml
was used for transfection, demonstrating the reproducibility of transfection efficiency

of this technique) and 14% with 1 pg/ml. This higher level of transfection using DNA
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Figure 3.2.1 Transfection efficiency of different peptides in the LID complex in
murine MM cells transfected with EGFP. A Confluent AB22 cells were transfected
with EGFP (2 pg/ml) using a LID vector in 24 well flasks and incubated for a further
24 hours following transfection, then trypsinised and counted. The percentage of cells
transfected was calculated by counting the number of fluorescent cells under
fluorescent light and dividing by the total number of cells counted by light microscopy.
Peptide 6 was the most effective peptide resulting in the highest transfection rate,
transfecting more cells (20 + 2.3%) than peptide 1 (11 + 1.9%, p < 0.05) or peptide 8 (7
+2.7%, p < 0.01). All peptides were significantly more efficient than no peptide. Each
represents the mean of 4 wells + SEM. B. AC29 cells were also assessed and peptide 6
was again the most effective peptide within the LID complex. * p <0.05
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Figure 3.2.2 The effect upon transfection rates in AB22 cells of different concentrations of
DNA used in the LID vector. A. The percentage of fluorescent AB22 cells after transfection
with increasing concentrations of EGFP DNA in the LID complex, demonstrating an
increase in transfection rate with increasing DNA concentration within the LID complex (**
=p <0.01, n = 4). B. The total number of cells following transfection with EGFP using the
LID vector showing that increasing concentrations of DNA/well results in a significant fall
in total cell numbers at Spg/ml DNA.( * =p <0.05,n=4).
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levels of Sug/ml, was associated with a reduction in cell number per well by 36%
compared with cells transfected with DNA at 1pg/ml, as shown in figure 3.3.2B. This
suggests that cell death or inhibition of proliferation occurred at this concentration of
GFP plasmid DNA. Cell death was not apparent morphologically when the cells were
viewed by inverted light microscopy, but was predicted based on previous reported

experience with other cell lines.

As a result of these preliminary experiments (section 3.3.1) peptide 6 and cDNA at a
concentration between 1-2 pg/ml were selected as optimal conditions for all
subsequent studies using the LID complex. This dose of DNA was chosen to limit
potential cytotoxic effects of DNA on cells suggested by the data from figure 3.2.2.

3.2.1.3 Green fluorescent protein (GFP) expression over time following LID

transfection

The duration required for transient gene transfection in the course of these
studies was a maximum of 48 hours following transfection. To assess the effect of
time following transfection on the number of cells expressing GFP, the presence of
GFP in cells was assessed at 24 hours and 56 hours after the removal of the
transfection medium. The results demonstrate that the number of cells expressing GFP
remained high for this period of time. GFP cDNA was transfected at DNA
concentrations of 1 and 5 pg/ml and the level of expression measured at the two time
points (24 and 56 hours). Both the total cell number and the fluorescent cell number
increased over the two time points as shown in figure 3.2.3. The number of
fluorescing cells as a percentage of the total remained constant at 13%. As the copy
number for transfection was not calculated, the reason for the sustained expression of
GFP in the increasing cell population could be due to either plasmid or GFP protein
being shared between daughter cells. However, these results do show that the number
of cells expressing the protein appeared to remain constant for the time courses used
in further e);periments, where the maximum incubation following transfection was 48
hours.

In figure 3.2.3B the total cell number was reduced at 24 hours following
transfection with higher DNA levels (5 pg/ml), which is consistent with the previous
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Figure 3.2.3 AB22 cell expression of transfected GFP over time and at different
concentrations of DNA used in the LID complex. A. shows the percentage of cells
expressing GFP (i.e. transfected cells) at 24 and 56 hours following transfection and also
shows the difference in transfection rates when higher concentrations of DNA were used
in the LID complex (x axis). There is no difference in the percentage of transfected cells
between 24 and 56 hours and again the greater transfection efficiency of the higher
concentration of DNA in the LID complex is demonstrated (32% with Sug/ml DNA, 14%
with 1 pg/ml). B. shows the total number of cells at the two time points demonstrating the
reduced cell number when the cells have been exposed to higher concentrations of DNA
in the LID complex. C shows that there is also a doubling in the total number of
fluorescent cells. * = p < 0.05, ** = p < 0.01
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experiment specifically examining the effects of DNA doses on transfection, shown
in figure 3.2.2B. However, despite this apparent early loss of cells following
transfection (using 5 pg/ml) the cells recover, since the total cell number does
continue to increase at 56 hours and the percentage of transfected cells remains high.
Lower doses of DNA were used in subsequent experiments since the incubation
period of later experiments rarely exceeded 24 hours and this does not allow for the

recovery of cells following the use of higher DNA concentrations in the LID system.

3.2.2 Stable transfection of MM cells with a Smad7 vector using a lentiviral

technique

To assess the effect of Smad7 expression on total collagen production it was
important that most or all of the cells over-expressed Smad7. This was because no
bystander effects were predicted for Smad7 i.e. the effects of Smad7 transfection
would be only on the transfected cell itself and not neighbouring cells. As such,
transfection of approximately 15% of cells using the LID technique did not produce
significant changes in collagen production (data not shown). Therefore, MM cell lines
stably expressing Smad7 were created by transfecting cells using a retroviral
technique, which incorporates the construct randomly into the MM cell genome (see
section 2.4.7). The Smad7 vector (pHR’CMV-FLAG-SMAD7-IRES-EGFP)
expresses GFP every time that Smad7 is expressed. This is because the two cDNA
sequences of Smad7 and GFP are linked by a region that can mediate cap independent
translation. This Internal Ribosome Entry Site (IRES) sequence follows directly after
the Smad7 sequence and allows transcription of the GFP cDNA to start from within
the ribosome rather than at the normal ribosomal initiation site. This allows
simultaneous translation of two proteins from one single RNA transcript (cap-
SMAD7-IRES-EGFP). GFP can only be transcribed if Smad7 has already been
transcribed as the Smad7 sequence comes first. It is possible for Smad7 to be
transcribed without GFP transcription as the IRES component is not 100% efficient.

Con-focal microscopy (Figure 3.2.4), confirmed that every MM cell
expressed GFP following transfection indicating that they were also expressing
Smad7. Figure 3.2.4 is of the JU77 cell line, as this gave the brightest GFP expression

and best illustrates the successful transfection of all cells. All MM lines were
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Figure 3.2.4 Con-focal images of Ju77 cells following stable transfection with
Smad7-IRES-EGFP vector and its EGFP control. A EGFP transfected Ju77 cells
viewed with confocal fluorescent microscopy showing all cells expressing GFP
compared with the same cells viewed under normal light B, demonstrating successful
transfection in all cells. C GFP expression associated with IRES linked Smad7
expression viewed under fluorescent conditions demonstrating high transfection rates
compared with the same cells viewed by normal light microscopy D.
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transfected using this technique with the same vector construct and all demonstrated
expression of GFP (of varying intensity) in all cells, which could be visualised by
con-focal microscopy. The control vector, which expresses GFP alone, had brighter
expression of GFP. This may be because there is reduced GFP expression within the
Smad7-IRES-GFP transfected cells due to the incomplete efficiency of the IRES
sequence. This is a common observation using this technique (personal
communication — Dr Walter Low) and may represent some inefficiency of the IRES

component.

3.2.3 Western blot confirmation of stable Smad7 expression in MM cells

To confirm that transfected MM cells were making Smad7 as well as GFP, a
Western blot analysis was performed. There is a Flag peptide tag on the Smad7
enabling easier detection of vector-induced Smad7 since this Flag tag will not be
present on endogenous Smad7 (as described in section 2.6). This allows
differentiation of transfected Smad7 from endogenous Smad7. In addition, the Flag
antibody is much more sensitive and specific than Smad7 antibodies currently
available. Western blot analysis (fig. 3.2.5) shows a clear band at the correct
molecular weight for Smad7-Flag (48 kDa) confirming the expression of Flag and
hence Smad7 in JU77 cells stably transfected with Smad7. Control cells - non-
transfected and cells stably transfected with the control vector - were negative for Flag
expression. The positive control is at 49.3 kDa as this is the size of the control carrier

protein (BAP).

3.2.4 Smad activation in MM and HFLI cells

The use of Smad7 over-expression to block the effects of TGFp relies on these
cells having normal Smad activation. To confirm normal Smad signalling in the MM
cell lines used in this study the phosphorylation of Smad2 (a receptor Smad — see
section 1.6.4) was assessed in response to TGF. This is an accepted way of assessing

Smad activation (Nakao et al, 1997. EMBO J. 16, 5353-5362). HFLI cells were also

assessed as a comparison of normal cells known to signal through Smad following
TGFB. As described in 1.6.3 and 1.6.5, activation of the TGF receptor results in
phosphorylation of Smad2/3 (the receptor Smads), which then interacts with Smad4 to
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Figure 3.2.5 Flag expression by retroviral transfected MM cells. Western blot
obtained from Ju77 cells stably transfected with Smad7-Flag-IRES-EGFP using a
Flag antibody to detect Smad7 expression. The Flag tag peptide on the Smad7 was
detected using Flag antibody (5Spug/ml, Sigma) and visualized with a secondary
horseradish peroxide labelled antibody. A positive control Flag is attached to a
carrier protein (BAP), which is 49.3kDa in size. The Smad7-Flag protein is 48kDa in
size. The untransfected Ju77 and the control transfected Ju77 line both remain
negative.
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transmit the signal to the nucleus. MM cells grown to confluence in 6 well plates were
quiesced for 24 hours in serum-free medium and then treated with TGFB; (1ng/ml) as
described in section 2.6.1. Activation of Smad2 was then assessed by Western blot
analysis of cell lysates, using an antibody specific to the phosphorylated form of
Smad2, at time points from 5 min to 4 hours after TGFB exposure. Figure 3.2.6 shows
activation of Smad signalling occurring at about 15 min in HFLI cells, murine (AC29
and AB22) and human (JU77) MM cells. Peak activity occurs at 1-2 hours in human
and murine cell lines and begins to decrease by 4 hours as shown by AB22 (murine)

and JU77 (human) cells in figure 3.2.7.

3.2.5 The effect of Smad7 transfection on receptor Smad activation

To assess the effects of stable transfection of MM cells with Smad7 on Smad
signalling, levels of phosphorylated Smad2 were assessed in stable Smad7 or control
vector transfectants (created using the retroviral transfection system) and compared
with non-transfected cells using Western blot analysis. NO36 MM cells were used as
these were still expressing GFP visible by fluorescent microscopy. Other cell lines
had much reduced expression at this time following multiple passage and the best
GFP expressing cells, JU77 cells, had unfortunately been lost to infection. Ideally,
these experiments would have been repeated in all cell lines used. Figure 3.2.8 shows
that there is some activation of the Smad pathway in the Smad7 transfected cells, but
the level of activity is markedly reduced (following correction against B-actin levels)
compared with controls. To demonstrate that there is still some Smad activation in the
Smad7 transfected cells a greater protein load was necessary, as shown by the levels
of B-actin on the Western blot (figure 3.2.8). These results indicate a reduction in the
activity of the Smad pathway compared with non-transfected and control transfected

cells, but not total inhibition as a result of this method of transfection with Smad7 in

these cell lines.
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Figure 3.2.6 Western blot demonstrating phosphorylation of Smad2 (55-60 kDa) from
0 to 120 min following TGFp, exposure (Ing/ml) in HFLI cells (A) and AC29 cells
(B). Each show phosphorylation of Smad2 occurring between 15 and 30 min after
stimulation. Phosphorylation of Smad2 up to 60 min following TGFp, exposure
(1ng/ml) is shown in AB22 (C) and JU77 (D) cell lysates. Actin labelled bands are
shown to demonstrate protein loading of each lane.
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Figure 3.2.7 Smad activation in MM cells. Western blots of MM cell lysates
(A. AB22, B. JU77) grown to confluence, quiesced in serum-free media for 24
hours and treated with TGFp, (Ing/ml). Anti-phospho-Smad2 polyclonal IgG
antibody was used to identify activation of the Smad pathway. As previously
reported in other cells, there was sustained activation from 15 minutes
onwards that peaked at 60-120 min and started to decline by 240 min.
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3.2.6 The effect of TGFp on procollagen gene promoter activity in MM cells

To assess the effect of TGFB on the procollagen response in MM cellé an
al(I) procollagen gene promoter luciferase reporter (PGL1a) was transfected into
AC29 cells, as described in section 2.5.1, and luciferase activity assessed at 16 and 24
hours following stimulation with Ing/ml TGFp;. Figure 3.2.9 shows significant
stimulation of the reporter above the untreated control at both time-points. It was
decided that all further experiments utilizing the gene promoter reporter assay to

examine TGFp effects would be examined at 24 hours post stimulation.

3.2.7 Dual transfection of Human foetal lung fibroblasts (HFLI) cells with Smad7

and a procollagen promoter gene

HFLI cells were used to examine the effects of transfecting Smad7 into cells
known to produce collagen in response to TGFp through the Smad pathway (Chen et
al. 1999;Yamanaka et al. 2003).Cells were co-transfected with both the human a1 (I)
procollagen gene promoter reporter, 3.5kb in length, and Smad7 using 0.2pg/ml DNA
(HFLI cells are more sensitive to the cytotoxic effects of DNA, hence the lower
amount of DNA used than for the MM cells). Another group was dual transfected
with the reporter gene and the control vector. Figure 3.2.10 shows that Smad7
inhibited the TGFpB-induced collagen response in HFLI cells with a 10 fold decrease
in promoter activity basally and in response to TGFB; compared with PGL1a and
control vector transfected cells. Activity was also decreased compared with the
PGL1a reporter transfected alone (p < 0.05). Luciferase activity was corrected for
protein levels, as described in section 2.6.6. There was no increase in visualised cell
death in the Smad7 transfected group. This demonstrated that Smad7 inhibited TGFp-
induced collagen promoter activity in normal cells, presumably by its blockade of the
Smad pathway. When the control vector was transfected in combination with the
reporter there was greater reporter activity than with the reporter transfected alone,
basally and following TGF stimulation (p < 0.01). The reasons for this are unclear
and are discussed later. This does highlight the importance of the control vector in
these experiments, as dual transfected cells appear to result in greater reporter activity

than single transfected cells.

159



%%

4500 -
ONo TGFB

4000+ WTGFp -
3500 —

3000 -
2500
2000
1500+
1000 -

H

Luciferase activity
(RLU/mg protein)

500 -

0 16 24
Hours post TGFp, treatment

Figure 3.2.9 Procollagen o,(I) gene promoter luciferase reporter activity in AC29 cells
following stimulation with TGFP. The activity of the PGL1a reporter was assessed over
24 hours following stimulation with TGFf,; (1ng/ml). Four replicates were used per group
and the bars represent the luciferase activity expressed as the mean RLU = SEM. Empty
bars represent non-TGFp, treated controls and black bars represent TGFf, treated cells,
with time points shown on the x axis. Significant changes between controls and TGFf,
treated controls are shown, ** = p <0.01.
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Figure 3.2.10 Dual transfection of Smad7 and a pro-collagen a1 (I) gene promoter in HFLI
cells. HFLI cells were dual transfected with Smad7 and an al (I) pro-collagen gene
promoter luciferase reporter. In these cells, expression of Smad7 resulted in significant
inhibition of the basal reporter activity and loss of the response to TGFf,. Interestingly,
dual transfections with the control vector increases the basal activity of the reporter. There
were normal responses to TGFB, with the control transfected cells. ** = p < 0.01, NS = not
significant.
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3.2.8 Dual transfection MM cells with a procollagen reporter and Smad7 vector

The effect of transfecting MM cells with Smad7 on TGFB-induced
procollagen synthesis was assessed by dual transfection with the al (I) pro-collagen
gene promoter luciferase reporter (PGL1a) as described in section 2.5.1. In murine
AC29 transfected cells (figure 3.2.11), TGFp induced a 1.8 fold increase in luciferase
activity in cells transfected with Smad7 (p < 0.01) compared with a 1.6 fold increase
in cells transfected with control vector (p < 0.01). The dual Smad7 transfected cells
had a 36% increased basal luciferase activity compared with the single reporter
transfected control despite having been transfected using less reporter DNA in the
LID complex (figure 3.2.11A). This result was a consistent finding in at least 4 repeat
experiments, (the results of which were not amalgamated since each experiment had
different baseline luciferase activity) shown in table 3.2.1. The experiment was
repeated in JU77, a human MM cell line using a 3.5kb human reporter. Figure
3.2.11B shows that, as shown in the AC29 cells, dual transfection with Smad7
significantly increased the activity of the reporter basally (6 fold compared with dual
control transfected cells), although there were no TGFp responses in either the control
cells or the Smad7 transfected cells.

JU77 cells did not have a significant response to TGF; at this time-point (24
hrs) despite increased doses of TGFpB; (data not shown). Smad7 expression was
expected to reduce the response of the reporter to TGFB; but the activity of the
reporter, basally and in response to TGFpB;, was surprisingly increased after dual
transfection with Smad7 compared with controls. This is the opposite of the response

seen in HFLI cells, where the predicted inhibition of the response is seen.
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Figure 3.2.11 Dual transfection of Smad7 and PGL1a luciferase reporter in MM cells.
A In AC29 cells the activity of the reporter is not inhibited by Smad7 expression but is
significantly enhanced basally (empty bar) and at 24 hours following 1ng/ml TGF B,
stimulation (filled bar) compared with cells transfected with the reporter alone (** p <
0.01). However, the increase is not significant when compared with the control dual
transfected cells (representative of 6 repeat experiments). In B Ju77 cells transfected
with the dual Smad7/procollagen gene promoter reporter showed an increase in the basal
activity compared with either the single reporter transfected or control vector dual
transfected cells (** p < 0.01). No TGFp stimulated response is seen in any of the
groups in this cell line at this time point (24 hours).
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Experiment 1 | Experiment2 | Experiment3 | Experiment 4

Transfection | Basal | TGFB | Basal | TGFf | Basal | TGFB | Basal | TGFp
treated treated treated treated

PGL1a 3922 | 6751 74.71 | 110+ | 767+ | 1127+ (2219 |3689+
+115 |£547 | +£7.84 | 6.67 76 212 +176 | 311

PGL1o + | 4884 | 8108 |424+ |545+ | 1354 | 2267+ | 4443 | 7690+
Smad?7 +£32 | +715 |27.16 (5135 |+109 |221 |+432 |288

PGLla+ | 4411 |7702 |202% |206+ |898+ | 1322|3221 |4932%
PcDNA3  |+141 [+195 (2425 |165 |98 |142 |+357 |552

Table 3.2.1 Results of repeat experiments assessing the effects of dual transfection of
AC29 cells with PGL1a procollagen gene promoter reporter with either Smad7 or
PcDNA3 control vector. Results are expressed as relative light units of luciferase
activity + SEM. The results show the repeated pattern of increased activity following
Smad7 transfection. The basal luciferase activity varies considerably between

experiments.

3.2.9 Collagen synthesis by MM cells expressing Smad?7

The effects of Smad7 over-expression on collagen synthesis by MM cells was
assessed by measuring hyp production (by HPLC) in MM cells stably transfected with
Smad7. The human MM cell line, JU77 and the murine cell line, AB22, stably
transfected with either Smad7 or control vectors, were selected for analysis as these
two cell lines expressed more GFP than the other human and murine transfected lines
respectively. This higher level of GFP expression indicated greater Smad7 production
following transfection compared with the other MM cell lines. Cells were grown to
confluence in 24 well tissue culture plates to assess collagen production basally and in
response to TGF; as described in section 2.5.5.

The results were analysed in three ways: 1) measurement of basal collagen
production; 2) measurement of the response to TGFp by each group; 3) by calculating
the fold increase in production of collagen in response to TGFB over basal levels. This

last analysis was performed as each group had different basal levels of collagen
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production and was therefore necessary in order to assess the stimulatory activity of
TGFB.

1) Cells transfected with Smad7 showed a 5.7 fold increase in basal collagen
production compared with transfected controls and 2 fold increase over non-
transfected controls (control transfected cells 0.11 + 0.04, non-transfected controls
0.32 £ 0.06, and Smad?7 transfected cells 0.65 + 0.12 nmol hyp / 10°cells / 24hr, p <
0.01), as shown in figure 3.2.12A.

2) In response to TGFp, stimulation collagen production increased in controls
and Smad7-transfected cells (control 1.14 + 0.04, control transfected 0.42 + 0.18,
Smad7 transfected 1.66 + 0.06).

3) The fold increases over basal levels of collagen production show that
Smad7-transfected cells have a smaller response to TGFpB; than the control cells, as
table 3.2.2 illustrates. This shows that the fold increase in collagen production
following TGFP in the control cells was 3.7-3.8, whereas the increase in the Smad7
transfected cells was 2.6 fold above basal levels.

The experiment was repeated in the murine AB22 MM cell line. Again there
was increased basal collagen production in the Smad7 transfected cells (p < 0.01) with
further increases following TGFf stimulation (see figure 3.2.12B). Table 3.2.3 shows
the levels of collagen measured and also the fold increases in each group following
TGFp;. As with the JU77 cells, the fold increase in the Smad7-transfected cells
following TGFB was less than the controls (although total collagen production was
again higher).

These results concur with the procollagen reporter gene findings that suggest
over-expression of Smad7 results in increased basal collagen production but with

some reduction in the response to exogenous TGFp.
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Figure 3.2.12 Increased collagen production in MM cells stably over-expressing Smad7
A. Hyp levels increase basally (empty bars) and 24hr after stimulation with 1ng/ml TGF,
(filled bars) in Ju77 MM cells stably over-expressing Smad7, ** p < 0.01 compared with
non-transfected and transfected control. Each group is the mean of 6 replicates + SEM.
This graph is representative of three repeat experiments. B. A repeat experiment using
murine AB22 cells stably expressing Smad7, also shows an increase in basal collagen
production.
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JU77non- | JU7TT-HR | JU77-Smad?
transfected
Basal collagen + SEM (nmol | 0.310.06 0.11+0.04 0.65+0.12
hyp / 10%cells / 24hr)
TGFB, stimulated 1.14+0.05 | 042+0.18 1.66 + 0.06
Fold increase 3.7 3.8 2.55

Table 3.2.2 Basal and TGFf, (1ng/ml) stimulated collagen production in JU77 cells. JU77-HR =
control vector transfected JU77 cells. JU77-Smad7 = Smad7 transfected JU77 cells. The TGFp,

stimulated fold increase in collagen above basal levels is shown in the bottom row of the table and

shows the decreased response in Smad7 transfected ceils.

AB22 non- AB22-HR AB22-Smad7
transfected
Basal collagen + SEM (nmol | 0.41+0.03 0.33+0.03 0.57+0.03
hyp / 10°cells / 24hr)
TGFp,; stimulated 0.91+0.04 0.75+0.07 0.91 +0.03
Fold increase 2.2 2.2 1.6

Table 3.2.3 Basal and TGFB, (1ng/ml) stimulated collagen production in AB22 cells. AB22-HR =
control vector transfected AB22 cells. AB22-Smad7 = Smad7 transfected AB22 cells. The fold
increase of basal collagen production following TGFB, stimulation is shown in the bottom row of the
table and shows the decreased response in the Smad7 transfected lines.
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3.2.10 Tumour growth of MM cells expressing Smad?7

Following the unexpected finding that MM cells stably transfected with Smad7
produced more collagen than control transfected and non-transfected MM cells, the
effects of Smad7 transfection on tumour growth in vivo were analysed in a mouse
model of MM, described in section 2.7. AC29, AB22 and ABI cells and their stable
Smad7 and control vector expressing equivalents were used to inoculate and grow
tumours on the hind flanks of mice. In the AB22 and AB1 groups, the tumours were
allowed to continue growing for 28 days at which point the experiment was stopped.
In the AB22-Smad7 group (figure 3.2.13) the Smad7 tumours (median weight 313
mg, range 159-484) were significantly larger than the untransfected tumour group
(median weight 186 mg, range 108-324, p<0.01) and were larger than the control
transfected (median weight 32 mg, range 15-47, although the low number of tumours
recovered from control transfected MM cell tumours made statistical analysis
impossible). The AB1-Smad7 (figure 3.2.14) tumours (median weight 170 mg (69-
301)) again showed a trend to be larger than the untransfected (median weight 148 mg
(34-269)) and were larger than the control transfected tumours (median weight 27 (8-
80), p<0.01). In the AC29 group, the experiment was stopped early (at 14 days) as
some of the tumours reached the 1 cm maximum external diameter permitted by the
Ethics Committee. Figure 3.2.15 shows that the Smad7 expressing cells induced
growth of tumours that were larger than the untransfected AC29 induced tumours
(median Smad7-transfected tumour weight 60 mg (15-359), control median tumour
weight 22 (7-100), p < 0.05). There was a trend for the Smad7 transfected AC29
derived tumours to be larger than the control transfected AC29 derived tumours. As
with the measurement of collagen production, tumour growth was the opposite of

both the original prediction and the results using the TGFP neutralising antibodies.
3.2.11 Collagen content of MM tumours grown from cells expressing Smad7

In vitro transfection of Smad?7 resulted in increased activity of the procollagen
gene promoter reporter and increased collagen production as described in sections

3.2.8 and 3.2.9. To assess the effects of Smad7 expression on the collagen content of

tumours grown in vivo, tumours derived from the experiment described in section
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Figure 3.2.13 Weights of tumours grown from Smad7 expressing AB22 cells.
Tumour weights of MM tumours grown in AB22 cells (non-transfected, control
transfected, Smad7-transfected) at 28 days. Each point represents an individual
tumour. The bar represents the median tumour weight in each group, which is
also shown in the box below the graph. There is a significant increase in weight
of tumours derived from Smad7 expressing cells. ** p <0.01 Mann Whitney U

test
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Figure 3.2.14 Weights of tumours grown from Smad7 expressing AB1 cells.
Tumour weights of MM tumours grown in ABI1 cells at 28 days. Each point
represents an individual tumour. The bar represents the median tumour weight
in each group, also shown in the box below the graph. Smad7 expressing cells
were significantly larger than control transfected tumours with a trend for
increased size compared with the non-transfected controls. ** p < 0.01 Mann

Whitney U test
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Figure 3.2.15 Weights of tumours grown from Smad7 expressing AC29 cells at
14 days. This experiment was ended early as some of the tumours had reached
the maximum permitted size. Each point represents an individual tumour. The
bar represents the median tumour weight in each group, also shown in the box.
Tumours derived from Smad7 expressing cells were significantly larger than
non-transfected control tumours with a trend for increased size compared with
the transfected controls. ** p < 0.05 Mann Whitney U test. NS = non-

significant
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3.2.10 were either placed in paraformaldehyde before processing to be placed in
paraffin blocks (as described in 2.7.4) and sectioned for histochemical staining or
snap frozen in liquid nitrogen and stored at —80°C before analysis of hyp content
using HPLC (described in section 2.7.5).

Figure 3.2.16 — 3.2.18 show tumour sections taken from AB1, AB22 and
AC29 derived tumours using control cells and Smad7 transfected cell lines. The
sections were stained using the MSB protocol, described in section 2.8.1, and
deposition of collagen indicated by blue staining. There appeared to be increased
collagen deposition in the Smad7 expressing tumour sections. The actual collagen
content was assessed by measuring the total tumour hydroxyproline level using
HPLC. The collagen content was expressed as a concentration of collagen per tumour
(see figure 3.2.19) and the results show that in all three cell lines used, AB22, AB1
and AC29, the Smad7 expressing cells produced tumours that tended to have
increased collagen concentrations over the controls. Results were expressed as
concentrations, as this corrects for the effects of tumour size since larger tumours
would be expected to have a greater total collagen.

The number of tumours available for each experiment was relatively small and
statistically significant differences in collagen content could not be obtained.
However, as the trend was consistent for each cell line it is likely that this represents a

true effect and is in keeping with the in vitro data.
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Figure 3.2.16 AB1 Smad7-transfected cell derived tumour section stained with MSB. Panel A
shows non-transfected AB1 tumour sections at 20 and 40 x normal magnification as indicated.
Panel B shows a section from a tumour derived from ABI cells transfected with Smad7.
These are representative samples of tumour sections showing relatively heterogeneic levels of
collagen content. These sections suggest a possible increase in collagen in the Smad7 sections
in panel B compared with panel A. However, they only represent a small area of one section
of one tumour.
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Figure 3.2.17 AB22 Smad7-transfected cell derived tumour sections stained with MSB.
Panel A shows non-transfected AB22 derived tumour at x 20 and x 40. Two sections taken
from the same tumour shown at x 40 show the heterogeneity of collagen deposition within
a tumour section. Panel B shows sections through Smad7 transfected AB22 derived
tumours. There is an appearance of greater collagen content within the Smad7 derived
tumour sections.
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Figure 3.2.18 AC29 Smad7-transfected cell derived tumours stained with MSB. Panel A shows
non-transfected AC29 cell derived tumour sections at 20x and 40x normal magnification. Panel
B shows control vector derived AC29 cell tumours and panel C shows sections from tumours
derived from Smad7 transfected AC29 cells. There appears to be more collagen staining (blue)
in the sections seen in panel C i.e. tumour sections from Smad7 transfected cells.
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Figure 3.2.19 The mean tumour collagen content (expressed as hyp per mg tumour +
SEM) shows a trend for increased collagen concentration in the Smad7 transfected cell
tumours in all three experiments, using three different cell lines, (A. AB22 B. AB1 C.
AC29). Numbers above columns represents the number of tumours analysed. This was
limited by recovery of tumour and the loss of some samples in the processing for
analysis by HPLC. The number of AC29 non-transfected controls were bolstered from
another experiment (TGFf antibody expts).
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3.2.12 Discussion

This is the first study to transfect MM cells with the LID vector, a novel gene
delivery system developed at UCL by Hart et al., 1998(Hart et al. 1998). As discussed
in the section 2.4, the LID vector was chosen as it has a relatively high transfection
efficiency in vitro and is an easy system to use producing reproducible transfection
rates(Jenkins et al. 2000;Jenkins ef al. 2003).

The vector is designed to work by binding of the peptide component to
targeted integrins on the surface of the cell to be transfected. This is thought to
enhance entry of the vector into the cell, although this mechanism has yet to be
proven. The results in section 3.2.1 show that the peptide targeting the a5B1 integrin
is the most effective of the three peptides assessed. This is surprising, since one of the
other peptides, peptide 1, targets the RGD component of integrins, which means that
it should bind to most integrins rather than specific ones such as a5B1. The reasons
for the increased activity of the aSB1 targeting peptide are unclear but may be due to
increased expression of this integrin on MM cells or that the peptide is working in an
unknown manner to enhance transfection. The integrin profile of murine mesothelial
cells has not been well characterised, although there is some evidence to suggest that
the aSP1 integrin is not highly expressed (Koivunen ef al. 1994;Mould et al. 1998).
Also, as the integrin profile of MM cells has not been examined, it is possible that
there is aberrant expression of these integrins in MM (in both the murine model and
humans), which may be important therapeutically (should the LID vector be proven to
work by specific peptide targeting). This would be an important future study.

There is evidence that the a5B1 integrin is itself important in cancer and
cancer metastasis. In colon cancer a5p1 expression is associated with highly invasive
tumour cell lines but poorly invasive lines have reduced expression (Gong ef al.
1997). In lymphoma, T cell leukaemia virus type I (HTLV1) infected T cells have
increased a5B1, which is associated with increased adhesion of T cell leukaemia cells
to the ECM and dendritic cells leading to lymphoma formation (Hasegawa et al.
1998). In mice, a5P1 is up-regulated in the development of spindle cell carcinoma in
the late stages of mouse skin carcinogenesis (Gomez and Cano 1995). Finally, in

metastatic deposition in the liver, a5B1 expression increases the attachment of tumour

177



cells to hepatocytes and inhibition of a5p1 also reduced colorectal metastasis to the
liver(Kemperman et al. 1994;Stoeltzing et al. 2003). |

Exposure of cells to DNA can produce toxicity. Interestingly, the MM cells
appear to tolerate higher levels of DNA in transfection with the LID vector than non-
malignant cells. For example, human foetal lung fibroblast (HFLI) cells suffer toxic
effects at concentrations of DNA that MM cells tolerate well ie. 1-2 pg/ml
transfection medium. The greater tolerance of these cells to higher DNA levels is
likely to be one reason why this system produces good transfection efficiency in MM
cells. Using green fluorescent protein (GFP), the transfection efficiency was estimated
as 15-20% using 2ug/ml DNA and 20-30% using Spg/ml DNA. As the cell
population increases in vitro (following transfection), the number of cells expressing
GFP also increases (section 3.2.1.3). This may be due to sharing of GFP protein in the
cytoplasm as the cell divides (GFP has a half-life of approximately 26 hours) or by
the sharing of multiply transfected plasmids during cell division. In either situation,
the implication is that a significant level of transfection has occurred and that for the
purposes of these studies the transfection rate remains constant for the duration of the
experiments. This was important for further experiments, where the level of plasmid
transcription and protein expression could be assumed to be consistent and constant.

When higher concentrations of DNA (5ug/ml) were used to transfect the MM
cells higher transfection rates (20-35%) were achieved at the cost of reduced total cell
number, implying toxic effects. Therefore these higher doses were not used for
general experiments. However, it is worth noting that despite this apparent toxicity
following transfection, cell numbers still doubled at the same rate (36 hours) as cells
transfected using lower DNA concentrations. The toxicity therefore seems to occur at
the point of application of the transfection medium, but is not prolonged.

Using the retroviral method of transfection, stable transfections of Smad7
were achieved in all seven MM cell lines used. This allowed studies on the effects of
Smad7 on collagen production. This method was used, instead of LID transient
transfection, for experiments measuring hyp and in the animal model, as the LID
vector only transfected approximately 20% of cells, which was not sufficient for
studies of collagen production, as a change in collagen production of 20% was not

enough to produce a significant change. This is not surprising as Smad7 is an
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intracellular protein involved in specific signalling events; transfection will only have
an effect on transfected cells, with no cell bystander effect envisaged. |

The co-expression of GFP using the IRES vector insert gave a simple method
to check that the cells were still expressing Smad7. The level of vector expression (as
assessed by the intensity of GFP) was higher in the human cell lines than the murine
cells, although all murine lines were successfully transfected, as assessed by GFP
expression using con-focal microscopy. The level of Smad7 expression was enough to
reduce Smad signalling but not enough to completely block it. This enabled
assessment of reduced Smad signalling rather than complete inhibition and for the
purposes of these experiments was probably more ideal since total blockade of Smad
signalling may have resulted in other pathways becoming active. Hence these results
are due to reduced Smad signalling rather than complete inhibition. The reduced
expression in the murine cell lines compared with the human lines was not totally
unexpected since the vector was derived from human immunodeficiency virus and
designed principally for the transfection of human cell lines. Over a period of time
and multiple passages the expression of GFP, and so also of Smad7, was observed to
become less and so passage of these cells was limited.

Effects of Smad7 transfection on collagen production - three approaches
were used to assess these effects at gene, protein and biological levels:

1) To assess the collagen gene response to manipulations of the TGFf
pathway, stimulation of collagen gene expression was examined by measuring the
response of the oy(I) pro-collagen gene promoter basally and following TGFpB
stimulation. A construct, linking the promoter region to the luciferase gene, was
transfected into MM cells, allowing rapid assessment of gene responses without
having to quantify mRNA levels using Northern blotting. To perform these
experiments only transient transfection of the MM cells was required as the assay was
performed over 24 hours. This method gives rapid results and avoids the use of radio-
labelled markers, necessary for mRNA detection in standard Northern blotting.

2) To assess the response at the protein level, hyp production was measured in

MM cells grown in vitro. For these experiments cells were stably transfected with

Smad7 or a control vector.
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3) Finally, to assess the in vivo effects of Smad7-transfection, the growth of
tumours derived from transfected cells was observed and compared with controls and

the tumour collagen contents measured.

3.2.12.1 Procollagen gene promoter responses

As luciferase activity, generated by the gene promoter reporter construct, is
only produced by the cells transfected with the construct, the transfection efficiency is
unimportant, as long as there is enough to produce measurable levels of luciferase. It
also enabled dual transfections to be carried out using Smad7 and the reporter
constructs. The level of luciferase activity was high compared with other cell types
being transfected with these reporter systems in our laboratory e.g. HFLI cells — data
not shown. This may reflect higher transfection rates in these cells compared with
other cell lines or that there is greater activity of the collagen gene promoter in MM
cells.

Dual transfections of the reporter and Smad7 were used to assess the effect of
Smad7 on collagen gene promoter activity. The reporter was first shown to be
responsive to TGFB; by measuring luciferase activity following exposure. As
expected the activity increased following TGFB,;, which was consistent with the base
line studies of chapter 3.1 and confirmed that the reporter responded appropriately.
To confirm the effects of Smad7 transfection on the collagen response in non-
malignant cells, human foetal lung fibroblast (HFLI) cells were dual transfected with
a pro-collagen reporter and the Smad7 vector. These cells produce large amounts of
collagen in response to TGFPB (Coker et al. 1997) and this has been shown to occur
via the Smad pathway (Roberts ef al. 2001). As predicted, Smad7 over-expression
inhibited the response to TGFp; in these cells and the basal level of reporter activity
was also significantly decreased (section 3.2.6). This confirmed that in a cell line
known to signal through the Smad pathway in response to TGFp, over-expression of
Smad7 inhibited the collagen response as expected.

In MM cells however, the finding that transfecting cells with Smad7 increased
the collagen gene response without inhibiting the response to TGFP (section 3.2.5)
was very surprising. It has previously been reported that the Smad pathway is the

predominant pathway for TGFp signalling and has been shown in other cell lines to

180



be necessary for the production of collagen (Inagaki et al 2001;Poncelet and
Schnaper 2001;Schnabl er al. 2001;Zhao et al. 2002a). Therefore Smad7 was
predicted to inhibit activity of the reporter. Indeed, in other systems previously
examined, Smad7 expression has been shown to inhibit collagen production. For
example in adult primary cardiac fibroblasts over-expression of Smad7 suppressed the
production of collagen I and III (Wang et al. 2002). In pulmonary fibrosis IL-7
inhibited fibroblast TGF-beta production and signalling by increasing Smad7 levels
(Huang et al. 2002). In addition, in a bleomycin induced model of lung fibrosis,
transfection of Smad7 into the airways inhibited fibrosis as assessed by collagen
production (Nakao et al. 1999).

Unique Smad7 response in MM cells - In MM cells this paradoxical response to
transfection with Smad7 has not been reported elsewhere or in any other cell line.
This suggests a unique effect in these cells. This finding was consistent using murine
(AC29 and AB22) and human (Ju77) MM cell lines (using a different human o2(I)
procollagen gene promoter reporter construct in the human cells). The response was
therefore not specific to either the MM cell line used, the species or to the specific
procollagen I gene promoter reporter.

There are a number of possible explanations for this finding. The first is that
the collagen response in MM cells involves pathways other than the Smad pathway.
This has been demonstrated in other systems. For instance, in peritoneal mesothelial
cells, inhibition of p38 kinase (MAPK signalling) resulted in collagen inhibition
(assessed by Northern blot) with normal activation of Smad2 following TGFp
stimulation. Activation of p38 kinase after TGFB occurred at 15 min in these
experiments, as did Smad?2 activation (Hung et al. 2003). Basal collagen production
was not assessed and responses only at mRNA level were measured. The possibility
of alternative signalling pathways being involved in the collagen response of MM
cells to TGFP stimulation are discussed and investigated in chapter 3.3.

Another explanation is that the response to Smad7 has changed in these cells,
in that there may be an aberrant response to TGFf. This may be due to changes in
other steps in the TGFP pathway (such as at the receptor or downstream of the Smad
pathway) resulting in an altered response to Smad7. Alternatively, Smad7 may have
other functions in these cells yet to be described, which rely on a direct effect of

Smad7, possibly as a transcription factor. These points will be discussed later.
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Despite results showing a large increase in basal activity following Smad7
transfection with further increases in response to TGFp, the fold increase in activity
above basal levels following TGF was reduced in Smad?7 transfected cells compared
with the controls. This would suggest some inhibition of the TGFf response, despite
the enhanced basal levels of activity in Smad7 transfected cells.

An interesting finding of note, not directly related to the specific effects of
Smad?7 transfection, is that reporter activity was seen to increase when dual control
transfections are performed compared with transfection of the reporter alone. The
reasons for this are unclear, especially considering that the amount of reporter cDNA
used in the dual transfections was half of that used in the singly transfected reporter
control. Whether it is due to increased transfection efficiency when two ¢cDNAs are
combined or an increased activity of the reporter is unclear, but interestingly the same
result occurs in the hands of other users of the LID transfection system (personal
communication from Dr Steven Hart). The mechanism of this effect has yet to be

elucidated, but it appears to be a consistent finding in different cell lines transfected.

3.2.12.2 Collagen production

The second method of assessing the collagen response was to measure it at the
protein level by assaying hyp production using HPLC. To assess the effect of Smad7
on TGFf-induced collagen production it was necessary to transfect the MM cells by a
retroviral system, as explained above. The stability and efficiency of expression was
demonstrated by the co-expression of GFP, visualised using fluorescent light
microscopy, as discussed above. There are non-specific effects of stable transfection
and the importance of having a control stable over-expresser is demonstrated by the
consistently reduced collagen production by control transfected cells compared with
the non-transfected controls.

Collagen production was found to be increased in Smad7 expressing cells
compared with both non-transfected and transfected controls (section 3.2.8). In the
control transfected cells there was a reduction in collagen production compared with
non-transfected controls due to a non-specific effect of stable transfection. The reason
for this small reduction of collagen production in the stably transfected control cells is

unclear. A speculative explanation may be that there is competition for substrates
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between vector and normal gene responses in the formation of protein, the control
vector resulting in the production of GFP. Since the Smad7 transfected cells are also
producing GFP (due to the IRES component of the vector, which links the Smad7
cDNA with GFP cDNA) then the increased collagen production following Smad7
transfection has also overcome this non-specific inhibitory effect.

The increased collagen production in the Smad7 expressing cells appears to be
an effect predominantly on basal levels rather than in response to TGFp. As with the
results obtained from the procollagen gene promoter reporter, if fold increases in
collagen production above basal levels are calculated, then Smad?7 transfection results
in a reduced response to TGFP. This is not because the cells have reached their
maximum output of collagen synthesis, as the result in 3.1 shows that the collagen
production can increase further with higher TGFp stimulation. These findings are
consistent for both murine (AB22) and human (Ju77) MM cell lines and are consistent
when assessing both the gene response (luciferase reporter) and protein response
(HPLC).

The results suggest that the basal regulation of collagen synthesis may be
independent of TGFp stimulated collagen production. The role of the Smad pathway
is difficult to determine as reduced activity due to Smad7 transfection results in
increased basal collagen production but may reduce the TGFp response. This implies
that alternative pathways to Smad regulate basal collagen production, but Smad is still
involved in the TGFp response. This does not explain why there is increased basal
collagen production following Smad7 transfection. This could occur by Smad7
having a direct effect perhaps acting as a transcription factor, or by interacting with
other pathways that are regulating basal collagen synthesis.

Smad7 transfection of MM cells unexpectedly increased their collagen
production in vitro. To assess the effect of Smad7 over-expression in vivo a murine
model of MM was used. The original hypothesis predicted that over-expressing
Smad7 would inhibit tumour growth. This was expected not only because of its effect
on inhibition of collagen production but also by blocking other tumour enhancing
effects of TGFP such as its pro-angiogenic and immune suppressing functions
(described in section 1.6.9 — 1.6.11). However, after finding enhanced collagen
production in MM-Smad7 cells in vitro the predicted outcome in vivo became less

certain. If collagen production enhances tumour growth then Smad7 transfection
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would now be predicted to result in larger tumours. This is exactly what was
observed.

Results section 3.2.9 shows that tumours derived from MM-Smad7 cells grew
larger than control cells and this was a consistent trend in the three different murine
MM cell lines used. The effect of stable transfection with the control vector was to
reduce tumour growth compared with the non-transfected controls. This was
consistent with the collagen measurements made in vitro that showed increased
collagen production by Smad7 transfected cells and reduced collagen production in
the control transfected cells. The collagen content of the tumours was measured using
HPLC and demonstrated that all three murine cell lines show a consistent trend
toward Smad7-MM cell derived tumours having increased tumour collagen
concentration. Therefore, the results are consistent both in vitro and in vivo and
demonstrate that Smad7 transfection results in increased collagen production and
increased tumour growth. These findings are consistent with the theory that increased
collagen production results in increased tumour growth.

In chapter 3.1, TGFP neutralising antibodies were demonstrated to result in
smaller tumours with reduced collagen content — the opposite to the findings of
Smad7 transfection. There may be differences in the concentration or bioavailability
of TGFp at the MM cell surface and it is unclear as to how much TGFp synthesised
by the MM cells acts as an autocrine factor and how much as a paracrine factor. Why
neutralising TGFP should have the opposite effect to over-expression of Smad7 is
discussed further in chapter 4.

There is no direct correlation between tumour size and collagen content when
all tumours are assessed together i.e. larger tumours in the non-Smad7 group have less
collagen concentration than similar size tumours in the Smad7 group. The Smad7
tumours have a greater collagen concentration per se and therefore, tumours do not
have less collagen simply because they are smaller. So although the mechanism by
which the Smad7 induces increased collagen production is not known, the resultant

increased tumour growth supports the theory of a link between collagen production

and tumour growth.
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3.3 TGFp induced collagen production and MAPK signalling

TGFp stimulates collagen production in MM cells and inhibition of TGFf
using TGFpP neutralising antibodies inhibits tumour growth. Over-expression of
Smad7 however, the inhibitory component of the Smad pathway, enhances rather than
inhibits collagen production basally. One possible explanation for this finding is that
MM cells use different pathways to regulate basal and TGFf-induced collagen
production. The mitogen activated protein kinase (MAPK) pathways are the most
likely candidates (for reasons explained in the discussion section 3.3.10). The role of

MAPK in this system was therefore examined.

3.3.1 TGFp stimulated ERK 1/2 activity in MM cells

To assess ERK1/2 activity following TGFp; stimulation in MM cells, the level
of phosphorylated ERK1/2 (i.e. activated ERK) following TGFp, treatment was
assessed by Western blot analysis, as described in section 2.6. Confluent MM cells
were stimulated with 1ng/ml TGFB; in serum-free conditions and the level of
phosphorylated ERK1/2 assessed at 1 - 90 minutes after treatment. Figure 3.3.1 shows
the rapid activation of ERK1/2 (bands at 42 (ERK1) and 44 kDa (ERK2) on the
Western blot) at 5 min after TGFB exposure with activity trailing off rapidly. By 30
min the cell has returned to basal levels of activity. TGFB-induced activation of ERK
1/2 occurring as rapidly as 5 minutes has not previously been reported. Further time-

points did not show any delayed or second peak of activity.

3.3.2 Inhibition of ERK1/2 activation using UO126 in MM cells

Figure 3.3.2 shows the effects of using the MEK inhibitor UO126, a specific
inhibitor of ERK activation that prevents the phosphorylation of ERK1/2 by inhibiting
MEKI1 (responsible for phosphorylation of ERK). UO126 (10 uM) applied to the cells
15 min before TGFf; exposure was shown to block activation of ERK in MM cells

(as seen in other cell types) confirming that this compound is effective in MM cells.
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Figure 3.3.1. Phosphorylated ERK levels following TGFp, stimulation in AC29
cells. A. Western blot showing phosphorylated ERK 1/2 after stimulation of AC29
cells with TGFB, (1ng/ml). The activity was measured at the time points indicated
following TGFP exposure by using antibodies to phosphorylated ERK 1/2 (1:1000
dilution, Cell signalling Inc) and visualised by secondary HRP labelled staining. B.
shows the relative band intensities of the Western blot demonstrating the rapid
increase in activated ERK levels peaking 5 minutes after exposure to TGFB,,
returning to near basal levels by 30 minutes.
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Figure 3.3.2 Blocking ERK activation in AC29 cells using the specific
inhibitor UO126. A. Section from a Western blot showing phosphorylated
ERK 1/2 after stimulation of AC29 cells with TGFB, (Ing/ml) with and
without UO126. B. shows the relative density of the bands at the time points
indicated. The inhibition of ERK activity using UO126 is clearly demonstrated
and is consistent at both 5 and 15 minutes after TGF B exposure.
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3.3.3 Effect of blocking ERK on procollagen gene promoter reporter activity

Cells were grown to confluence in 24 well plates and transfected with the
procollagen gene promoter reporter PGL1a., as described in section 2.5.1. Cells were
treated with 10 pM UQ126 15 min before addition of TGFB (1 ng/ml). Figure 3.3.3A
shows that in AC29 cells, UO126 increased PGL1a activity basally (2957 + 709 to
7417 + 628 RLU/mg protein, p<0.01) and did not inhibit TGFp,-stimulated activity
(control 7042 + 575, UO126 treated 17137 + 3418 RLU/mg protein), which still
showed a 2.3 fold increase above basal levels after TGFB, (1ng/ml). Analysis of Ju77
human MM cells using the 3.5kb human procollagen promoter reporter also
demonstrated an increase in the basal level of activity (control 66 + 5 and UO126
treated 92 + 6 RLU/mg protein, p<0.01, figure 3.3.3B). However, there was no dose
response to TGFpB; stimulation in these cells. At 24 hours, there was no reporter
response to TGFp using this reporter in Ju77 cells (doses from 0.1 to 10 ng/ml TGFp-
1) — data not shown.

It was unclear as to why there was no response to TGFp in the JU77 cells, as
collagen levels measured by HPLC do increase in a dose dependent manner to TGFp;
as described in section 3.1.1. It is possible that a different time point would be more
appropriate in these cells to assess the gene response (activity levels were all

measured at 24 hours).
3.3.4 Effect of UO126 on MM cell collagen synthesis

Following the increased basal activity of the procollagen promoter gene seen
in MM cells after treatment with UO126, HPLC assessment of hyp production was
used to measure the effects of UO126 on collagen protein synthesis. AC29 cells were
grown to confluence in 24 well plates and pre-incubated with UO126 (10uM) at least
15 min before treatment with TGFpB; (1ng/ml). Collagen production was quantified
after 24 hr incubation, as described in section 2.5.7. Figure 3.3.4 shows that the
UO126 treated cells produced more collagen (nmol/10%ells/24hr) than untreated
controls both basally (control 0.26 + 0.009, UO126 treated 0.49 + 0.019, p<0.01) and
after TGFP stimulation (control 0.58 + 0.003, UO126 treated 0.72 + 0.020, p<0.01).

The effect is predominantly seen as an increase in the basal production of collagen
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Figure 3.3.3 Increased activity of the transfected pro-collagen gene promoter
luciferase reporter with UO126. A. Pro-collagen gene promoter reporter PGLIo(T)
activity expressed as RLU/mg protein in AC29 cells 24 hours after TGFf, (1ng/ml)
exposure in the presence of UO126 (10 uM) showing an increase in basal activity
(empty bars) and .a similar fold increase in TGF, stimulated activity (black bars). B.
activity of the 3.5kb human procollagen gene promoter reporter expressed as RLU/mg
protein in Ju77 cells after TGF, in the presence of UO126 also showing increased
activity in these human MM cells. Bars represent the mean of four replicates per
group + SEM. * =p <0.05, ** = p < 0.01 compared with basal control levels.
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Figure 3.3.4 Hydroxyproline production by AC29 cells following UO126 (ERK
inhibitor) exposure. Basal levels of hyp production (empty bars) significantly
increase in the presence of UO126 (10uM) in AC29 cells with further increases in
collagen synthesis in response to TGFp,(filled bars). Each bar represents the mean

of 6 replicates = SEM (** = p < 0.01). This graph is representative for three repeat
experiments.
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with the fold increase following TGFf,; stimulation in the UO126 group (1.6 fold)
slightly less than the non-UO126 treated group (2.2 fold). This result was confirmed

in 2 repeat experiments represented in table 3.3.1.

Collagen production (hyp production nmol / 10° cells / 24 hr)

Repeat experiment 1 Repeat experiment 2

Basal TGFp treated Basal TGFp treated

Control cells 0.15+£0.003 | 0.386 +£0.017 |0.27+0.010 0.62 + 0.004

UO0126 treated | 0.31 £0.015 | 0.55 +0.020 0.52 £ 0.021 0.77 £ 0.022

Table 3.3.1 Results of repeat experiments assessing the effects of treatment with the
ERK1/2 inhibitor UO126 (10uM) on the production of collagen by AC29 cells basally
and in response to TGFpB; (Ing / ml). The increased production of collagen basally

and in response to TGF is consistent with the result shown in figure 3.3.4.

3.3.5 TGFp stimulated p38 kinase activity in MM cells

To assess p38 kinase activity following TGFp stimulation in MM cells, the
level of activated phosphorylated p38 kinase following TGFp treatment was assessed
by Western blot analysis, as described in section 2.6. Confluent MM cells in serum-
free conditions were stimulated with 1ng/ml TGF, and the level of phosphorylated
p38 kinase assessed at 1 — 60 minutes after treatment. As with ERK activity described
in section 3.31, p38 kinase activation occurred rapidly following TGFp,, peaking by 5

minutes and returning to baseline by 60 minutes, as shown in figure 3.3.5.

3.3.6 Effects of inhibiting p38 kinase in murine MM cells on collagen production

assessed using a pro-collagen gene promoter reporter assay

Murine AC29 cells were transfected with the murine procollagen gene
promoter reporter, PGL1a, and human JU77 cells with the human 3.5kb procollagen
promoter, and both treated with the specific p38 kinase inhibitor SB203580 (10uM),
as described in section 2.5. In AC29 cells figure 3.3.6A shows a non-significant trend

for an increase in basal and TGFp;-induced activity of the reporter in the presence of
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Figure 3.3.5 TGFp, induced p38 kinase activity in AC29 cells. A Western blot
showing phosphorylated p38 kinase (i.e. activated p38 kinase) after stimulation of
AC29 cells with TGFB, (1 ng/ml). The activity was measured at the time points
indicated following TGFp exposure, using antibodies to the phosphorylated p38
kinase (1:100 dilution) and visualised by secondary HRP labelled antibody
staining (1:1000). The blot shows activation of p38 kinase 5 min after TGFp,
stimulation with a return to basal levels of activity by 60 min. B. The band
intensity of the Western blot above is shown.
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Figure 3.3.6 The effect of inhibiting p38 kinase (using SB203580) on pro-collagen
gene promoter activity in AC29 cells. A. Activity of the PGL1a. reporter at 24 hours
(expressed as RLU/mg protein) in AC29 cells following TGFf, (1ng/ml) stimulation
in the presence of SB203580 (10 uM), showing a trend for increased activity basally
(empty bars) and a small reduction in the fold increase in activity following TGFp,
stimulation. Bars are the mean of four replicates per group + SEM. B. A repeat
experiment showing a significant increase in activity following TGFp, stimulation in
the non-SB203580 treated cells that is lost in the presence of SB203580. (* = p <
0.01, NS = non-significant)
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SB203580. There was a small decrease in the TGF;-induced activity with fold
increases above basal levels of 1.5 and 1.1 in the control and SB203580 treated
groups respectively. In a repeat experiment (figure 3.3.6B) the same pattern is seen
basally and in response to TGFf; in the presence of SB203580, with a similar
reduction in the response to TGFp.

In JU77 cells there appeared to be little effect on reporter activity at 24 hours
either basally or in response to TGFp;. Figure 3.3.7 shows two repeat experiments
using JU77 cells in which SB203580 had no reproducible effects on luciferase
activity. Other investigators in our laboratory have also reported inconsistencies using
SB203580 and this reporter system, while investigating other cell lines. Due to the
difficulties using this inhibitor with the gene reporter system further data was obtained

by measuring hyp levels using HPLC to assess collagen production.

3.3.7 Hydroxyproline production by MM cells after SB203580 inhibition of p38

Kinase

HPLC measurements of hyp levels were used to examine the effects of SB203580
on collagen synthesis in MM cells. AC29 cells were grown to confluence in 24 well
plates and then treated with SB203580 (10uM) at least 15 min before TGFB; (1ng/ml)
stimulation. Collagen production was quantified after 24 hr incubation, as described
in section 2.5.6 Figure 3.3.8 shows that in contrast to the affect on the gene promoter
activity (section 3.3.7) the SB203580 treated cells had small but significantly reduced
hyp levels (nmol/10°cells/24hr) compared with untreated controls both basally
(control 0.48 + 0.015, SB203580 treated 0.39 + 0.024, p<0.05) and after TGFp
stimulation (control 0.59 = 0.015, SB203580 treated 0.47 + 0.037, p<0.05). The
reduction was seen predominantly on the basal response as the fold increase following
TGFp treatment was the same for cells both exposed and not exposed to SB203580.
This result was consistent in two repeat experiments (results shown in table 3.3.2).
This result suggests that p38 kinase may have a role in the regulation of collagen
production in MM cells but is unlikely to play a significant role in the TGFp regulated

collagen response.
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Figure 3.3.7 The effect of inhibiting p38 kinase (using SB203580) on procollagen
gene promoter activity in JU77 cells. A. Activity of the 3.5kb 1a(I) procollagen
gene promoter reporter, expressed as RLU/mg protein, in Ju77 cells was inhibited
basally by a small but significant amount (empty bars) in the presence of
SB203580. There was no significant change in activity 24 hour after TGFp,
stimulation. B. In a repeat experiment there was no inhibition of basal activity.
Bars represent the mean of four replicates per group + SEM (* = p <0.05).
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Figure 3.3.8 The effect of SB203580 on basal and TGFB-induced collagen
production in AC29 cells. Hydroxyproline production in AC29 cells 24 hours after
TGFB, (Ing/ml) in the presence of the p38 kinase inhibitor SB203580
demonstrating a small but significant inhibition of basal collagen production
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Collagen production (hyp production nmol / 10° cells / 24 hr)

Repeat experiment 1 Repeat experiment 2

Basal TGFp treated Basal TGFp treated

Control cells | 0.76 = 0.065 0.729+0.049 | 0483 +0.015 {0.589+0.014

SB203580

0.674+0.023 |0.625+0.027 |0.388+0.024 |0.471+0.037
treated

Table 3.3.2 Results of repeat experiments assessing the effects of treatment with the
p38 kinase inhibitor SB203580 (10uM) on the production of collagen by AC29 cells
basally and in response to TGFB; (Ing / ml). The decreased production of collagen
basally and in response to TGFf is consistent with the result shown in figure 3.3.9.

3.3.8 Hydroxyproline production by MM cells after SB202190 inhibition of p38

kinase

Recent published data has shown that at 10uM the SB203580 compound also
inhibits ALKS — the TGFp type I receptor (Inman et al. ;Laping et al. 2002). These
studies examined the inhibitory effects of a number of “specific” inhibitor
compounds, including another p38 kinase inhibitor, SB202190. They demonstrated
that SB202190 and SB203580inhibit ALKS at I;50 values of 6 and 3 pM respectively
and inhibit p38 kinase with I.;50 values of 1uM and 490 nM respectively. The effects
of these compound on collagen production by MM cells was therefore repeated using
SB202190 at 1.5uM and 15 pM, at which doses the compound should specifically
inhibit p38 kinase and both p38 kinase and ALKS respectively. The experiment was
performed in two murine cell lines, AB22 and AC29.

Figure 3.3.9A shows that inhibition of p38 kinase in AC29 cells significantly
inhibits basal collagen production. There was no apparent inhibition of TGFB-induced
collagen production. However, as there was no response to TGFp in the AC29 cells in
the untreated control cells, this TGFB-induced response is difficult to interpret. The

reason for this lack of TGFB-induced response in the AC29 control cells is unclear.
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However, it was a recurrent problem with the AC29 cell line during these later
experiments and also a finding of a colleague in the laboratory using these cells.
(Interestingly, the basal level of collagen production was increased, 1.5 nmol hyp/10°
cells/24hr, compared with earlier experiments, 0.72 nmol hyp/ 108 cells/24hr -see
section 3.3.1). Given the loss of the TGFf response, the significance of the responses
to TGFp in combination with the inhibitor (SB202190) are not interpretable but are
shown for completeness. What is demonstrated by these experiments is that the basal
production of collagen is reduced significantly by inhibiting p38 kinase activity. The
additional simultaneous inhibition of ALKS, by using the higher dose of the inhibitor,
makes no significant difference to basal collagen production in AC29 cells. This
would imply that the role of p38 kinase in basal collagen production is at least as
significant, if not more significant, than that of ALKS. This theory could be tested by
specifically inhibiting ALKS, but the agent recently developed to do this (Callahan et
al. 2002) was not available.

In AB22 cells (figure 3.3.9B), there was a trend toward a reduction in basal
collagen production, but in this cell line the TGFP response was inhibited by
SB202190. In this cell line the TGFP response of the control cells had not been lost as
it had with the AC29 cells and so some interpretation of the inhibitor’s effect on the
TGFp response could be made. When ALKS was also inhibited, using the higher
concentration of SB202190, then the basal collagen production was significantly
inhibited compared with control. The TGFf response was also inhibited - but not as
completely as when there was inhibition of p38 kinase alone.

These results are difficult to interpret as they show a different response
between the two cell lines tested. However, the AC29 cell line was not responding as
predicted in the control cells either and so over interpretation of these findings should
therefore be avoided. The consistent finding from these experiments was that
inhibition of p38 kinase appears to inhibit basal collagen production in two MM cells
lines tested and inhibits the TGFP response in one of those cell lines. P38 kinase does

therefore appear to have a significant role in regulating collagen production.
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Figure 3.3.9. Hydroxyproline levels were measured in AC29 (A) and AB22 (B) MM
cells in the presence of SB202190 at 1.5 uM (specific inhibition of p38 kinase) and
15uM (inhibition of p38 kinase and ALKS) 24 hours after stimulation with TGFp,
(Ing/ml). In AB22 cells there is a reduction in basal collagen production and a marked
decrease in the TGFB1 induced collagen production when either p38 kinase is inhibited
or when both p38 and ALKS are inhibited. The AC29 cells have high basal levels of
collagen production with no increased production in response to TGFp,. m = Basal
collagen in 0% FCS DMEM. ® = TGFp (1ng/ml). ** = p < 0.01 compared with basal
level
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3.3.9 Inhibition of Jun N-terminal kinase (JNK) activation

The third MAPK pathway is the JNK pathway. To find whether JNK is directly
activated by TGFB in MM cells, lysates of cells stimulated by TGFB were assessed
using Western blotting to look for phosphorylated JNK proteins at times between 1
minute and 4 hours following TGFp exposure. No phosphorylated JNK protein was
detected on repeat examinations of AB22, AC29 and JU77 cells following TGFpB
exposure, suggesting that at this level of sensitivity (at which both ERK 1/2 and p38
kinases were seen to be activated) there was no activation of the JNK pathway by
TGFp. Alternatively, the antibodies used to detect phosphorylated JNK were not as
efficient as those used to detect phosphorylated ERK1/2 and p38 kinase. To assess
whether the JNK pathway was involved in the regulation of the TGFp-induced
collagen response, a specific inhibitor of JNK activation, SP600125, was used to treat
AB22 cells and collagen production measured by HPLC, as described in section 2.5.6.
Figure 3.3.10 shows that inhibition of JNK resulted in a small but significant increase
in basal collagen production. The changes in collagen production following TGFp
production, although significant, were small when JNK was inhibited using this
compound. JNK was not found to be directly stimulated by TGFp, unlike p38 kinase
and ERK1/2, and so its possible role in the collagen response was not investigated
further. This is discussed in section 3.5.10.
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Figure 3.3.10. Collagen production in AB22 cells 24 hours after treatment with
TGFB, (Ing/ml) in the presence of the specific JNK inhibitor SP600125 (1uM).
The basal collagen production increased in the presence of SP600125 but the
response to TGFB, was reduced. ™ = Basal collagen in 0% FCS DMEM. ® =
TGFB (Ing/ml) stimulated. This experiment was repeated once with similar
findings.
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3.3.10 Discussion

In chapters 3.1 and 3.2 it was shown that blocking the Smad pathway in MM
cells appears to increase rather than inhibit collagen production - the opposite to the
response predicted. Similarly, tumours grown from Smad7 transfected cells grow
larger and have increased collagen content, whereas tumours treated with TGFp
neutralising antibodies are smaller, with reduced collagen content. A possible
explanation for this is that the collagen response to TGFB occurs through another
pathway. The most likely alternative pathways to the Smad pathway are the MAPKSs,
since TGFP is known to stimulate the MAPK pathway directly (Hocevar et al.
1999;Yue and Mulder 2000a) and indirectly (Piek et al. 1999;Sano et al. 1999),
although the mechanisms of the direct routes have yet to be fully described. In
mesangial cells ERK activity is stimulated by TGFf} and ERK has been shown to be
involved in collagen synthesis in these cells (Hayashida er al. 1999). P38 kinase has
also been shown to be involved in mesangial cell a; (I) collagen production (Chin et
al. 2001). In rat myoblasts, p38 kinase but not ERK is necessary for TGFf;-induced
o (I) collagen mRNA expression and accumulation (Rodriguez-Barbero et al. 2002).

Section 3.3.1 shows that ERK 1/2 is rapidly phosphorylated by TGFp at 5
minutes in MM cells (murine AB22 and AC29 and human JU77 cell lines were
tested). Only a direct route of activation could feasibly result in phosphorylation this
fast, although the mechanism of this route is unknown. In other cells ERK activation
has been shown to usually occur by 20 minutes following TGFp (and p38 kinase in 30
minutes (Chin et al. 2001)). In these other cell lines, an intermediary such as TAK1 is
thought to play a role. Rapid activation of ERK by other growth factor receptors has
been demonstrated previously. For example, in COS-7 cells (a commonly used cell
line derived from the kidney of an African green monkey) cross-talk between the
insulin-like growth factor 1 (IGF-1) receptor and EGFR has been demonstrated in
which transactivation of the EGF receptor mediates IGF-1-stimulated ERK1/2
activation(Roudabush er al. 2000). Stimulation of the epidermal growth factor
receptor (EGFR) results in activation of the ERK pathway in exactly the same pattern
as found in these MM cells following TGF i.e. rapid activation peaking by 5 minutes
with return to baseline levels of activity by 30 minutes. The pattern of Smad

activation following TGFp is completely different, with a slower onset and peak
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activity occurring at 1-2 hours (see section 3.2.4). The mechanism by which ERK
(and p38 kinase) are activated by TGFP is unknown, but TGFP mediated
transactivation of EGFR has been reported previously in glomerular mesangial
cells(Uchiyama-Tanaka et al. 2002). In that study, transactivation of EGFR was
mediated by an intermediate molecule, heparin binding EGF, which was processed
and released via phosphotidylcholine-phospholipase C PKC. Subsequent activation of
ERK and p38 kinase were involved in fibronectin expression via transcriptional
regulation without requiring new protein expression.

As rapid activation of the ERK and p38 kinase pathways was found in the MM
cells, these pathways appeared to be good candidates for a signalling pathway
involved in TGFB-induced collagen production. However, by using the ERK pathway
inhibitor UO126, an inhibitor of MAPK kinase (MEK1), there was no inhibition in
the basal collagen response when examined using a procollagen gene promoter assay
or by measurement of hyp with HPLC (section 3.3.3 and 3.3.4). There was
enhancement of the basal collagen production seen using both assay systems, in both
murine (AC29) and human (Ju77) MM cell lines. As with the response to over-
expression of Smad7, the major effect seemed to be on the basal collagen response
with only a small decrease in the fold amplification of collagen production following
TGFB.

When p38 kinase, another member of the MAPK signalling family, was
examined, there was again rapid activation (phosphorylation) of p38 protein 5 minutes
after TGFP,; stimulation (see section 3.3.5). Two specific inhibitors of p38 kinase,
SB203580 and SB202190, were used to examine the collagen response. The
procollagen gene promoter response was inconsistent between cell lines and between
different procollagen reporter genes. Other workers in our laboratory have found
similar inconsistencies when using these compounds with the collagen promoter
reporter gene assay, which suggest another possible interaction between the
compounds and the reporter construct. The results found when using these inhibitors
in combination with the procollagen reporter were therefore difficult to interpret and
the findings of experiments measuring the actual collagen production using HPLC
were thought to more accurately reflect their effects.

Measurement of collagen using HPLC showed a significant decrease in

collagen production when cells were treated with SB203580 or SB202190, and this
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was true at both the higher and lower doses of SB202190, which had been found to be
more specific to either p38 kinase inhibition (lower dose) or combined inhibition of
p38 kinase and ALKS (higher dose). This would imply that p38 kinase is involved in
the collagen synthesis pathway, most likely at a regulatory level of basal production.
Its role in the TGFB-induced increased production is more difficult to determine. As
already described, recent work has shown that the higher dose of the compound
SB203580 (10uM) also results in inhibition of ALKS i.e. inhibition of Smad3
phosphorylation following TGFp stimulation (Laping et al. 2002). There have been a
number of reports in the last 1-2 years suggesting that p38 kinase is an essential part
of the TGFpP stimulated collagen response. For example TGFP induces collagen
synthesis in cultured myoblasts and this was reported to be via p38 kinase
(Rodriguez-Barbero et al. 2002). However, to determine this result the workers used
SB203580 at 10pM and so would have also been inhibiting Smad3 phosphorylation
by ALKS. Similarly, in hepatic stellate lines p38 kinase was reported to regulate o 1(I)
procollagen mRNA levels by TNFa and TGF (Varela-Rey ef al. ). Again this work
relied on the higher dose of SB203580. In fact most of the published data in this area
has used inhibitors at these higher doses that were at the time unknown to inhibit
Smad3 phosphorylation.

The p38 kinase pathway has been examined using methods that do not involve
“specific” inhibitors. In murine mesangial cells, work using targeted disruption of the
Mkk gene that encodes for MKK3 an upstream activator of p38 kinase, showed that
p38 kinase was not activated by TGFp when this gene was disrupted. Also the TGFp-
stimulated pro-al(I) collagen expression was inhibited when the MKK3 was non-
functional, but the TGFp-induced fibronectin and PAI response were not affected
(Wang et al. ). These data do support the basic findings published using the inhibitors
that propose a role for p38 kinase in the TGFp collagen response.

P38 kinase does appear to be important in the collagen response but its degree
of involvement remains poorly described because of the problems in using these
“specific” inhibitors. At lower doses (2uM for SB203580 and 1.5uM for SB202190)
these inhibitors have been shown to be specific for p38 kinase (Chen et al.
1999;Laping et al. 2002;Yamanaka et al. 2003). At these doses there is a marked
decrease in basal collagen production by one murine MM cell line, AC29, with little

effect upon the TGF stimulated response, whereas another murine cell line, AB22,
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showed only a small reduction of basal collagen production but a marked reduction in
the response to TGFP. These data suggest that the p38 kinase pathway plays a
significant role in the control of collagen production but do not elucidate the exact
nature of the effect.

The third MAPK signalling pathway, JNK, does not appear to play a direct
role in the TGFpB-induced collagen response of MM cells. JNK was not found to be
activated by TGFB. However, as with ERK signalling, it may have some role in
regulating basal collagen production. The MAPK pathways do appear to be involved
in collagen production in these cells but their exact roles remain elusive. The ERK
pathway would appear to have a regulatory role in suppressing the basal collagen
production by MM cells given that its inhibition with UO126 resulted in increased
collagen production. The role of p38 kinase is more difficult to interpret from the
experiments performed given the difficulties with the inhibitor described above.
However, if blocking p38 kinase has these specific effects then one can deduce that it

has a role in enhancing collagen production and may enhance the effects of TGFp.
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3.4 ALK1 and ALKS TGFp type I receptor expression on Mesothelioma cells

and the effect of Smad7 expression

The Smad pathway appears to be activated normally in MM cells (see section
3.2.4) and over-expression of Smad7, via transfection, reduces activity of the pathway
(section 3.2.8). TGFB increases collagen production by MM cells and previous work
has shown that the collagen stimulating effects of TGFB occur through the Smad
pathway(Roberts et al. 2001). Over-expression of Smad7 in MM cells however,
results in enhanced collagen expression (section 3.2.9) and tumour growth (section
3.2.10). In contrast, TGFP antibodies do reduce tumour collagen content and growth
in this model, as shown in section 3.1.6 & 3.1.10. Examination of the MAPK
pathways as an alternative signalling cascade for the collagen stimulating effects of
TGFp show that although these pathways may be involved in collagen regulation, and
are indeed activated by TGFp in these cells (ERK1/2, p38 kinase but not JNK), they
do not appear to be responsible for the TGFf stimulating effects on collagen
production (see chapter 3.3). An alternative explanation for the apparently paradoxical
effects of Smad7 transfection (compared with the effects of TGFB antibodies) might
be found at the level of the receptor since the antibodies are likely to function in the

extracellular space and Smad?7 has intracellular effects.
3.4.1 Type I TGFf receptor expression on MM cells

To examine MM cell expression of the two isoforms of the TGFp type I
receptor that can respond to TGFP, ALK1 and ALKS, tumour sections derived from
the murine model were stained immunohistochemically for ALK1 and ALKS using
specific antibodies, as described in section 2.8.2.

Figure‘3.4‘1 shows that both ALK1 and ALKS5 are present in MM cells and
that the distribution and density of the two isoforms is similar. Distribution of both
ALK1 and ALKS is increased around the tumour borders with no differences in
expression between the two isoforms. There was reduced expression of ALK1 and
ALKS in the central areas of the tumour as shown in figure 3.4.2. Previous histology,
described in chapter 3.1 suggested that tumour activity was higher at the edges of the
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Figure 3.4.1 Immunohistochemical staining of TGFB type I receptors ALK1 and
ALKS and a control matched antibody in sections from AB22 derived tumours
(magnification x 40). The sections have been counter-stained with haematoxylin.
Each section is taken from approximately the same area of tumour. The presence of

both ALK1 and ALKS, predominantly in the cell cytoplasm is demonstrated by the
brown stained areas.

207



Figure 3.4.2 Section through AB1 MM cell derived tumour stained with antibody to
ALK1 (A, magnification x 10) and counter-stained with haematoxylin. ALK1 is detected
throughout the section but particularly toward the edge of the tumour, demonstrated in
images B and C (magnification x 40).
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tumour — this is where tumour growth, local invasion and the majority of angiogenesis

is thought to occur and where the collagen-rich tumour capsule is found.

3.4.2 Western blot analysis of ALK1 and ALKS expression

To analyse MM cells for ALK1 and ALKS5 expression in vitro, cells were grown in 6
well plates to confluence and cell lysates extracted using SDS sample buffer. Western
blotting was performed, as described in section 2.6, using the same antibodies as used
for immunohistochemistry specific to ALK1 and ALKS. Figure 3.4.3 shows that both
ALK1 and ALKS5 were detected by Western blotting, confirming the presence of both
isoforms as had been demonstrated by immunohistochemistry from murine tumour
sections. This technique could not be used to quantify the expression of ALK1
compared with ALKS as the antibodies used to identify the two isoforms have
different binding affinities. Bands appeared at a molecular weight of 94kDa for both
ALK1 and ALKS, which corresponds with the TGFP type I receptor complex.

3.4.3 The effect of Smad7 expression on tumour MM cell ALK1 and ALKS

expression

After binding to the type I TGFf receptor Smad7 initiates the down-regulation
of the receptor by ubiquination. To examine whether Smad7 caused a down-
regulation of either or both of the type I receptor isoforms, the expression of ALK1
and ALKS5 were assessed on sections from tumours grown from Smad7-transfected
MM cells and compared with those from control-transfected or non-transfected cells.
Sections from AB22, ABl1 and AC29 derived tumours were stained
immunohistochemically for the expression of ALK1 and ALKS, as described in
section 2.8.2. Sections from between 3 and 6 tumours from each cell type were
examined for their ALK1 and ALKS expression. There appeared to be a trend toward
a reduction in tumour ALK expression in Smad7 transfected cell derived tumours
with a more marked reduction in ALKS than ALK]1, an example is shown in figure
3.4.4. However, there were large variations within tumour groups with some showing
no apparent differences between tumours derived from Smad7-transfected cells and
those derived from control cells in terms of ALK expression. Also with individual

tumours there were often wide variations in the expression of ALK receptors and this
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Figure 3.4.3 Western blot of AB22 and AC29 cell lysates using either ALK1
or ALKS antibody labelling. In A separate duplicates, derived from different
culture dish wells, of AB22 cells and AC29 cells are labelled for ALKI
expression, demonstrating the presence of ALK1. In B the same lysates are
labelled with ALKS specific antibodies, demonstrating the presence of ALKS5.
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ALKS5
Staining
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Figure 3.4.4. Sections from tumours derived from control transfected and Smad7
transfected AB1 cells stained immunohistochemically for ALK1 (panel A) and ALKS5
(panel B). The sections from the control transfected tumours are taken from the same
tumour. Similarly, the sections from the Smad?7 transfected cell derived tumour are from
the same tumour. There is an apparent down-regulation of ALK5 in the Smad7
transfected tumours. Sections are counter stained with haematoxylin.
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heterogeneity of ALK1 and ALKS5 expression between samples made it impossible to
assess the overall expression of the receptors using this technique. After analysing up
to 20 tumour sections per group i.e. control and Smad7 transfected AB1, AB22 and
AC29 cell derived tumours, no consistent pattern of change was found between
groups. Therefore, the overall analysis was that there were no differences in
expression of ALK1 or ALKS5 receptors following transfection with Smad7 when

tumour sections were stained immunohistochemically.

3.4.4 Western blot analysis of Smad7 expression effects on ALK1 and ALKS

expression

To examine whether transfection of Smad7 altered the expression of either
isoform, Western blot analysis of ALK1 and ALKS5 protein expression was performed
on cells stably expressing Smad7. JU77-Smad7 cells were used as these had
previously demonstrated the highest expression of Smad7. Figure 3.4.5 shows that
there is no apparent difference in the expression of either isoform detected in these

Smad7 expressing cells compared with control cells.
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Figure 3.4.5 Western blot of cell lysates from non-transfected, control or Smad7
transfected JU77 cells . ALK1 (A) and ALKS (B) antibody labelling was used to
assess for changes in expression following Smad7 transfection. When corrected for
protein loading by comparison with actin antibody labelled blots (C) there were no
significant differences detected between groups.
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3.4.5 Discussion

TGFp activates cells by binding to TGFP surface receptors. These are type I
receptors, known as activin-like kinase (ALK) receptors, of which several isotopes
exist for activation by different members of the TGFp/activin family, and type II
receptors that are ubiquitous for TGFp signalling (see section 1.4). TGFp is thought to
stimulate collagen by activating ALK-5, which results in phosphorylation of Smad2
and Smad3. ALK-1 is involved in Smadl and Smad5 activation following cell
stimulation predominantly by bone morphogenic proteins (BMPs). However, recent
work has shown that TGFB can also bind to and stimulate ALK1 (recently
demonstrated to be present on endothelial cells in conjunction with ALKS5) and in
endothelial cells the effects of ALK 1 opposes that of ALKS (Goumans et al. 2002;0h
et al. ). ALK1 is the predominant TGFp type I receptor expressed on endothelial cells,
where it is thought essential for angiogenesis. The experiments reported in this thesis
have important implications for MM cell responses to TGFp as they demonstrate that
both ALK1 and ALKS are expressed.

Tumours expand by growing out from their edges, often leaving central
necrosis as the tumour enlarges. This region of the tumour is therefore highly active,
since the edge or outer borders of a tumour is where growth occurs and where factors
involved in tumour invasion and metastases are believed to have their action. The
dense expression of ALK1 and ALKS TGFp type I receptors occurring predominantly
within this border region is consistent with these receptors being of importance to the
regulation of tumour growth. The specific roles of the two isoforms are unknown in
these cells and clearly need to be investigated further.

TGFp is thought to signal predominantly through ALKS in activating the
Smad pathway. The high expression of ALK1 as well as ALKS5, the receptor predicted
to be expressed, was a surprising and novel finding. It is possible that the high
expression of ALK1 explains the anomalous results obtained when the cells are
transfected with Smad7 compared to treatment with TGFB-neutralising antibodies.
Smad7 only causes intracellular inhibition whereas the antibodies are thought to
neutralise TGFB before it binds to the cell receptor. Smad7 may be inhibiting the
activation of only one of these two TGF type I receptors. This would be postulated
to be ALKS rather than ALK, as ALKS is the normal TGFp signalling receptor. In
BMP signalling, which occurs through ALK 1, Smad6 is the inhibitory Smad protein.
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ALK1 and ALK5 may have divergent or even opposing actions on MM cells, as they
do in endothelial cells, in response to TGFp. In endothelial cells, TGF-beta induces
phosphorylation of Smad1/5 and Smad2 and these effects can be blocked by selective
inhibition of ALK1 or ALKS5 expression respectively. The TGF-beta/ALK5/Smad2/3
pathway inhibited endothelial cell migration and proliferation, whereas the TGF-
beta/ALK1/Smadl/5 pathway induced migration and proliferation(Goumans et al.
2002;0h et al. ). These results suggest that there is a fine balance between ALK1 and
ALKS5 in regulating endothelial cell migration and proliferation.

Smad7 is thought to block ALKS but may not block ALK1, which may still
function in response to TGFP and this may produce a pro-tumorigenic response. If
ALKS has an inhibitory role on ALK1 (as shown in endothelial cells, (Oh et al. )) or
was independently anti-tumorigenic, then inhibition of ALKS would enhance the
effects of ALK1. Neutralising antibodies would result in reduced or no binding of
TGFp to the cells and so any different response of ALK1 and ALKS would not be
revealed.

There is a suggestion of enhanced down-regulation of ALKS5 receptors by
Smad7 expression in the immunohistochemically stained sections but this result is not
convincing in these preliminary experiments. Down-regulation of the ALKS receptor
does not need to occur for inhibition of ALKS activation following Smad7 expression,
but if demonstrated would provide strong evidence to back this hypothesis. Further
work in this area is clearly of great interest. An assessment of Smad7/ALKS5 binding
and Smad7/ALK1 binding in MM cells by immuno-precipitation would be an
important experiment in future work. There are new small molecular weight
inhibitors, not available at the time of these experiments, that specifically inhibit
ALK1 or ALKS5 and these would be extremely useful in further investigating these
findings(DaCosta et al. 2004;Laping et al. 2002).
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Chapter 4. Summary, Conclusions and Future Work
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4.1 Summary of Findings

4.1.1. MM cells, TGFp and collagen

. MM cells synthesise significant quantities of collagen in response to TGFf

stimulation in a dose dependent manner.

MM cells produce TGFP in significant quantities that can be measured
exogenously.

Neutralising antibodies to TGFP result in inhibition of exogenous TGFp
stimulating effects in vitro, but do not affect the basal level of collagen
produced by MM cells in vitro.

Tumours grown in vivo using a murine model of MM contain abundant
collagen.

Neutralising TGFp antibody treatment of mice inhibits tumour growth irn vivo
and this effect is more marked when TGFp,-specific neutralising antibodies
are used.

Tumours that have been inhibited by TGFB neutralising antibodies contain

less collagen than control tumours.

4.1.2. Transient transfection of MM cells with LID and stable transfection with a

lentiviral system; the effects of Smad7 transfection on collagen production

1.

LID transfects MM cells and is a useful tool for transient transfection in vitro
to assess collagen gene responses.

Lentiviral transfection of MM cells produces stable transfectants of Smad7
producing MM cells that are useful to examine the effects of Smad7 on
collagen protein synthesis and tumour growth in vivo.

Normal Smad activation is found in human fetal lung fibroblasts (HFL1 cells)
and transient transfection of Smad7 using LID results in inhibition of collagen
gene responses.

Normal Smad activation occurs in MM cells but inhibition using transient
Smad7 transfection results in a greater basal level of collagen gene activity

and no inhibition of TGFp responses.
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5. Stable transfection of Smad7 using the lentiviral system in MM cells results in
decreased Smad activation in response to TGFp (but not total blockade of the
Smad pathway).

6. Stable Smad7 transfection of MM cells results in increased collagen protein
production in vitro.

7. In vivo stable Smad7 transfection results in increased tumour growth and

greater collagen content of tumours.
4.1.3. TGFp, the MAPK pathways and collagen production in MM cells

1. TGFp stimulation leads to rapid activation of ERK1/2 and p38 kinase in these
cells that has not been reported elsewhere, suggesting direct activation of these
pathways by TGFp.

2. Inhibition of ERK1/2 activation results in increased collagen gene activity and
increased basal collagen protein production.

3. p38 kinase inhibition results in a small decrease in basal collagen production.

4. JNK is not directly stimulated by TGFp, but inhibition results in a small

increase in collagen production.
4.1.4. ALK1 and ALKS TGFg type I receptors and MM cells

1. ALK1 and ALKS protein is expressed by MM cells in vitro.
2. Both ALK1 and ALKS receptors are expressed on tumours grown in a murine
model .

3. No consistent discernable effect of Smad7 expression is seen on ALK1 and

ALKS expression in MM cells.
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4.2 Conclusions

There are a number of key conclusions to be drawn from this work and several
as yet unanswered questions that could lead to important further work. The first
conclusion is that TGFp and collagen are confirmed as highly important factors in the
growth of MM tumours. Also, that an autocrine growth loop in MM tumours is
extremely likely to involve these two factors, since this work confirms that MM cells
produce TGFp and respond to TGFB by synthesising large amounts of collagen.
These tumours are found to contain high amounts of collagen as a key component of
the ECM and previous work has shown that the ECM is critical in the mechanisms
allowing local tumour invasion (Buchholz et al. 2003;loachim ef al. 2002;Jaskiewicz
et al. 1993;Marshall and Hart 1996;Wernert 1997), metastasis (De Wever and Mareel
2003;Engbring and Kleinman 2003;Stewart et al. 2004) and protection of tumours
from chemotherapeutic agents (Sethi et al. 1999). Inhibition of TGFp, using
neutralising antibodies, in a murine model of MM demonstrated that tumour growth
could be reduced and that the collagen content of the tumours was also reduced. The
murine model proved to be a robust and consistent tool for evaluating tumour growtn
in vivo.

The results obtained using TGFP neutralising antibodies suggest that these in
themselves might offer a therapeutic option. The experiments were performed to test
the theory that TGFP has an important role in MM tumour growth rather than as
potential therapeutic agents. So why haven’t these antibodies been considered as
potential therapy for TGFB? The use of TGFf neutralising antibodies as therapeutic
agents in cancer has a number of difficulties; they are not tumour specific; they can
lead to the production of antibodies by the body that renders them ineffective beyond
short-term usage; and they are very expensive to produce. A transfection method of
inhibiting TGFP was used to test the hypothesis further by inhibiting TGFp in another
manner and as a way of identifying possible targets for novel treatment. The Smad
pathway is thought to be specific to TGFp signalling and Smad7 is the negative
feedback loop of that pathway. To use Smad7 to inhibit the pathway seemed to be an
ideal way of using transfection techniques to inhibit the effects of TGFp (transfection
has the potential to allow tumour targeting, although this work does not specifically
examine that potential). By over-expressing Smad7 in MM cells, the Smad pathway
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should be inhibited and hence TGFp signalling blocked. What this work revealed
however was totally unexpected. Smad7 over-expression resulted in an increased
collagen production by MM cells, assessed at gene and protein levels and tumours
grew larger in vivo. The technique used to over-express Smad7 resulted in reduced but
not totally inhibited Smad signalling. In retrospect this was a useful, although
unplanned, feature of the technique, as a total blockade of Smad signalling may have
resulted in the activation of alternative pathways that would be difficult to identify
within the scope of this work. A reduced signalling capacity should therefore reflect a
genuine biological response and also shows that the level of activity is important i.e.
activation of the Smad pathway is not an all or none response.

Throughout these experiments in vitro, both the murine and human cell lines
behaved in a similar manner and therefore the murine cells were confirmed as a useful
model for use in vivo.

The remainder of these investigations focussed on why this paradoxical
response occurred i.e. why inhibition of TGFp using neutralising antibodies within the
extracellular space had opposing effects to inhibition of the intracellular signalling.
TGFB had already been shown to increase collagen synthesis by MM cells and
therefore pathways other than Smad were investigated as possible routes by which
TGFp may be signalling in these cells to increase collagen production.

The MAPK pathways were examined as the most likely alternative route for
signalling since previous work had shown that these pathways can be involved in
collagen synthesis (see chapter 3.3 discussion). The results demonstrated that TGFf
does directly stimulate ERK1/2 and p38 kinase, possibly by a novel mechanism, since
activation occurred at 5 minutes after TGFpP stimulation. Smad activation occurred
normally in these cells at 20 minutes and so could not be an up-stream event to
explain MAPK activation. Previous work has demonstrated TGFp activating these
pathways indirectly after 15-20 minutes (see discussion chapter 3.3). This novel
finding was important, as it suggested a possible role for these pathways in the
collagen response of MM cells to TGFB. However, ERK1/2 inhibition resulted in
increased MM cell collagen production, suggesting that ERK1/2 has an inhibitory role
in MM collagen synthesis. Inhibition of p38 kinase did result in decreased collagen
production, but this was mainly of basal collagen levels and although statistically

significant was only a small reduction. There were no consistent effects on the TGF B
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stimulated collagen response. It is possible that these pathways have other roles in
tumorigenesis linked to TGFp in these tumours to explain their rapid activation but
this is likely to be a separate mechanism to that involving collagen.

The contrast between the results of extracellular inhibition of TGFp compared
with the intracellular signalling inhibition lead to the further hypothesis that
something unusual was occurring at the cell surface i.e. at the interface between TGFf
and intracellular signalling and how Smad7 was interacting at this point. Therefore the
TGFp receptor was examined. The TGF family of proteins signal by binding to the
ubiquitous TGFP type II receptor, which then combines with the type I receptor
activating an intracellular phosphorylation site. There are a number of isotypes of the
type I receptor and TGFp activates ALKS in most normal cells. In endothelial cells it
also activates ALK1, which appears to have opposing effects to ALKS activation in
these cells. The current investigations found that MM cells also express both ALK1
and ALKS, another novel finding that might be important in explaining why Smad7
transfection had such unexpected results. The preliminary results of this work were
unable to show a difference between expression of ALK1 and ALKS but it may be the
Smad7 interaction with these receptors that is causing the increased collagen
production and increased tumour growth. Smad7 is known to bind to the type I
receptor in order to inhibit its phosphorylation site and block signalling. Binding of
Smad7 also results in the down-regulation of the receptor by stimulating ubiquination.
TGFp normally signals through the ALKS receptor and Smad7 is known to bind to
this. Smad6, the inhibitory Smad for BMP signalling, is known to bind to ALK1 to
inhibit its action. What is unclear is the nature, if any, of the interaction between
Smad7 and ALK1. This and the interaction between Smad7 and ALKS receptors in
MM cells could be a focus for further work. Specific blocking of ALK1 or ALKS
using recently developed inhibitors may reveal a difference in their actions that may
be key to MM cell growth.

In conclusion, this work confirms the hypothesis that TGFp and collagen are
important for MM tumour growth and that TGF( inhibition reduces tumour growth.
Transfection of Smad7 is not a candidate to use as a therapy in itself but its use has

revealed novel findings in MM that warrant further investigation.
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4.3 Future Studies

There are two directions in which this work could be continued. The first is
the further exploration of these findings in an attempt to elucidate mechanisms that
may identify specific therapeutic targets. The second is to use these results to devise
approaches that might be of therapeutic use. I chose to pursue the mechanism of
Smad7’s paradoxical effect rather than using that result as a way of indicating a
specific therapeutic direction — for instance inhibiting Smad7. By taking this
approach, there have probably been more questions than answers produced. However,
the presence of both ALK1 and ALKS TGFp receptors was an unexpected and novel
finding, which opens potentially exciting avenues for further investigation. To
examine this further the interaction of Smad7 with these two receptors could be
assessed histochemically by using labelled Smad7 and labelled ALK1 or ALKS5. Or
from the experiments already performed, Western analysis using antibodies to ALK1
or ALKS in conjunction with Flag antibodies (the peptide label attached to the
transfected Smad7), could be used to establish if Smad7 interacts with one, both or
neither of the two ALK receptors. Similarly the interaction of TGFB with the ALK
receptors could be assessed in the same manner.

As an alternative approach, there are now specific inhibitors of ALK1 and
ALKS (not available during the period that this work was performed) that would
demonstrate potential differences in their roles. If these demonstrated that of one these
two isoforms was more important as a tumour promoter then clearly this could be
examined as a therapeutic target in MM. Such experiments may also show a divergent
action between the two different receptor isoforms that might also be utilised. For
instance, if one were pro-tumorigenic and the other anti-tumorigenic then some way
of forcing cell expression of one rather than the other might inhibit tumour growth.
The examination of normal mesothelial cells for expression of ALK1 and ALKS
would be an important further experiment to assess whether this phenomenon was
part of the malignant transformation.

Smad7 is the inhibitory Smad for TGFB signalling, but there is another
inhibitory Smad — Smad6, which is the inhibitory Smad for BMP signalling. Smadé6 is
targeted to ALK1 in that pathway and so its effects in these ALK1 expressing MM

cells could be very interesting, especially if there are divergent roles for ALK1 and
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ALKS5. Similarly a combination of Smad6 and Smad7 transfection may also produce
interesting results — perhaps a greater inhibition of TGFf that might produce similar
effects to those of the neutralising antibodies.

The alternative line of investigation to expand this work would be to examine
what happens if Smad7 became the target, since Smad7 has been shown to enhance
tumour growth. Smad7 could be blocked using techniques such as antisense or
preferably by the more recent and exciting method of RNA interference
(RNAi)(Milhavet et al. 2003) that is superseding antisense techniques. The
consequences of blocking Smad7 would be very interesting, although further work
would be required to establish mechanisms.

There are a number of experiments that could be done to refine the work
presented here further. These could include an assessment of the other TGFp pro-
tumorigenic effects i.e. angiogenesis and immunosuppression. These could be
examined in a number of ways including micro-blood vessel counts and infiltration of
tumours by T-cells. These effects of TGF3 may be in part due to its effects on non-
malignant cells surrounding the tumour stroma. Antibodies to TGFB may inhibit these
effects, whereas Smad7 transfection of MM cells may not. This is important as a
further possible explanation as to why there are opposing effects between extracellular
and intracellular inhibition of TGFp.

This work opens a number of possible avenues for further investigation that I
believe might lead to the identification of a novel target in MM, which currently
remains very insensitive to therapy. The peak of the MM epidemic is yet to occur in
developed countries that have banned the use of asbestos. In developing countries,

which are expanding their use of asbestos, the problem is going to increase for many

years.
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