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Summary

Multiple myeloma and chronic lymphocytic leukaemia (CLL) are chronic B-cell 
malignancies, which are characterised by the accumulation o f malignant cells with low 
proliferative capacity and defective apoptotic mechanisms. Although considerable 
advances in the treatment o f these diseases have been achieved in recent years, most 
notably the development o f the proteasome inhibitor Bortezomib as an anti-myeloma agent, 
these malignancies remain incurable. In addition, a major drawback to the use o f existing 
chemotherapeutic drugs is the eventual development o f resistance. Thus, there is an urgent 
need for the development o f novel agents which may provide alternative treatment options 
for this group o f patients. Pyrrolo-l,5-benzoxazepines (PBOX) are a series o f novel 
microtubule targeting agents (MTA) which have demonstrated anti-cancer activity against a 
variety o f cancer cell types. Importantly, PBOX compounds display minimal toxicity 
against normal blood and bone marrow cells. In this thesis, PBOX-15, a potent member o f 
the PBOX series, is proposed as a potential novel agent for the treatment o f myeloma and 
CLL, and evaluation o f its mechanism o f action is performed.

Flow cytometry analysis o f propidium iodide (PI) and AnnexinV/Pl stained cells, 
demonstrated that l|aM PBOX-15 arrested the NCI-H929 myeloma cell line in the G2 /M 
phase o f the cell cycle, with potent induction o f apoptosis (34.39% ± 1.78%, n=3, p<0.001) 
measured after 24hrs o f treatment at levels higher than, or comparable to, those induced by 
l|aM vincristine, lOfiM dexamethasone, 20|.iM AS2 O3 , 20|aM nocodazole, 5nM MG-262, or 
15ng/ml TRAIL. In comparison, the U266 myeloma cell line was shown to undergo 
prolonged G 2 /M phase cell cycle arrest, with a low level o f apoptosis induced 
(16.29%±1.048%, n=3, p<0.01) following treatment with l|iM  PBOX-15 for 24hrs. Co
treatment o f both U266 and NCI-H929 cells with PBOX-15 and TRAIL resulted in a 
synergistic increase in apoptosis. This may be accounted for by upregulation o f DR5, the 
receptor for TRAIL, which was induced in both cell lines following treatment with PBOX- 
15 as determined using Western blotting. The effect o f TRAIL in combination with MTAs 
in myeloma cells has not previously been reported.

In order to probe the mechanism o f action o f PBOX-15-induced apoptosis gene 
expression analysis was preformed. Using TaqMan® Low Density Arrays, expression o f the 
genes for the death receptors TNF-1, DR3, DR5, and DR 6 , was found to be greater in NCI- 
H929 cells, compared with U266 cells. This suggests a greater sensitivity o f NCI-H929 
cells to activation o f the extrinsic apoptotic pathway. Consistent with activation o f this 
pathway, PBOX-15-induced apoptosis ofN C I-H 929 cells was found to be caspase-8 - 
dependent. A role for the intrinsic apoptotic pathway was also indicated, with 
depolarisation o f the mitochondrial inner membrane (MIM) and release o f cytochrome c 
from the mitochondrion found to be early events in PBOX-15-induced apoptosis o f NCI- 
H929 cells, occurring after 2hrs and 6 hrs o f treatment, respectively. However, inhibition o f 
caspase - 8  did not prevent MIM depolarisation, and only partially prevented cytochrome c



release. Therefore, it is proposed that more than one apoptotic pathway is independently 
initiated in PBOX-15-treated H929 cells i.e. the intrinsic pathway via loss o f  MIM integrity 
and release o f cytochrome c, and the extrinsic apoptotic pathway via activation o f 
caspase-8.

Using Western blotting, a decrease in expression o f Bim, a pro-apoptotic BH3-only 
protein, was found to be an early event (6hrs) in PBOX-15-treated NCI-H929 cells. This 
preceded downregulation o f anti-apoptotic M cl-l and Bcl-2, and pro-apoptotic Bax and 
Bid. and was prevented by inhibition o f caspase-8. Although not statistically significant, 
apoptosis ofN CI-H 929 cells treated for IShrs with 0.5|iM  PBOX-15 was reduced from 
26%±3.65% to 22.64%±2.58% in cells transfected with Bim siRNA. Together these results 
may suggest a role for caspase-cleaved Bim in potentiation o f PBO X-15-induced apoptosis 
o f NCI-H929 cells. In comparison, this amplification mechanism is absent, or not activated, 
in PBOX-15-treated U266 cells. A role for cleaved Bim in potentiating apoptosis in MTA- 
treated myeloma cells has not previously been reported.

l|iM  PBOX-15 was also demonstrated to significantly induce apoptosis o f  ex vivo 
CLL cells (p<0.001, n=9), with a mean increase in apoptosis o f 31% ± 4.58%, compared to 
background levels, measured following treatment for 24hrs. The mechanism by which 
PBOX-15 induces apoptosis o f ex vivo CLL cells was found to be caspase-dependent. with 
an important role for caspase-8 identified. The effect o f PBOX-15 treatment on expression 
o f Bim in these cells was variable, with a decrease in expression observed in samples from 
6 patients, while expression was upregulated in samples from 2 patients. However, PBOX- 
15-induced changes in expression o f Bim were less prominent in samples in which caspase- 
8 inhibition did not prevent, or had a lesser effect, on PBOX-15-induced apoptosis. This 
suggests, that similar to the mechanism proposed in NCI-H929 cells, caspase-associated 
cleavage o f Bim plays a role in amplification o f apoptosis in PBOX-15-treated CLL cells.

Overall, the results o f this thesis demonstrate the potential o f PBO X-15 as a novel 
agent for the treatment o f myeloma and CLL. In addition, detailed functional studies 
suggest that PBOX-15 activates a common mechanism o f apoptosis in chronic B-cell 
malignancies. Therefore, in addition to its potential for clinical application, further studies 
into the mechanism by which PBOX-15-induces apoptosis may provide important insight 
regarding the relationship between myeloma and CLL, and the biology o f  these diseases. It 
will also be important to further elucidate o f the mechanism(s) underlying the reduced 
sensifivity o f U266 myeloma cells to PBOX-15, which may provide important clues 
regarding chemosensitivity o f myeloma cells and the development o f drug resistance.
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1.1 H aem atological M alignancy

Haematological malignancies are a group o f  heterogeneous cancers which account for 

approximately 8% o f  cancer cases w orldw ide (Parkin et al., 1999; Jemal et al., 2008). 

Incidence rates am ong the Irish population are in agreem ent with this, with the num ber o f  

reported cases predicted to rise by 30-60%  before the year 2020 primarily due to the 

increasing age profile o f  the population (National Cancer Registry, 2008). Haematological 

cancers develop following malignant transform ation o f  cells o f  haematopoietic origin. All 

haematopoietic cells are derived from stem ceils (HSCs) which reside in the bone marrow. 

HSCs are characteristically self-renewing, and have the potential to differentiate into any 

blood cell lineage, via a process referred to as haem atopoiesis  (Fig. 1.1) (H uang et al., 2007). 

The com m itm ent o f  a HSC to develop into a particular cell lineage is strictly controlled by a 

signalling network provided by the cells o f  the bone m arrow  m icroenvironm ent (B M M ), and 

the soluble growth factors and cytokines which they produce (Blank et al., 2008). The BM M  

also provides signals which control cell proliferation, survival, and replicative senescence, 

thereby ensuring mature haematopoietic cells o f  each lineage are produced in appropriate 

quantities (Oguro and Iwama, 2007). The com plexity  o f  haematopoiesis provides a multitude 

o f  levels at which transform ing mutations m ay occur. Aberrations in the differentiation o f  

haematopoietic cells can also lead to other d iseases such as primary im mune deficiencies or 

au to im m une disorders.

1.1.1 B-Cell D evelopment

Following their differentiation and developm ent, each blood cell type mediates a 

distinct function o f  the haematopoietic system. Cells o f  the lymphoid lineage function to 

m ediate  immune responses, with regulation o f  the adaptive im m une system specifically 

controlled by T- and B-lymphocytes. The function o f  B-cells is antigen recognition. This is 

facilitated by cell surface expression o f  im m unoglobulins (Ig), which directly interact with 

native antigen epitopes. In comparison, T-cells express cell surface receptors which identify 

peptides derived from the original antigen, and presented by other cells o f  the immune system. 

The total num ber o f  lymphocytes in a hum an adult averages lO'^ cells, and comprises 

approxim ately  20%  B-cells and 80% T-cells. A lthough both T- and B -lym phocytes originate
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from HSCs in the bone marrow via a comm on lymphoid progenitor cell, they develop via 

discrete pathways, with differential and sequential expression o f  specific transcription factors 

determining comm itm ent to cell lineage (Busslinger et al., 2000).

Figure I .l  Schematic overview o f the process o f  haematopoiesis

All cells o f  the haematopoietic system are derived from  a common precursor, the haematopoietic stem cell 

(HSC). Commitment to cell lineage is regulated by the differential expression o f  transcription factors. For 

example, B-lymphocyte development from  a lymphoid progenitor cell is regulated by the sequential expression 

o f  the transcription factors E2A, EBF, and Pax5. In comparison, expression o f ld l  and Notch I, stimulate 

differentiation o f  the lymphoid progenitor into natural killer cells and T-lymphocytes, respectively (Adapted from  

Pas segue et al., 2003).

The initial stages o f  B-cell differentiation are antigen independent, and take place in 

the bone m arrow where direct interactions with BMM stromal cells function to stimulate cell 

proliferation and growth (Law and Clark, 1994). As differentiation proceeds, the developing 

cells move towards the centre o f  the bone marrow, and may be identified by successive Ig 

gene rearrangements, the presence o f intra-cytoplasmic markers, and the acquisition/loss o f 

surface antigens. Those cells expressing Igs which recognize self-antigens, are removed by
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apoptosis, or induced into an anergic state, in order to prevent auto-im m une reactions (R ussell 

et al., 1991). T he rem aining immature B -ce lls  m igrate, through the blood and lym phatic  

v esse ls  to secondary lym phoid organs, w here the tlnal stages o f  d ifferentiation and maturation 

occur (F ig . 1.2). Transform ations resulting in B -cell m alignancies m ay occur at any stage  

during h aem atop oiesis or may affect mature, differentiated ce lls , and p athologica lly  distinct 

m alignancies result with features characteristic o f  the B -cell subpopulation from w hich the 

initial transform ed cell developed  (Table 1.1).

Figure 1.2 Generation o f  plasma cells and memory B-cells: final steps o f  B-cell differentiation

Immature B-cells originating in the bone marrow migrate to secondary lymphoid organs as mature B-cells. 

Following antigen stimulation, they proliferate and differentiate into short-lived lymphoblasts, which either 

secrete IgM, or undergo switch recombination to express other Igs. Lymphoblasts may also enter germinal 

centres during late or secondary immune responses, where somatic hypermutation o f the Ig heavy and light 

chains, and antigen selection occurs. Subsequent differentiation o f cells, which now express high affinity 

antigen receptors, generates memory B-cells or post-germinal centre plasma cells, both o f  which may undergo 

.switch recombination, and home to the bone marrow where they remain as non-proliferating, long plasma cells. 

(Adaptedfrom Kuehl and Bergsagel. 2002)
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Table 1.1 B-cell differentiation stages and corresponding neoplasms

Normal B-ce!I phenotype Corresponding B-cell malignancy

Pre-pre-B-cell Acute lymphoblastic leukaemia (ALL)

Pre-B-cell Pre-B-ALL

Early B-cell B-ALL

Intermediate B-ceii Chronic lymphocytic leukaemia (CLL)

Mature B-cell Hairy cell leukaemia (HCL)/Nodular lymphoma

Activated B cell HCL/B lymphoma

Early plasma cell Waldenstrom’s macroglobulinaemia

Terminally differentiated B-cell Multiple myeloma

(Forbes and Leong, 1987)

1.2 M ultip le M yelom a

Multiple m yelom a is a currently incurable, and hence ultimately fatal, B-cell malignancy. It 

accounts for - 1 5 %  o f  all haematological malignancies, and ~2%  o f  cancer deaths worldwide 

(A lexander et al., 2007). Between 1994 and 2005, m yelom a accounted for 0 .9%  o f  reported 

cancers in Ireland (source: National C ancer Registry Ireland). Physiologically, the condition is 

characterised by skeletal dam age, renal failure, anaemia, hypercalcem ia, and susceptibility to 

infection (Kuehl and Bergsagel, 2002; Kyle and Rajkum ar, 2004). A ccordingly, initial 

presenting sym ptom s include fatigue, ostealgia, and recurrent infections. M yelom a is 

primarily a disease o f  the older patient, with a m edian age at d iagnosis o f  68 years, and 

significant association with advancing age (Sirohi and Powles, 2004). However, cases o f  

m yelom a in patients over 85 years o f  age and under 40 years have been reported (Kyle et al., 

2003; G ebregziabher et al., 2006). Patients are m ore com m only  male, with an incidence rate 

1.5 times higher than in females, and a 2-fold greater incidence is detected in African 

Am erican populations, com pared  to Caucasians (A lexander et al., 2007). A lthough the reasons 

for this remain unclear, epidem iological studies have suggested that environmental and 

lifestyles factors, such as chemical and radiation exposure, obesity, and chronic im mune and 

inflammatory conditions, are associated with an increased risk o f  developing m yelom a 

(Alexander et al., 2007; Brown et al., 2008). H owever, a greater incidence in both native
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African and African-A merican populations indicates a race-related genetic susceptibility to 

such triggers (Cohen et al., 1998; Landgren et al., 2006, 2007). In addition, reports o f  familial 

clustering supports the existence o f  genetic risk factors (Lynch et al., 2001).

1.2.1 Biology o f  Multiple M yelom a

At the cellular leyel, m yelom a is characterized by the accumulation o f  malignant 

plasma cells within the bone marrow. These cells, which are generally accepted to be 

deriyatiyes o f  a single malignant clone, have low proliferative capacity and defective apoptotic 

mechanisms (Bergsagel and Kuehl, 2005). The initial step in m yelom a developm ent occurs 

late during B-cell differentiation i.e. after antigen selection and somatic hypermutation (Fig 

1.3). Accordingly, the resulting population o f  m alignant clones exclusively produce excessive 

am ounts o f  one o f  the five major types o f  Ig (Table 1.2). This may be secreted from the 

m alignant plasma cells, and detected in patient serum or urine where it is referred to as M- 

protein. In - 2 0 %  o f  cases however, Ig light chains only are secreted, and are termed Bence- 

Jones proteins (Sirohi and Powles, 2004). Cases o f  m yelom a in which M -protein is not 

detected have also been reported, and account for 1-5% o f  m yelom a cases. These are termed 

non-secretory myeloma, and are thought to occur due to an inability o f  the malignant plasma 

cells to synthesize or excrete Ig (Coriu et al., 2004). Physiologically, the majority o f  patients 

with non-secretory m yelom a present as for those with detectable M-protein. However, as the 

deposition o f  Ig light chains within the kidneys is believed to be the cause o f  myeloma-related 

renal failure, this complication is absent in patients with non-secretory disease (Blade and 

Kyle, 1999).

Table 1.2 Incidence o f  multiple myeloma isotypes

Isotype Frequency

IgG 53%

IgA 25%

IgD 1%

IgE 0.01%

IgM <0.5%

Light chain only 20%

(Sirohi and Powles. 2004; Annihali et al., 2006; Hayes et al., 2007)
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Figure 1.3 Multiple myeloma cells are derived from  a differentiated B-cell clone

Immature B-cells originating in the bone marrow migrate to secondary lymphoid organs as mature B-cells. 

Following antigen stimulation, they proliferate and differentiate into short-lived lymphoblasts, which either 

secrete IgM, or undergo switch recombination to express other Igs. Lymphoblasts may also enter germinal 

centres during late or secondary immune responses, where somatic hypermutation o f the Ig heavy and light 

chains, and antigen selection occur. Subsequent differentiation o f  cells, which now express high affinity antigen 

receptors, generates memory B-cells or post-germinal centre plasma cells, both o f which may undergo switch 

recombination, and home to the bone marrow where they remain as non-proliferating, long-lived plasma cells. 

Transformation and proliferation o f these cells results in the development o f  myeloma. (Adapted from Kuehl and 

Bergsagel, 2002)

1.2.2 G enetics o f  Multiple M yelom a

M orphologically, m yelom a cells are not easily distinguished from normal plasma cells, 

although they may appear multi-nucleate and form clusters. The identification o f  cytogenetic 

abnormalities by conventional chrom osomal analysis in m yelom a cells is limited due to the 

low mitotic index o f  plasma cells. H owever, more recent technologies such as fluorescent in- 

situ hybridisation (FISH), spectral karyotying, and comparative genom ic hybridisation, have 

led to the identification o f  a number o f  molecular abnormalities characteristic o f  m yelom a 

which can be detected in most patients (Bergsagel and Kuehl, 2001). Unlike chronic m yeloid  

leukaemia in which a single acquired genetic abnormality, t(9;22)(q34ql 1), is characteristic
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o f the disease (D i Bacco et al., 2000), no single acquired genetic abnormality has been 

described for myeloma. Instead, the heterogeneity o f the disease has been attributed to a 

variety o f acquired genetic abnormalities which are summarized in Table 1.3. In addition to 

established disease prognostic markers, such as increased plasma-cell-labelling and plasma 

cell circulation (Rajkumar and Greipp, 1999), these acquired genetic aberrations provide 

additional indicators o f patient prognosis and clinical outcome (Kyle and Rajkumar, 2004). 

The acquired genetic abnormalities associated with myeloma are classified according to the 

stage o f disease progression in which they are first detected. Primary events occur during the 

initial and early development o f myeloma and are believed to be instigators o f the disease. 

Secondary genetic abnormalities, on the other hand, are associated with disease progression.

Molecular Genetics o f Multiple Myeloma

The most common molecular anomalies detected in myeloma cells are translocations 

involving the Ig heavy chain locus on chromosome 14 (14q32). These events occur early 

during disease development, and can be detected in -50%  o f patients. Generally, Ig 

translocations are simple reciprocal translocations, in which a number o f chromosomal 

partners may be involved (see Table 1.3), and result in the juxtaposition o f an oncogene and 

an Ig enhancer. Expression o f the oncogene is therefore placed under control o f the ig 

transcriptional regulatory genes, resulting in dysregulation, and aberrant expression o f that 

oncogene. Primary translocation events are believed to occur in developing post-germinal- 

centre B-cells, and are executed by B-cell specific DNA-break machinery (i.e. VDJ 

recombination, somatic hypermutation, and/or Ig heavy chain switch recombination) (Kuehl 

and Bergsagel, 2002). Primary translocations independent o f I4q32, but involving some o f the 

same chromosomal partners (e.g.cyclin D3/c-Maf, c-Maf/FGFR3, and FGFR3/MMSET), have 

been reported (Sawyer et al., 2001; Kuehl and Bergsagel, 2002). Unlike primary 

translocations, the secondary genetic aberrations that result in the progression o f myeloma are 

more frequently found to be point mutations, and do not involve B-cell specific processes. 

Activating mutations (i.e. where mutation results in constitutive activation o f a gene) o f the 

RAS genes are detected in 35-50% o f multiple myeloma patients. Their absence (<5%) in the 

pre-myeloma syndrome MGUS (see section 1.3) indicates they may play important roles in 

disease advancement (Bezieau et al., 2001).

7



Table 1.3 Common cytogenetic abnormalities associated with the development o f  multiple myeloma

Chromosom e/

Gene

Gene

Product

N orm al Function Genetic Abnormality Rote in Multiple 

Myeloma Development

Primary/Secondary

Event

Frequency

I4q32 Ig heavy 

chain

Antigen recognition; adaptive immune response Multiple translocations Various primary 50-75%

4pl6.3 MMSET SET domain protein, chromatin remodelling t(4;l4) Involved in malignant 

transformation

-15%

FGFR3 Cell growth -  receptor for fibroblast growth factor 

Not expressed in normal plasma cells

t(4 ;l4 )(p l6J;q32) Activating mutations 

trigger MAPK growth 

signalling cascades

1 lq l3 Cyclin D1 Cell cycle regulation; not expressed in normal B-cells t(ll;14X ql3;q32) Overexpression o f cyclin 

D proteins results in 

dysregulation o f cell cycle

20-25%

I2pl3 Cyclin D2 Cell cycle regulation t(l2 ;22X pl3 ;q ll), t( l2 ;l4 )

6p21 Cyclin D3 t(6 ;14),t(6 ;22X p2l,q ll)

16q22-23 c-M af Transcription factor; Control o f IL-4 production in T-cells t(l4;l6Xq32;q23) Undefined 5-10%

20ql 1 Maf-B Transcription factor t(l4 ;20X ql3 ;q ll) Secondary 5%

6p25 IRF-4 Interferon regulatory facto r, control o f  B cell proliferation 

and differentiation

t(6;l4Xp25;q32) Contributes to 

oncogenesis

Undefined <1-5%

lq21-24 IRTAI/2 Immune receptor translocation-associated gene t(l;14Xq21;q32) Undefined secondary 1-2%

9pl3 PAX5 Paired box gene 5 t(9;l4)

8q24 c-myc Control o f  growth and apoptosis t(8;l4), t(8;22) 

insertions, deletions, 

mversions. duplication, and 

non-reciprocal translocations

Enhances proliferation 5-10%

I3q Location o f tumour suppressor gene Deletion Genetic instability primary -50-70%

NRAS Ras Control o f MARK growth pathway Activating mutations Enhance growth and 

decrease dependence on 

survival factor 11,-6

secondary 35-50%

KRAS

TP53 p53 Regulation o f  genomic stability Deletion/mutation 40-60%

(Bergsagel and Kuehl, 2001; Kiiehl and Bergsagel. 2002)
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The acquired genetic abnormalities associated with m yelom a are often redundant 

i.e. m ore than one m ay confer the same survival advantage to the m yelom a cell, and these 

pathways are therefore not activated simultaneously. For example, activation o f  the 

mitogen activated protein kinase (M A PK ) cell growth pathway may result from both 

over-expression o f  the fibroblast growth factor receptor (FG FR) gene FGFR3, following 

a t(4;14) translocation, or as a consequence o f  an activating RAS  mutation (Kuehl and 

Bergsagel, 2002). D ue to the com plex nature o f  the acquired genetic events associated 

with m yelom a, establishing correlations between acquired genetic abnormalities and 

clinical prognosis is difficult, however, a num ber o f  poor prognostic factors have been 

identified (Table 1.4). The t(l I ; I4)  translocation is a good prognostic factor, although it 

should be noted that the median survival time associated with this is 48 months (Stewart 

and Fonseca, 2005).

Table 1.4 Association o f  genetic ahnormalities and clinical outcome in multiple myeloma

Genetic Ahnormality Proffnosis

13q deletion poor

Hypodiploidy

t(4;l4)

t(14;16)

p53 deletion

K-RAS mutation

t ( l l ; l 4 ) good

(Stewart and Fonseca, 2005)
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1.3 Developm ent and Progression o f  M ultiple M yeloma

The developm ent o f  multiple m yelom a is a multi-step process (Fig 1.4), driven by the 

sequential accumulation o f  the genetic abnormalities discussed in section 1.2.2.

Increased DNA labelling index

Borve destrijction 

Anglogenesis

Q
Germinal centre 
Bcell

MGUS -► Smouldering Intrameclullary -► Extramedullary -► Myekxr»
myeloma myeloma myetoma cell line
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H........ Secorvlary (Ig) translocations (c-MVC. others) 

-------------------------------------------------- 1 3 q l4  detetion/inonosomy
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WRAS. KR4S. 
fGFft3

TP53 mutations

Figure 1.4 The development o f  multiple myeloma is a multi-step process requiring multiple oncogenic 

events

initial development o f  a myeloma clone is the result o f a chromosomal translocation between Ig enhancers 

and a variety o f  oncogenes. This occurs in differentiated B-cells within the germinal centre, and 

proliferation o f  the malignant clone leads to development o f  a pre-malignant tumour, monoclonal 

gammopathy o f underermined significance (MGUS). Continued accumulation o f  secondary’ genetic 

abnormalities and genomic instability leads to sustained growth and proliferation o f the transformed 

clones. The disease progresses through the intermediate stages o f myeloma (smouldering, intramedullaiy, 

and extramedullary) differentiated by the amount o f malignant clones present in the bone marrow, with 

increasing physical symptoms. (Sirohi and Powles, 2004)

1.3.2 The Bone Marrow M icroenvironment 

As described in section 1.2.2, the heterogeneity o f  multiple m yelom a may result 

from the com plex genetics associated with disease developm ent. H owever, the diverse 

nature o f  the disease has also been attributed to the influence o f  a variety o f  growth and 

survival factors (Klein et al., 2003). Although a number o f  these factors may be

10
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endogenous to the m yelom a cells, the BM M  is an important source o f  growth, survival, 

and proliferation factors. T he BM M  is com posed  o f  five types o f  bone m arrow  stromal 

cells (B M SC ) and the extracellular matrix (Fig 1.5), and interactions between these cells 

and the cancer cells are necessary for disease persistence and progression. In order to 

facilitate these interactions, m yelom a cells must localize to the bone m arrow  following 

their transform ation in germinal centres. This is mediated by chemoattractants  such as 

insulin growth factor-1 ( IG F -I)  and stromal derived factor-1 (SDF-1), both o f  which are 

produced by B M SC s (Kuehl and Bergsagel, 2002).

Figure 1.5 The hone marrow microenvironment o f  multiple myeloma cells

The BMM is composed of the extracelhilar matrix and J types of BMSCs, which interact with the myeloma 

cell (centre) and each other to promote disease progression and persistence. SC=fibrohlastic stromal cell. 

EC=vascular endothelial cell, L=lymphocyte, OB=osteoblast, OC=osteoclast.

(Adaptedfrom Kuehl and Bergsagel, 2002).

M yelom a cells interact with B M SCs via the cell-surface adhesion m olecules 

C D 44, VLA-4, and lCAM-1 (O kado and Hawley, 1995). These interactions initiate 

signalling pathw ays resulting in the expression o f  a variety o f  growth and survival factors 

(see Table 1.5), which are beneficial to both the m yelom a and B M M  cells. B inding o f  the 

m yelom a cells to the extra-cellular matrix (E C M ) via integrin-fibronectin interactions 

also enhances m yelom a cell survival and provides protection against apoptosis via up- 

regulation o f  anti-apoptotic proteins (Dam iano et al., 1999; Hazlehurst et al., 2000). It is

RANKL RANK
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interesting to note that both paracrine signalling and positive feedback loops, m ediated by 

interleukin-6 (IL-6) and vascular endothelial growth factor (V E G F), are induced by 

interactions between the B M M  and the m yelom a cell interactions, thereby am plifying the 

growth and survival o f  the latter (U ch iyam a et al., 1993; D ankbar et al., 2000). The 

interactions between the m yelom a and BM M  cells also result in activation o f  osteoclasts, 

which mediate the bone dam age which is a clinically characteristic o f  myeloma. 

Activation o f  osteoclast activity is primarily  m ediated by m acrophage inflam m atory 

protein 1-a ( M l P - l a )  and receptor activator o f  N F kB (RA N K ). M I P - l a  is secreted by 

m yelom a cells, and functions to induce osteoclast migration and maturation (Han et al., 

2001), while RA N K  mediates osteoclastogenesis  (R oux et al., 2002).

In addition to facilitating grow th and survival signalling, the adhesion o f  m yelom a 

cells to fibronectin is associated with resistance o f  m yelom a to trea tm ent with DNA 

alkylating agents (D am iano  et al., 1999). This is similar to other B-cell m alignancies such 

as chronic lymphocytic leukaem ia (CLL), in which the B M M  is an important contributor 

to the survival o f  tum our cells and their susceptibility to the effects o f  various drugs 

(Lagneaux et al., 1998; de la Fuente et a!., 2002). However, despite the obvious 

importance o f  the B M M  to the response o f  m yelom a cells to chemotherapy, the late 

stages o f  the disease are associated with the acquisition o f  genetic aberrations which 

facilitate BM M -independent grow  and survival m echanism s (Hallek et al., 1998).

12
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Table 1.5 Growth and survival factors associated with multiple myeloma development and progression
Growth/Survival

Factor

Source Function

VEGF Expressed and 

secreted by 

myeloma cells

Promotes angiogenesis by inducing growth (via 

activation o f MAPK pathway) and migration (via 

protein kinase C (PKC) activation) o f myeloma cells. 

Induces IL-6 production by BMM cells.

IL-6 Secreted by 

BMSCs

Promotes growth and survival o f myeloma cells via 

activation o f MAPK pathway, phosphorylation of 

STAT3 (signal transducer and activator o f 

transcription 3), and upregulation o f anti-apoptotic 

M cl-l, BcI-Xl and c-Myc. Induces VEGF secretion by 

myeloma cells.

IGF-I secreted by 

BMSCs

Recruits myeloma cells to the BMM. Promotes 

growth, survival, and drug resistance o f myeloma cells 

via activation o f M A P K . ,  PI3K (phosphoinositide 

3-kinase). Akt, and phosphorylation o f Bad.

T>JFa Produced by 

BMSCs and 

myeloma cells

Activates NFkB. Promotes BMM-myeloma cell 

interactions by upregulation o f cell-surface adhesion 

molecules.

NFkB Activated in 

BMSCs and 

myeloma cells

Promotes BMM-myeloma cell interactions by 

upregulation o f cell-surface adhesion molecules. 

Promotes myeloma cell growth by upregulation o f IL- 

6, and VEGF.

SDF-I Secreted by 

BMSCs

Recruits myeloma cells to the BMM. Promotes 

proliferation o f myeloma cells by inducing IL-6 and 

VEGF production in BMM cells.

IL -lp Secreted by 

BMSCs

Promotes IL-6 production in myeloma cells.

Fibronectin Expressed by the 

ECM

Facilitates ECM-myeloma cell interactions.

(Kuehl and Bergsagel, 2002; Sirohi and Powles, 2004)
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1.4 Current Therapies for the Treatment of Multiple Myeloma

Since the first docum ented  incidence o f  multiple m yelom a (Solly, 1844), treatment 

protocols have undergone dramatic revision. However, the most prom ising developm ents 

have occurred only in the last decade (Fig 1.6).

1840 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

U rethane
194? ;

M elphalan ^
-'■’ -■.a

C orticosteraids 

A utoloeous transplantM ion
■ 3 ! I

T halidom ide: '

■9'S ~  '

Bortezom ib 

Lenalidomide ;
I’O O .'

Figure 1.6 Timeline depicting the evolution o f  treatment fo r  multiple myeloma

(Adapted from Kyle and Rajkumar, 2008)

Current chem otherapy for m yelom a patients includes the use o f  steroids and DNA 

alkylating agents, in com bination with the new er an ti-m yelom a agents. The m echanisms 

o f  action o f  these agents are described in sections 1.4 . 1-1.4.7. T reatm ent is not 

administered to, or recom m ended for asym ptom atic  patients, as no benefit for this 

approach has yet been demonstrated  (Hjorth et al., 1993). The choice o f  treatment 

regimen for patients with newly diagnosed m yelom a (Fig 1.7) is dependent on the 

suitability o f  the patient as a candidate for bone m arrow  transplantation, and their ability 

to tolerate the procedure, including intensive induction chemotherapy. The criterion on 

which this selection is based includes the age and sex o f  the patient, stage o f  disease at 

diagnosis, and prior response to trea tm ent (Gahrton et a!., 1995). Generally, patients over 

65 years have not been considered suitable candidates for transplantation. However, this 

is most likely due to the higher incidence in this population o f  medical conditions such as 

hypertension, diabetes, and pulm onary  and renal disease, which are associated with

s te e l and  f]uinine 

R hubarb and  orange peel
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increased transplant-related mortality and m orbidity  (Shapira et al., 2007). Accordingly, 

it has been shown that stem-cell transplantation is no more toxic to older patients 

compared to a younger cohort with matched pre-transplant prognostic factors (K um ar et 

al., 2008).

n
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Figure /. 7 Treatment plan fo r  newly diagnosed patients with multiple myeloma

The treatment regimen administered to patients newly diagnosed with multiple myeloma is dependent on 

their eligibility of transplant (adapted from Dispenzieri el al.. 2007)

Traditionally, patients deemed eligible for transplantation received pre-transplant 

induction therapy consisting o f  a com bination o f  vincristine, doxorubicin, and 

dexam ethasone (Alexanian et al., 1990). H owever, in recent years, induction therapies 

including the newer anti-m yelom a drugs have been shown to be m ore effective and are 

now recom m ended as initial treatment for newly diagnosed m yelom a patients (Kyle and 

Rajkumar, 2008). With a mortality rate o f  1-2%, autologous stem-cell transplantation is 

the subsequent therapy o f  choice, as it has been found to increase the length and 

frequency o f  remission, and to lengthen survival rates and the chances o f  com plete 

recovery. Allogenic transplantation is also an option; how ever the availability o f  matched 

donors limits the cohort o f  patients to w hom  this treatment is available (Blade et al., 

2003). In the case o f  patients not eligible for stem cell transplantation, m elphalan and 

prednisone are administered in com bination with thalidomide, Bortezomib or 

Lenalidomide (Kyle and Rajkumar, 2008).
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However, no currently available treatment option (neither high-dose 

chemotherapy alone or in combination with transplant) represents a cure for myeloma. In 

addition, a major drawback to these conventional treatments is that even for those 

patients who do respond, resistance and relapse eventually occur. In an attempt to address 

this issue, novel therapies and treatment regimens have been developed. A more 

comprehensive understanding o f  the biology o f  myeloma has led to, and will hopefully 

continue to contribute to, the development o f  diverse novel therapeutic agents designed to 

target specific signalling pathways and molecules that play key roles in the pathogenesis 

o f  the disease. In addition, the mechanism o f  action o f  traditional and currently used anti

myeloma agents, described below, must be fully understood in order to effectively 

develop drugs with alternative modes o f  action. Clinical trials o f  a number o f  novel 

drugs, (also described below), have been undertaken with promising results. Whether or 

not these drugs represent a curative treatment for myeloma, their use, alone or in 

combination, has provided alternative treatment options for patients whose disease is 

resistant to conventional pharmacological agents.

1.4.1 Vincristine, Doxorubicin (Adriamvcin*^). and Dexamethasone (VAD)

The combination o f  vincristine, doxorubicin (trade name Adriamycin®), and 

dexamethasone (VAD) was initially reported as an alternative treatment option for 

myeloma patients with advanced disease which was refractory to treatment with 

alkylating agents (Barlogie et al., 1984). Subsequently, it has been widely used for pre

transplant induction treatment o f  newly diagnosed patients, and has been shown to be 

effective as salvage therapy for relapsed myeloma (Kyle and Rajkumar, 2008). However, 

VAD has been associated with considerably toxicity (Mellqvist et al., 2008), and the 

superior response rates achieved using novel chemotherapy protocols, have questioned its 

continued role in the treatment o f  myeloma (Rajkumar, 2005).

Vincristine is a member o f  the Vinca alkaloid family, which are naturally 

occurring compounds derived from Vinca rosea Linn, the periwinkle plant. Other 

members o f  this family are vinblastine and vindesine, which are also used in the 

treatment o f  a variety o f  haematological and solid malignancies (Mollinedo and Gajate,
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2003). Vinca alkaloids are microtubule targeting agents (MTAs), a class o f  compounds 

which inhibit cell proliferation. MTAs function by binding to tubulin (see section 1.6.4), 

the subunit o f  microtubules, thereby blocking the dynamic changes in microtubule 

structure which are essential for spindle formation during cell division (see section 1.6.4). 

This results in mitotic-arrest and eventually cell death by apoptosis. MTAs are classified 

as either microtubule stabilizing agents, which stimulate microtubule polymerisation, or 

destabilizing agents, which inhibit polymerisation. Vinca alkaloids belong to this latter 

group (Jordan and Wilson, 2004). However, a major drawback to the use o f  Vinca 

alkaloids is the development o f  neuropathy and myelosuppression (Gidding et al., 1999). 

In order to overcome this, novel compounds such as Vinorelbine, a semi-synthetic Vinca 

alkaloid, are being investigated. Vinorelbine has been shown to induce apoptosis o f  

myeloma cells in vitro (Ochiai et al., 2002), and has demonstrated potential as a stem cell 

“mobilizer” in myeloma patients (Bargetzi et al., 2003; Annunziata et al., 2006). It may 

also represent a salvage therapy for those patients whose disease has become refractory to 

other Vinca alkaloids.

VINCRISTINE
R, CHO 
R? OCH3

R3 COCHj

VINBLASTINE
Rv CHj  

Rj: OCH3

R3: COCH1

VI NDE SIN E
R i .  C H j
R̂: NHj 
R j : H

Figure 1.8 Chemical structures o f the naturally derived Vinca alkaloids

(Mollinedo and Gajate. 2003)

Doxorubicin (Adriamycin®') is an antibiotic belonging to the anthracycline group 

o f  anti-cancer agents. Anthracyclines, which are used in the treatment o f  a variety o f  solid 

and haematological cancers, induce cell death by binding to DNA, and preventing 

synthesis o f  DNA and RNA. DNA breakage also occurs following inhibition o f

17

OCH3
I
C - 0 OH



( It (IP ter / Intr !ui >n

topoisomerase (Pronzato et al., 2001). Doxorubic in-induced apoptosis has been shown to 

proceed via the intrinsic apoptotic pathway, with activation o f  the pro-apoptotic proteins 

Bax and Bak (Panaretakis et al., 2002), release o f  cytochrom e c from the m itochondrion, 

and subsequent caspase activation (G am en et al., 2000). In addition to directly inducing 

cell death, doxorubicin treatment has been found to sensitise m yelom a cells to TNF- 

related apoptosis inducing ligand (T R A lL )-induced  apoptosis, via upregulation o f  the 

TRAIL receptor (Jazirehi et al., 2001). However, the efficacy o f  doxorubicin is limited by 

the developm ent o f  resistance, which is associated with increased expression o f  the drug 

efflux pump, P-glycoprotein (R oovers et al., 1999; Watts et al., 2001). In addition, the use 

o f  doxorubicin has been limited by its high toxicity, although the developm ent o f  a 

pegylated lysosomal delivery system has led to im proved tolerance (Pulini et al., 2007), 

and in combination with other an ti-m yelom a agents  m ay improve patient response rates 

(Ciolli et al., 2008).

Dexam ethasone is a synthetic anti-inflam m atory  agent belonging to the 

g lucocorticoid family, and has demonstrated  anti-cancer activity against m yelom a and 

other haematological malignancies. The primary m ediator o f  glucocorticoid action is the 

glucocorticoid receptor (GR), which is ubiquitously expressed in the cytoplasm  o f  all cell 

types. Following ligation by dexam ethasone, the GR  translocates to the nucleus where it 

binds to glucocorticoid response elem ent sequences located in prom oter regions o f  

g lucocorticoid-responsive genes, resulting in transactivation o f  pro-apoptotic genes. In 

addition, dexam ethasone-induced apoptosis is associated with transrepression o f  N F kB, 

with subsequent inhibition o f  anti-apoptotic gene expression (Greenstein et al., 2002; 

Frankfurt and Rosen, 2004; Schm idt et al., 2004). Although the exact m olecular 

m echanism  by which dexam ethasone induces apoptosis o f  m yelom a cells remains 

undefined, a num ber o f  factors influencing cell sensitivity to dexam ethasone have been 

characterised. For example, the m yelom a growth and survival factor IL-6 has been 

demonstrated  to prevent dexam ethasone-induced  apoptosis via activation o f  PI3K/Akt 

and M A PK  signalling pathways, but independent o f  G R  function inhibition (Hardin et al., 

1994; Lichtenstein et al., 1995; H idesh im a et al., 2001b). Interestingly, dexamethasone 

has been found to induce upregulation o f  the IL-6 receptor (IL-6R) gene in m yelom a
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cells, thereby facilitating enhanced response o f the cells to survival signals provided by 

the BMM (Chauhan et al., 2002). Although upregulation o f the IL-6R protein was found 

to be transient, and decreased after prolonged treatment, this suggests that the 

development o f resistance to dexamethasone may be potentiated by the drug itse lf In 

contrast to vincristine and doxorubicin, dexamethasone is still included in the pre

transplant induction therapy regimes currently recommended for newly diagnosed 

myeloma patients. The most common o f these regimens are thalidomide / 

dexamethasone, Lenalidomide / dexamethasone, and Bortezomib / dexamethasone/ others 

(Kyle and Rajkumar, 2008).

1.4.2 Melphalan and Prednisone

Until recently, the combination o f melphalan and prednisone was considered the 

standard treatment choice for older patients (i.e. >65 years), and those ineligible for 

transplant. However, in recent years, a number o f clinical trials have demonstrated 

increased response rates when thalidomide, Bortezomib, or Lenalidomide are included in 

the treatment plans for patients o f 65+ years (Orlowski, 2006; Kyle and Rajkumar, 2008). 

Melphalan is an alkylating agent which belongs to the nitrogen mustard class o f 

chemotherapeutic agents. Melphalan-induced alkylation o f DNA results in the formation 

o f monoadducts, which form cross-links between DNA strands. Defects in the DNA 

repair machinery o f the myeloma cells prevent removal o f these adducts, and cell death 

results (Dimopoulos et al., 2007). Although alkylating agents have been shown to induce 

NFkB activation in myeloma cells, Bortezomib treatment has been demonstrated to 

sensitise myeloma cells to melphalan by inhibiting this activation. This has been 

suggested to account for the synergistic anti-myeloma activity o f melphalan and 

Bortezomib (Baumann et al., 2008), and may account for the clinical success o f this 

combination (Berenson et al., 2006; Mateos et al., 2006).

Prednisone is a synthetic anti-inflammatory agent belonging to the corticosteroid 

family, and like dexamethasone, prednisone displays anti-cancer activity against both 

haematological and solid tumours (Rutz, 2002). In particular, prednisone is an important 

component o f initial treatment protocols for newly diagnosed childhood acute
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lymphoblastic leukaemia (ALL) (Liu et al., 2002). In addition to inducing apoptosis \'ia 

ligation o f  the GR (Frankfurt and Rosen, 2004), the effectiveness o f  prednisone in the 

treatment o f  leukaemia may stem from its ability to induce differentiation o f  myeloid 

cells, and to stimulate haematopoiesis (Ozbek et al., 1999; Hi^sonmez, 2006).

1.4.3 Thalidomide and Lenalidomide

As discussed in sections 1.4.1 and 1.4.2, thalidomide and lenalidomide are 

commonly used, in combination with other drugs, as induction therapy for myeloma 

patients. Thalidomide (Fig 1.9) was first synthesised in 1954 from the glutamic acid 

derivative a-phthaloylisoglutamine (Teo et al., 2005). In addition to being an effective 

sedative and sleep-inducing agent, thalidomide was widely used as an anti-emetic agent 

until the discovery o f  a direct link between its use by pregnant women and the birth o f  

children with deformities. However, thalidomide has subsequently been used in the 

treatment o f  a variety o f  diseases, including oncological, dermatoiogical. and 

inflammatory conditions (Matthews and McCoy, 2003). Due to its chiral structure, 

thalidomide may exist as S- or R-isomers, each o f  which exert different physiological 

effects. Interestingly, both the tetragenic and anti-cancer activities o f  thalidomide have 

been primarily attributed to the S-isomer. However, as isomer inter-conversion can occur 

in vivo, thalidomide is administered in racemic form i.e. containing an equal mixture o f  

both S- and R-isomers (Bosch et al., 2008).

Figure 1.9 Chemical structures o f  a) S-thalidomide, b) R-thalidomide, and c) Lenalidomide

The potential o f  thalidomide as an anti-myeloma agent was initially suggested due 

to its anti-angiogenic activity (D ’Amato et al., 1994). Subsequently, thalidomide 

demonstrated efficacy against myeloma in patients whose disease has relapsed, or had 

become refractory to other chemotherapeutic agents (Singhal et al., 1999; Tosi et al..

a) b) c)

'2
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2001).  in add it ion , co m b in a t io n  o f  th a l id o m id e  w ith  d e x a m e th a so n e  w as  found  to  

increase  surv ival in re lapsed  patien ts , c o m p a re d  to  th a l id o m id e  a lo n e  (P a lu m b o  et al., 

2004). T h is  has led to  the  inves tiga tion  o f  a va r ie ty  o f  co m b in a t io n  c h e m o th e ra p y  

reg im en s  inc lud ing  tha l id o m id e ,  w h ich  are  n o w  used  as both  induc tion  and sa lvage  

therapy , ac ross  a broad  spec trum  o f  d isease  s tage  an d  p a tien t  ag e  (P a lu m b o  et al., 2008).

T he  a n t i -m y e lo m a  ac tiv ity  o f  th a l id o m id e  is the  resu lt  o f  its an t i -an g io g en ic  and 

p ro -apop to tic  p roperties .  T h e  m ech an ism  by w h ic h  th a l id o m id e - in d u c e d  a p o p to s is  

p roceeds  invo lves  a rres t  o f  the  ce lls  in the G |  p h a se  o f  the  cell cycle , ac t iva t ion  o f  

caspase-8 ,  and d o w n -reg u la t io n  o f  N F k B  and  inh ib ito rs  o f  ap o p to s is  (M its iad es  et al.. 

2002a).  In add it ion ,  the  a n t i - in f lam m ato ry  ac tiv i t ie s  o f  th a l id o m id e  a lso  c o n tr ib u te  to 

inh ib it ion  o f  m y e lo m a  cell g row th  and  surv ival.  A s  d iscu ssed  in sec tion  1.3.2, the  g row th  

and d e v e lo p m e n t  o f  m y e lo m a  is d ep en d en t  on  in te rac t ions  be tw een  the  tu m o u r  ce lls  and 

those  o f  the  B M M . T h a l id o m id e  has been  found  to  d is ru p t  th e se  in te rac t ions  by inh ib iting  

the  exp ress ion  o f  cell adhes ion  m o lecu le s  (G e i tz  et al., 1996). C o n seq u en t ly ,  the  

produc tion  o f  m y e lo m a  cell g row th  and su rv iva l factors, such as  lL-6 , V E G F , and  T N F a ,  

is inhibited , and th is  results  in a  nega tive  feedback  loop fu r ther  inh ib it ing  ce ll-cell 

in terac tions in the  B M M . T h e  an t i - in f lam m ato ry  ac tiv i t ie s  o f  tha l id o m id e ,  such  as  the 

ex p ans ion  o f  natural k il le r  cells  and  the  secre t ion  o f  in terferon  y  ( IN Fy),  h ave  a lso  been 

sugges ted  to co n tr ib u te  to  the  g row th  inh ib ition  o f  m y e lo m a  ce lls  (T eo  et al., 2005) .  in 

addition  to  d irec tly  in duc ing  cell dea th  and in h ib it ing  cell g ro w th ,  th a l id o m id e  has  been 

found  to  sensitise  m y e lo m a  ce lls  to  ap o p to s is  induced  by a va r ie ty  o f  o th e r  a g en ts  

(M its iad es  et al., 2002a) .  T h e  success  o f  th a l id o m id e  as an a n t i -m y e lo m a  ag en t  m a y  be 

a ttr ibu ted  to  the m u lt ip le  m e c h a n ism s  by w h ich  it d e reg u la te s  m y e lo m a  cell g ro w th  and 

survival (F ig  1.10). T h is  d ivers i ty  o f  effec ts  has  im p o r tan t  im p lica t io n s  for the  use  o f  

th a l id o m id e  as co m b in a t io n  and  sa lvage  the rapy .
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Figure I.IO Thalidomide exerts an anti-myeloma effect via multiple mechanisms

Thalidomide treatment results in apoptosis, and growth and proliferation inhibition, o f  myeloma cells. This 

is mediated by a variety’ o f mechanisms including disruption o f  myeloma cell/BMM interactions, inhibition 

o f angiogenesis, and up-regulation o f  inflammatory responses. (Teo et a i, 2005)

Despite the impressive an ti-m yelom a activity o f  thalidomide, a m ajor drawbactc to 

its use is its toxicity. The m ost com m on side-effects include peripheral neuropathy, 

sedation, abnormal liver function, hypothyroidism , and constipation, and are related to 

the dose administered. However, the m ost serious risk regarding the use o f  thalidom ide is 

the developm ent o f  congenital defects i f  administered during pregnancy (Bruno et al., 

2004). Therefore, the synthesis and investigation o f  thalidom ide analogs (also referred to
(R)

as im m unom odulatory  analogues, IM ID s) was mitiated m order to develop less toxic 

agents. One such com pound  is lenalidomide (Revlim id® , CC-5013), an amino- 

substituted variant o f  thalidom ide (Fig 1.9), which displays more potent activity 

com pared to thalidomide, and w as found to be well tolerated in m yelom a patients 

(R ichardson et al., 2002). Lenalidom ide has a m echanism  o f  action similar to thalidomide 

(M itsiades et al., 2002a) (see Fig 1.10). In 2006, Lenalidomide, in combination with
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dexamethasone, was approved for the treatment o f  patients with relapsed myeloma 

(Richardson et al., 2006). More recently, it has shown efficacy in combination with 

melphalan and prednisone in the treatment o f  elderly patients (Palumbo et al.. 2007).

1.4.4 Bortezomib

Bortezomib (Velcade , PS-341) is a dipeptidyl boronic acid proteasome inhibitor 

(Fig 1.11) which exhibits anti-cancer activity, both in vitro  and in vivo, against a wide 

range o f  cancer types (Adams, 1999). Pre-clinical studies showed that Bortezomib 

induced apoptosis in myeloma cells (both cell lines and ex vivo cells) (Hideshima et al., 

2001b), and was found to inhibit tumour growth in a mouse myeloma model (LeBlanc et 

al., 2002). Subsequently, the efficacy and tolerabilily o f  Bortezomib in vivo was 

demonstrated (Orlowski et al.. 2002; Richardson et al.. 2003), leading to approval of 

Bortezomib for the treatment o f  myeloma in 2003 (Sanchez-Serrano, 2006). More recent 

studies have demonstrated higher response rates, longer time to progression, and 

increased overall survival in myeloma patients using Bortezomib-based chemotherapy 

protocols (Kyle and Rajkumar, 2008).

OH

OH

Figure 1.1! Chemical structure o f  Bortezomib

The anti-tumour activity o f  Bortezomib is related to its ability to selectively, but 

reversibly, inhibit the catalytic activity o f  the 26S proteasome, a cytoplasmic and nuclear 

protein which regulates the turnover o f  ubiquitin labelled proteins via their selective 

degradation (Hershko and Ciechanover, 1998). A key protein whose activity is affected 

following Bortezomib treatment is NFkB (Sunwoo et al., 2001) (Fig i . 12). As mentioned 

in section 1.3.2, the interaction between myeloma cells and those o f  the BMM results in 

the activation o f  N F kB which promotes myeloma cell growth and inhibits apoptosis. 

Inhibition o f  the proteasome by Bortezomib prevents degradation o f  IkB, the cytoplasmic 

inhibitor o f  NFkB (Ghosh and Baltimore. 1990). Consequently, accumulated IkB binds to
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NFkB, thereby preventing its transiocation to the nucleus and subsequent transcription o f  

anti-apoptotic genes (Mitsiades et al., 2002b). Inhibition o f  N F kB also prevents 

expression o f  IL-6 and adhesion molecules, thereby further inhibiting tumour growth and 

proliferation (Hideshima et al., 2001b).
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Figure 1.12 Bortezomih inhibits N F kB activity

Bortezomib inhibits degradation o f  ubiquitin-labelled !kB by the 26S proteasome, resulting in sustained 

inhibition o f  NFkB. (Sanchez-Serrano, 2006)

The induction o f  apoptosis is also central to the anti-myeloma activity o f  

Bortezomib, and has been shown to proceed via activation o f  both the intrinsic 

(mitochondrial-mediated) and extrinsic (death receptor-mediated) pathways o f  apoptosis 

(Mitsiades et al., 2002c). Bortezomib has also been found to induce cell cycle arrest and 

subsequent apoptosis in lung cancer cells, with phosphorylation o f  anti-apoptotic Bcl-2 

occurring as an early event. Although these events are associated with apoptosis induced 

by tubulin-targeting drugs such as Taxol, Bortezomib treatment does not result in tubulin 

polymerisation or depolymerisation (Ling et al., 2002). Bortezomib-induced apoptosis of 

myeloma cells is also associated with activation o f  heat shock proteins and c-Jun N- 

terminal kinase (JNK) signalling, generation o f  reactive oxygen species, and inactivation
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o f  DNA repair mechanisms (Chauhan et al., 2005a). This latter effect may account for the 

ability o f  Bortezomib to restore the sensitivity o f  myeloma cells to the DNA damaging 

agents melphalan and doxorubicin (Ma et al., 2003). In addition, the ability o f  

Bortezomib to overcome IL-6-induced resistance to dexamethasone-mediated apoptosis, 

demonstrates its potential as an effective salvage treatment for resistant and refractory 

myeloma (Hideshima et al., 2001a).

Despite the success o f  Bortezomib as a novel anti-myeloma agent, the emergence 

o f  resistance is a concerning issue. Multiple mechanisms mediating resistance in vitro 

have been identified, and accordingly inform strategies to overcome resistance (Chauhan 

et al., 2005a). For example, inhibition of the heatshock protein Hsp27, using an antisense 

approach, has been shown to restore sensitivity o f  lymphoma cells to Bortezomib 

(Chauhan et al., 2003b). In addition, continued investigation o f  novel Bortezomib-based 

combination therapies (Chauhan et al., 2004a, 2004b), and the development o f  

proteasome inhibitors with distinct mechanisms o f  action (Chauhan et al., 2005b) may 

provide effective, alternative treatments for patients.

1. 5 B-Cell Chronic LvmDhocytic Leukaemia (CLL)

CLL is the most common haematoiogical malignancy diagnosed in adults in the Western 

world, and accounts for -3 0 %  o f  all leukaemias (compared to 10% in Asian populations), 

with one o f  the highest incidence rates found in Ireland (Redaeilli et al., 2004). Patients 

are predominantly Caucasian males, with a 2-fold higher incidence compared to females, 

and a median age at diagnosis o f  70 years (Dighiero and Hamblin, 2008). Symptoms 

include weight loss, persistent infections, bleeding, thrombocytopenia, anaemia, and 

splenomegaly, with the progression o f  the disease being clinically heterogeneous. -25%  

o f  cases are diagnosed in asymptomatic patients, whose only abnormality is an elevated 

lymphocyte count (>5-IO'^/L in peripheral blood). Thus, many cases can progress 

unmonitored, and therefore the true incidence o f  the disease may be underestimated. The 

histological hallmark o f  CLL is an increased lymphocyte count (>5-10'^/L in peripheral
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blood), with >90% appearing as small, mature lymphocytes (Redaeilli et al., 2004). The 

aetiology o f  CLL is unknown, but is not associated with radiation or chemical exposure 

(Linet et al., 2007). A genetic basis for the disease has been suggested, with -13 -18%  o f  

first degree relatives o f  patients having a high population in their peripheral blood o f  cells 

immunophenotypically similar to CLL cells (Goldin et al., 2004).

1.5.1 Biology and Genetics o f  CLL

CLL results following malignant transformation o f  either pre- or post-germinal 

centre B-cells i.e. prior to, or following antigen exposure, respectively (see Fig 1.2). In 

the later case, the cells have undergone somatic hypermutation o f  the Ig heavy chain, and 

this is associated with better patient prognosis (Hamblin et al., 1999). However, 

regardless o f  mutational status, CLL cells are characterised as long-lived, non-functional 

B-cells, which are phenotypically mature but small in size (Caligaris-Cappio, 2000). 

Similar to multiple myeloma, the development o f  CLL is the result o f  absent or defective 

apoptosis, rather than unrestrained proliferation which is characteristic o f  other tumour 

types. In accordance, the majority o f  CLL cells are quiescent, and arrested in the Go 

phase o f  the cell cycle (Andreef et al., 1980) i.e. the survival o f  CLL cells is a result o f  

their ability to evade apoptosis, rather than blockade o f  the cell cycle. However, ex vivo 

CLL cells have been found to rapidly undergo apoptosis, suggesting that the persistence 

and progression o f  CLL is dependent on interactions between the tumour cells and their 

microenvironment.

The CLL microenvironment comprises the lymph nodes, spleen, and bone 

marrow, where CLL cells accumulate and form proliferation centres known as 

pseudofollicles (Pileri et al., 2000). CD4^ helper T-cells, which express CD40L, have 

also been found to accumulate at these sites, where their interaction with CD40^ CLL 

cells induces expression o f  anti-apoptotic chemokines. Chemokine expression is also 

upregulated in CD4+ T-cells following their interaction with CLL cells, and several of 

these inhibit apoptosis o f  CLL cells by upregulating expression o f  anti-apoptotic Bcl-2 

(Caligaris-Cappio, 2003). CLL cell survival is also mediated by binding, via pi and (32 

integrins, to the stromal cells o f  the bone marrow (Lagneaux et al., 1998). Interactions
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between CLL cells and their microenvironment have been found to influence the 

response to drug treatment, and hence, may influence disease progression and patient 

prognosis (de la Fuente et al., 2002; de Totero et al., 2003). A number o f cytogenetic 

abnormalities (Table 1.6) have also been associated with CLL prognosis, and can be 

detected in 80% o f cases (Stilgenbauer et al., 2002). The progression o f CLL is 

accompanied by the sequential accumulation o f these acquired genetic abnormalities, 

however, unlike myeloma, the stage o f disease development at which these occur is not 

clearly defined (Caligaris-Cappio, 2000). In addition to these cytogenetic aberrations, a 

number o f prognostic molecular markers have been identified in CLL. O f these, the best 

characterised are CD38 and ZAP-70 expression, and the mutational status o f the igVn 

gene.

CD38 is a cell surface glycoprotein which functions in signal transduction, cell 

adhesion, and the metabolism o f nucleotides. The expression o f CD38 on B-cells is 

dependent on the activation and differentiation status o f the cells (Deaglio et al., 2001). In 

CLL ceils, CD38 has been shown to acquire abnormal signalling activity via association 

with the B-cell receptor complex (BCR) (Deaglio et al., 2003). This results in increased 

proliferation and enhanced survival o f the cells, and may account for the association o f 

CD38 expression with aggressive disease, and poor prognosis in CLL patients (Del Poeta 

et al., 2001; Ibrahim et al., 2001; Durig et al., 2002). Expression o f ZAP-70 has also been 

found to be a poor prognostic factor for CLL patients (Durig et al., 2003; Bosch et al., 

2006; Del Principe et al., 2006). ZAP-70 is an intracellular tyrosine kinase, which is 

involved in T-cell activation and development (Hivroz and Fischer, 1994; Negishi et al.,

1995; Elder, 1998). Similar to CD38, the function role o f ZAP-70 in CLL has been 

attributed to its association with the BCR, thereby enhancing survival and proliferation 

signalling (Orchard et al., 2005). Combined analysis o f CD38 and ZAP-70 status has 

been found to improve the prognostic significance o f these markers, and therefore has 

been recommended for inclusion in the clinical assessment o f CLL patients (Del Giudice 

et al., 2005; Schroers et al., 2005; Hus et al., 2006; Huttmann et al., 2006; D ’Arena et al., 

2007).
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C D 38 and Z A P -70  w ere orig inally  identified as surrogate m arkers for the 

m utational status o f  the variab le  region Ig heavy chain (Ig V n ) gene (D am ie et al., 1999; 

C respo et al., 2003; W eistner et al., 2003). M utated IgVH genes are defined as those w ith  

<98%  sequence hom ology to the germ line gene, and as previously  m entioned are 

indicators o f  good prognosis in CLL patien ts (H am blin  et al., 1999; 2008). H ow ever, 

analysis o f  IgVn m utations is costly  and tim e consum ing, and therefore are routinely  

assessed in specia list labortories. In addition , a num ber o f  studies have reported  

d iscordance betw een C D 38, Z A P -70  expression , and the C LL m utational s tatus (Van 

B ockstaele et al., 2008). T herefore, clin ical stage and d isease activity  rem ain  the basis for 

assessing patient p rognosis and determ in ing  trea tm ent plans. N onetheless, analysis o f  

those m olecular m arkers described  m ay p rovide useful inform ation regard ing  prognosis 

in individual cases, and fu rther assessm ent o f  such prognostic factors is recom m ended  in 

order to standardise and assess their inclusion in the routine m anagem ent o f  C LL patients 

(H allek  et al., 2008).

Table 1.6 Cytogenetic abnormalities associated with Chronic Lymphocytic Leukaemia

C hrom osom e Abnorm ality Frequency M olecular/C linical C orrelation

I3ql4 Deletion 50-70% Loss o f unknown tumour suppressor gene; 

Good prognosis.

12 Trisomy 10-30% Intermediate prognosis.

Ilq22-q23 Deletion ] 0-20% Loss o f ATM (ataxia telangiectasia mutated) 

and unknown tumour suppressor genes; 

Younger age o f onset; Aggressive disease; 

Intermediate prognosis.

6q21-23 Deletion 3-6% Rare; Aggressive disease; Intermediate 

prognosis.

14q32 Translocations 9% IgH translocations; Aggressive disease.

17pl3 Deletion 1.5-7% Loss o f p53; Drug resistance; Poor prognosis.

(Stilgenbauer et al., 2002: Redaelli et al., 2004: Zent et al., 2006; Tsimberidou et al., 2009)
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1.5.2 Treatment o f  CLL

The choice o f  treatment for CLL is dependent on both the disease state and 

presence o f  prognostic factors. Treatm ent o f  low-risk patients has not demonstrated  any 

survival advantage, and therefore chem otherapy  is adm inistered only to those with 

sym ptomatic disease or a poor prognostic indicator (Hallek et al., 2008). The 

pharmacological treatment o f  CLL involves the administration o f  steroids, alkylating 

agents, and purine analogs, as mono- or com bination-therapies. However, these 

treatments are all associated with an increased risk o f  infection, which represents a 

serious complication in CLL patients who are often inherently im m unocom prom ised 

(Egerer et al., 2001). Although the median life expectancy o f  C LL patients has doubled to 

~10 years since the 1980s, stem cell transplantation remains the only potentially curative 

treatment available. However, high morbidity and mortality rates limits it use, and the 

sustainability o f  remission is uncertain (M ontillo  et al., 2005). In addition, resistance to 

existing chem otherapy is also a growing concern  in the treatment o f  C LL (Tsimberidou 

and Keating, 2009). Therefore, similar to m yelom a, continued developm ent o f  novel 

agents and combination chemotherapy protocols are warranted.

Alkvlating Aaents

Chlorambucil is an alkylating agent which has been used for many years as initial 

treatment for newly diagnosed CLL patients. As described for melphalan in section 1.4.2, 

the anti-cancer activity o f  chlorambucil results from its ability to crosslink DNA 

(Begleiter et al., 1996) and to induce apoptosis (Begleiter et al., 1994).

Cyclophospham ide is another alkylating agent, with a similar m echanism o f  action, and is 

usually used to treat patients who are intolerant to chlorambucil.  The efficacy o f  both 

chlorambucil and cyclophospham ide may be increased when administered as part o f  

combination chemotherapy protocols. H owever, there may be no benefit in this approach, 

com pared to high dose monotherapy, in the treatm ent o f  more advanced disease (Robak 

and Kasznicki, 2002; Robak 2007; A uer et al., 2007).
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Fludarabine

Fludarabine (9-P-D -arabinosy!-2-fluoroadenine) is a purine analog (Fig 1.13) and 

has been found to be a more effective first-line treatm ent for CLL, com pared  to alkylating 

agents (Rai et al., 2000). Response and overall remission rates o f - 7 0 %  have been 

achieved in 30-60%  o f  patients, in addition, longer progression-free survival periods are 

experienced, regardless o f  patient age or state o f  d isease progression (Leporrier, 2004).

OH

Figure 1.13 Chemical Structure o f  Fludarabine

The anti-cancer activity o f  fludarabine results from its ability to m imic physiological 

purine nuclcosides, in term s o f  incorporation into nascent D N A  strands. In addition, 

nucleoside analogs inhibit the activity o f  enzym es which are involved in the generation o f  

endogenous purine and pyrim idine nucleosides. The consequence o f  this latter effect is a 

decrease in intracellular nucleosides, thereby favouring the incorporation o f  the 

exogenously  administered analogs into DNA. Enzym es involved in RNA synthesis may 

also be inhibited, and together these consequences o f  fludarabine treatm ent result in the 

inhibition o f  DNA and RN A synthesis, and ultimately cell death (Galmarini et al., 2001). 

Flowever, these effects are selectively cytotoxic to proliferating cells, and although they 

m ay explain the side-effects o f  fludarabine treatment, they cannot account the 

effectiveness o f  the drug against non-cycling C L L  cells. Instead, it m ay be the ability o f  

fludarabine to inhibit D N A  repair enzym es (Sandoval et al., 1996), and interfere with 

RNA transcripts (H uang and Plunkett, 1991; H uang et al., 2000), that explains its 

cytotoxic effect on quiescent CLL cells. As a result o f  this latter effect, im pairm ent o f  

protein synthesis may account for the effect o f  fludarabine on the expression o f  proteins 

involved in the regulation o f  apoptosis  (Gottardi et al., 1997). In addition, fludarabine has
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been shown to directly induce ceil death via the m itochondrial apoptotic pathway (Genini 

et al., 2000a; Genini et al., 2000b).

The efficacy o f  fludarabine has been im proved by com bining it with other drugs 

(Robak and Kasznicki, 2002; Robak 2007; A uer et al., 2007). Most notably, co-treatment 

with cyc lophospham ide increases overall and com plete  response, as well as progression- 

free survival, and therefore has been recom m ended as the standard treatment protocol for 

CLL (Catovsky et al., 2007). Despite its superior response rates com pared with other 

established CLL treatments, fludarabine treatm ent can cause potentially fatal side effects, 

including m yelosuppression, T-cell dysfunction, suppression o f  circulating CD4*T-cells, 

au toim m une haemolytic anaemia, and interstitial pneum onia (Redaelli et al., 2004). The 

developm ent o f  resistance to fludarabine is also a major draw back to its use in the 

treatment o f  CLL (Galmarini et al., 2001).

Immunotherapy

A lem tuzum ab is a monoclonal antibody directed against CD52, a cell surface 

protein which is expressed at high density on m alignant B-lymphocytes. A lthough the 

function o f  this protein is unknown, ligation by A lem tuzum ab has been shown to results 

in cell death o f  C L L  cells via apoptosis, an tibody-dependent cellular cytotoxicity, and 

com plem ent-m ediated  cell lysis (Nuckel et al., 2005; Alinari et al., 2005). A lem tuzum ab 

has demonstrated significant anti-cancer activity in both relapsed and refractory CLL, and 

subsequently has been approved for the treatment o f  fludarabine-resistant C LL (Keating 

et al., 2002; Robak 2007). In addition, a 40%  response rate has been achieved in patients 

with a p53 mutation or deletion following A lem tuzum ab  treatment (Lozanski et al.,

2004). Rituximab, a monoclonal antibody directed against CD20, has also been found to 

be effective as initial treatment for CLL patients (H ainsworth et al., 2003). C D 20 is a B- 

cell specific cell-surface antigen, which is expressed on ~ 90%  o f  mature B-cell 

malignancies, and functions in B-cell activation and differentiation, in addition to calcium 

transport. Expression o f  CD20 on CLL cells is detected at a lower level com pared to 

normal mature B-cells, and therefore is o f  d iagnostic significance (Ginaldi et al., 1998).

In addition, similar to CD52, ligation o f  C D 20 can result in cellular cytotoxicity and
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complement-dependent lysis (Komas et al., 2002). Both Alemtuzumab and Rituximab 

have increased the efficacy o f  combination chemotherapies (Auer et al., 2007; Robak 

2007). in particular, when Rituximab is added to fludarabine and cyclophosphamide, 

superior efficacy and outcome are achieved, representing the most active chemotherapy 

regime investigated to-date (Tam et al., 2008).

1.6 Apoptosis and Apoptotic Pathways

The ultimate aim o f  cancer therapy is the selective induction o f  malignant cell death. 

Although apoptosis is the best characterized mechanism o f  chemotherapy-induced cell 

death, the importance o f  non-apoptotic cell death pathways, such as autophagy and 

necrosis, is attracting increased attention (Edinger and Thompson, 2004; Blank and 

Shiloh, 2007). However, the role o f  these pathways in the development o f  cancer is 

complex and is not yet fully understood. Hence, the development o f  therapeutic 

approaches which exploit these mechanism o f  cell death has been limited (Ricci and 

Zong, 2006; Amaravadi and Thompson, 2007; Mathew et al., 2007; Moretti et al., 2007; 

White, 2008). As described in sections 1.4 and 1.5, a common mechanism o f  action o f  the 

chemotherapeutic drugs used in the treatment o f  multiple myeloma and CLL is selective 

induction o f  apoptosis in cancer cells. However, an important issue is the development of 

resistance to currently available chemotherapies. This is likely to occur by selection of 

malignant cells with defects in the particular apoptotic pathway triggered by these drugs. 

Thus, novel agents that induce apoptosis via alternative pathways will be most useful in 

terms o f  therapeutic effectiveness. Accordingly, a detailed understanding o f  the 

mechanisms by which apoptosis can proceed, and the relevance o f  these pathways to the 

development o f  myeloma and CLL, is essential.

Apoptosis is a natural process designed to eliminate unwanted or defective cells 

(Kerr et al., 1972). The mechanism by which this proceeds is strictly regulated, and 

occurs in a defined, orderly manner. As such, it is often referred to as programmed cell 

death. Apoptotic cells are morphologically characterized by cell shrinkage, chromatin
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condensation, nuclear fragmentation, and m em brane blebbing (Sen and D ’Incalci, 1992). 

These features are the end result o f  a num ber o f  signalling cascades initiated by apoptotic 

stimuli. Defects in the control o f  apoptosis can result in disease. For example, 

unrestricted or enhanced apoptosis can result in. or contribute to, the developm ent o f  

neurodegenerative diseases such as A lzheim er’s disease (Sm ale et al., 1995). Conversely, 

blockade o f  apoptotic signalling inhibits the execution o f  apoptosis, and may prevent the 

elimination o f  m alignant cells, thereby prom oting tum our growth and disease 

progression. A ccordingly , an effective anti-cancer strategy is the induction o f  apoptosis in 

tum our cells. This is best achieved by activation o f  death signalling pathways which are 

not defective in the tum our cells, thereby circum venting the inherent anti-apoptotic nature 

o f  the cancer cell.

1.6.1 Extrinsic and Intrinsic Apoptotic Pathways

There are tw o main pathways by which apoptosis can proceed. The extrinsic 

pathway (Fig 1.14) is initiated following ligation and subsequent oligomerization o f  death 

receptors, such as Fas or TRAIL receptor (TRAIL-R), which are expressed on the cell 

surface. The intra-cellular domains o f  the death receptors subsequently undergo 

conformational changes which result in the exposure o f  death domains. This facilitates 

the recruitment o f  a num ber o f  adaptor and effector proteins which bind the death 

receptor via hom otypic  death domain interactions. The resulting protein complex, 

referred to as the death-inducing signalling com plex  (DISC), recruits inactive caspase-8 

or -10 molecules, which undergo auto-activation. Subsequent activation o f  the caspase 

cascade (see section 1.6.2) ultimately leads to cell death. The intrinsic apoptotic pathway 

(Fig 1.15) m ay be initiated by a variety o f  factors, such as cytoskeleton dam age, hypoxia, 

and cell stress. This  pathway is also referred to as m itochondrial-m ediated apoptosis, as it 

involves depolarisation and loss o f  integrity o f  the mitochondrial membrane. This allows 

release o f  cytochrom e c, and other effectors o f  apoptosis, from the mitochondrial inner 

m em brane space into the cytoplasm, where they associate with pro-caspase-9 to form the 

apoptosome. Subsequent auto-activation o f  caspase-9 results in apoptosis via activation 

o f  a caspase cascade. It is important to note that many o f  the proteins involved in 

execution o f  the intrinsic and extrinsic apoptotic pathways may interact with each other.
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thereby facilitating crosstalk and synergism. A number o f  these proteins are discussed in 

sections 1.6.2 and 1.6.3.

Caspase-3,-7

Death Receptor

P  Ugand

I Adaptoi/KffectoT

Cell sfarinkage
Membrane Blebbing, ----
DNA Fragmentatian, 
Chromatin Condensation

-►Apoptosis

Figure 1.14 Overview o f extrinsic apoptotic pathway

Activation o f the extrinsic apoptotic pathway is initiated by interaction o f the death receptors (Fas/CD95, 

TNFR-I, DR3, DR4 and DR5) with their corresponding ligands. Subsequent oligomerization o f the 

receptors induces conformational changes in their cytoplasmic domains resulting in the exposure o f  

specific sequences known as death domains. Adaptor and effector molecules (such as FADD, DAPK, and 

TRADD) which express complimentary death domains are recruited to form  a protein complex known as 

the death-inducing signalling complex (DISC). Pro-caspase-8 a n d -10 are subsequently recruited to the 

DISC, where they which undergo auto-processing and activation to initiate a caspase cascade, which 

culminates in cell death.
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Figure LIS Overview o f intrinsic apoptotic pathway

Activation o f the intrinsic apoptotic pathway is initiated by a variety o f apoptotic stimuli (see box in figure). 

Anti- and pro-apoptotic Bcl-2 proteins are activated or inactivated, and interact to depolarise the 

mitochondrial inner membrane. This permits release o f cytochrome c and other mediators o f apoptosis in 

to the cytoplasm, where they associate with pro-caspase-9 and the adaptor molecule Apaf-l to form  the 

apoptosome. Auto-activation o f caspase-9 initiates a caspase cascade which leads directly to cell death.

The death receptor pathway may also activate intrinsic apoptosis via capase-H-medaited activation o f Bid.

1.6.2 Caspases

Caspases are a family o f  cysteinyl aspartate proteases which cleave their 

substrates via recognition o f specific aspartate sequences. Although they play an 

important role in the execution o f  both the extrinsic and intrinsic apoptotic pathways, 

some members o f  this family (caspase-1, -4, -5, -11, and -12) also have non-apoptotic 

functions, and instead are important regulators o f  inflammation (Siegel, 2006). In 

addition, caspase-independent apoptosis may also occur (Donovan and Cotter. 2004). 

Under normal conditions, caspases exist in the cell in a non-active conform ation, termed 

the pro-caspase. Proteolytic cleavage o f the N-terminal pro-domain releases a two subunit
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protein, which may hom odim erize to generate the active caspase unit (Donepudi and 

Griitter, 2002) (Fig 1.16). The cleavage o f  pro-caspases occurs at specific aspartate 

sequences within the pro-domain. Therefore, it is not surprising that caspases them selves 

are capable o f  auto- or hetero-activation o f  pro-caspase m olecules (Stennicke and 

Salvesen, 2000). This property o f  caspases facilitates initiation o f  a caspase cascade, 

which as mentioned in section 1.6.1, culm inates in cell death.

__________ A y X Ajp-X________

pro-domain Iatrc subunit small subunit

Cleavage

Active caqMse tetramcT

Figure 1.16 Cleavage o f  inactive pro-caspase generates dimers which homodimerize to form  active 

caspases

The caspase cascade is initiated by active caspase-8 or -9, which are therefore 

referred to as initiator caspases. Their downstream  substrates in the caspase cascade 

include the executioner caspases (caspase-3, -6, and -7), which directly m ediate the 

biochemical reactions which result in the characteristic hallmarks o f  apoptosis. For 

example, caspase-3 mediates cell death by cleaving structural proteins, such as lamin and 

fodrin, the nuclear poly(ADP-ribose) polymerase, and ICAD (inhibitor o f  caspase- 

activated DNase). This latter function is particularly important as it results in the 

liberation o f  CAD (caspase-activated DNase), which may then promote chromatin 

condensation, and cleavage o f  DNA into the 180bp fragments that are characteristic o f 

apoptosis (Enari et al., 1998). Given their central role in the execution o f  both intrinsic 

and extrinsic apoptosis, it is not surprising that caspases are mediators o f  crosstalk 

between the pathways. The best example o f  this is caspase-3, which can be activated 

downstream o f  both caspase-8 and -9. Therefore, in cells in which both apoptotic
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pathways are activated, convergence o f the death signals at caspase-3 may result in an 

increased apoptotic response. Caspase-8 also represents a point at which apoptotic 

signalling pathways can interact. In addition to directly activating the caspase cascade, 

active caspase-8 can cleave the pro-apoptotic protein Bid, which can subsequently initiate 

mitochondrial-mediated apoptosis (see section 1.6.3).

1.6.3 Bcl-2 Protein Familv

The Bcl-2 protein family plays an important role in the control o f mitochondrial- 

mediated apoptosis. The 15 members o f this family (Fig 1.17), which have been 

characterized in mammalian cells to date, can be divided into 2 subgroups; those which 

possess anti-apoptotic activity, and those which are pro-apoptotic (Adams and Cory,

2001). Bcl-2 proteins are structurally similar, sharing homology in one to four regions, 

termed the Bcl-2 homology (BH) domains (Kelekar and Thompson, 1998). The 

interaction between Bcl-2 proteins is facilitated by their ability to heterodimerize via 

these domains, resulting in mutual neutralization o f anti- and pro-apoptotic activity 

(Sattler et al., 1997). Thus, the relative balance o f anti- and pro-apoptotic Bcl-2 proteins 

influences the fate o f a cell i.e. cells containing an abundance o f pro-apoptotic proteins 

are sensitive to death, while an abundance o f anti-apoptotic proteins exert a protective 

effect. The regulation o f cell death by the Bcl-2 family involves a complex network o f 

interactions between the proteins. In addition to dimerization and neutralization o f 

apoptotic activity, Bcl-2 proteins may directly activate other members o f the family.
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Figure 1.17 Schematic representation o f the Bcl-2 fam ily o f  apoptotic regulators

The anti-apoptotic Bcl-2 proteins, Bcl-2, Bcl-Xj, Bcl-W, Mcl-l, and A l (Bfl-1) share sequence homology 

within 4 regions, labelled BHI-BH4, inclusive. The pro-apoptotic Bcl-2 proteins, Bax, Bak, and Bok 

contain only the conserved BHI-BH3 domains. The BH3 only proteins, Bik, Bid, Bim, Bad, Hrk, Bmf, Noxa, 

and Puma are also pro-apoptotic. (Adams and Cory, 2001)

The pro-apoptotic proteins Bax and Bak are crucial for execution o f  the intrinsic 

apoptotic pathway, although their roles in this have been found to be redundant (Wei et 

al., 2001). Under normal conditions, Bax and Bak are present as m onom ers in the cytosol 

and m itochondrial m em brane, respectively. In response to apoptotic signals, they undergo 

conformational changes and subsequent o ligomerization, with Bax translocation to the 

mitochondrion. Insertion o f  these protein com plexes into the mitochondrial m em brane 

triggers permeabilisation o f  the m em brane, and allows the release o f  apoptosis-related 

proteins from the m itochondrial inner m em brane space into the cytoplasm  (Fig 1.18). 

Alternatively, the oligomers m ay stabilize existing transport channels in the 

mitochondrial m em brane, such as the voltage-dependent anion channel or  the 

permeability transition pore, facilitating release o f  pro-apoptotic regulators (Cory and 

Adam s, 2002).
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Figure 1.18 Bcl-2 proteins regulate release o f  apoptotic mediators from  the mitochondrion

Mitochondrial membrane integrity is maintained by anti-apoptotic Bcl-2 proteins. Neutralization o f  these 

by pro-apoptotic BH3-only proteins permits activated Bax or Bak oligomers to form  channels within the 

mitochondrial membrane, resulting in release o f cytochrome c into the cytoplasm where it associates with 

caspase-9 and Apqf-t to form  the apoptosome. Other pro-apoptotic molecules, such as Onii and Diablo, 

are also released from  the mitochondrial inner membrane space and function to antagonize inhibitor o f  

apoptosis proteins (lAPs). (Adaptedfrom Coty and Adams, 2002)

Bax and Bak can be directly activated by the BH3-only  proteins Bid, Bim, and 

Puma (Kim et al., 2006). i^iowever, this can be prevented by the anti-apoptotic proteins 

Bcl-2, Bcl-xL, and Mel-1, which bind to and sequester these BH3-only proteins in stable 

com plexes (Antonsson et al., 1997; Youie and Strasser, 2008). Reversal o f  this inhibition 

is mediated by the remaining BH3-only family m em bers  (Bad, Noxa, Bmf, Bik. and Hrk) 

which either directly antagonize or displace the anti-apoptotic Bcl-2 proteins (Kim et al., 

2006). In addition to neutralization by anti-apoptotic Bcl-2 proteins, the activation o f  the 

BH3-only proteins can also be regulated at the transcriptional or post-translational levels 

(Puthalakath and Strasser, 2002).

The anti-apoptotic Bcl-2 proteins have been found to play important roles in 

m aintaining hom eostasis  o f  normal cells. In addition, they have been found to inhibit 

apoptosis in response to a variety o f  cytotoxic treatments (A dam s and Cory, 2007). Over

expression o f  Bcl-2 has been implicated in the pathogenesis o f  CLL, and its expression is 

consistently detected at high levels in CLL cells com pared to normal B-cells (Schena et
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al., 1992; Gottardi et al., 1996). Although the mechanisms responsible for this 

dysregulation o f  Bcl-2 expression remain undefined, it has been suggested that high Bcl-2 

levels in CLL cells are the result o f  chromosomal translocations involving the hcl-2 and 

Ig light chain loci. However, this genetic abnormality is only detected in a minority o f  

patients (Tashiro et al., 1992; Dyer et al., 1994). The observation that the levels o f  Bcl-2 

expressed in ex vivo CLL cells cultured on fibronectin is consistently higher than those o f  

control cells, suggests that the in vivo CLL cell microenvironment may contribute to the 

regulation o f  Bcl-2 expression (de la Fuente et al., 1999). Anti-apoptotic Bcl-2 has also 

been found to be over-expressed in the majority o f  multiple myeloma patient samples and 

cell lines (Pettersson et al., 1992; Niesvizky et al., 1993), and has been suggested to 

contribute to the resistance o f  myeloma cells to in vitro apoptosis induced by various 

stimuli (Kroning and Lichtenstein, 1998). However, Mcl-l has been found to be a more 

important regulator o f  myeloma cell survival (Derenne et al., 2002), and is upregulated 

by the endogenous myeloma survival factor IL-6 (Puthier et al., 1999; Gomez-Bougie et 

al., 2004).

As mentioned previously, the ratio o f  anti:pro-apoptotic Bcl-2 proteins is a crucial 

factor in determining the fate o f  a cell. In particular, the ratio o f  anti-apoptotic Bcl-2 to 

Bax, a positive regulator o f  apoptosis, has been found to be an important determinant of 

CLL cell responsiveness to drug treatment, both in vivo and in vitro (McConkey et al., 

1996; Thomas et al., 1996; Pepper et al., 1997). In multiple myeloma, the ratio o f  anti- 

apoptotic Mcl-l to pro-apoptotic Bim is central to the regulation o f  cell survival, and 

interaction between these proteins has been found to be disrupted following the induction 

o f  apoptosis. The mechanism by which Bim induces apoptosis in myeloma cells may 

involve activation o f  the pro-apoptotic proteins Bax or Bak. In support o f  this, an increase 

in the levels o f  active Bax have been observed concurrently with release o f  Bim from 

anti-apoptotic Mcl-l in myeloma cells undergoing apoptosis (Gomez-Bougie et al.,

2004).

40



htip ter ntr<Jiluction

1.6.4 Microtubules. M icrotubule-Targeting Agents, and Apoptosis

As m entioned in section 1.4.1, interference with microtubule dynam ics m ay result 

in inhibition o f  cell proliferation, with subsequent induction o f  apoptosis. Microtubules 

are hollow cylindrical structures composed o f  non-covalently bound a -  and P-tubulin 

subunits (Fig 1.19), and play crucial roles in a variety o f  cell processes, including 

m aintenance o f  cell shape, intracellular trafficking, cell migration, and mitosis.

b) c)
(-) end

8 nm

(+) end

‘  f, ^24 nm

Figure 1.19 Structure o f  microtubule filaments

a) a- an d  fi-lubiilin monom ers Jim erise via non-convalenl interactions, and h) polym erise ' head (+ )-to - 

tail(-) ’ to form a po la r linear protqfilam ent consisting o f  alternating a- and  /(- subunits, c) 13 para lle l 

protofilam ents align in a s taggered  form ation  creating a cylindrical structure o f  24nm diam eter, with 

structural polarity’, i.e. d istinct (+ ) and ( - )  ends. (A daptedfrom  Jordan an d  Wilson, 2004)

M icrotubules are dynam ic structures, to which aP-tubulin  dimers are constantly 

added (polymerisation) and lost (depolymerisation). Tw o types o f  microtubule dynam ics 

have been described: dynam ic instability, which is characterised by alternate phases o f  

prolonged m icrotubule polymerisation at the (+) end, and rapid, but less extensive, 

depolym erisation at the (-) end (M itchison and Kirschner, 1984); and treadmilling, in 

which net growth at the (+) end is balanced by net loss at the (-) end (M argolis and 

Wilson, 1998). In both instances, polymerisation dynam ics are driven by the hydrolysis 

o f  guanosine triphosphate (GTP), which is reversibly bound to the P-subunit o f  free 

tubulin dimers, to yield guanosine diphosphate (GD P) and inorganic phosphate (P,), with 

subsequent dissociation o f  the latter. However, during phases o f  rapid polymerisation, 

G TP-contain ing tubulin dimers are added at a rate faster than hydrolysis to G D P and/or 

loss o f  Pi can occur (Fig 1.20a). As a result. GTP-contain ing tubulin dimers accum ulate 

to form a cap structure which stabilises the microtubule, thereby facilitating further
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growth. In contrast, m icrotubule ends consisting o f  GD P-tubuiin  are unstable, and 

depoiym erisation results (Fig 1.20b) (Jordan and Wilson, 2004).

Cap loss

Ob*' ao

Tubuln-bound
GTP or GOP-P, rQ
=  CP <3  ̂ ■ 

GO 03
poh-meiizatioii

depoKmeiizadoii

CP Tubuhn Dounrt GTP 

C l O  TubuUn-bound GDP

Figure 1.20 Polymerization dynamics o f  microtubules

a) During phases o f  rapid polymerisation, addition o f  GTP-containing tubulin dimers occurs at a rate 

faster than hydrolysis to GDP or loss o f  P„ can occur. Subsequent accumulation o f GTP- or GDP-P,- 

containing dimers form s a cap structure, which stabilises the microtubule, thereby facilitating elongation.

b) In contrast, when polymerisation rates are low, GTP hydrolysis and Pi dissociation proceeds, and the 

instability conferred by the resulting GDP-tubulin microtubule end leads to depolymerisation. (Adapted 

from  Jordan and Wilson, 2004)

As m entioned previously, m icrotubules play crucial roles in a variety o f  cellular 

processes. A ccordingly, interference with tubulin polymerisation dynam ics  can have 

detrimental consequences for the cell. Interference with the m icrotubule dynam ic 

required for mitosis is the primary m echanism which has been attributed to the anti

cancer activity o f  m icrotubule targeting agents (M TA). As a result, cell cycle arrest is a 

com m on characteristic o f  M TAs, and leads directly to the induction o f  apoptosis. In 

addition, the release o f  m icrotubule-bound apoptotic-signalling proteins following M TA - 

treatment m ay directly activate cell death pathways. For example, the pro-apoptotic BH3- 

only protein Bim has been shown to directly associate with m icrotubules in non-apoptotic 

cells, and is released in response to a num ber o f  apoptotic stimuli (Puthalakath et al.,

1999; Marani et al., 2002).
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M TA s bind directly to tubulin, and are classified according to the subsequent 

induction o f  microtubule polymerization or depolymerization. In either case, suppression 

o f  microtubule dynam ics prevents progression through the cell cycle, with mitotic arrest 

followed by the induction o f  apoptosis. M T A s may be categorised according to their 

effect on tubulin, i.e. polymerizing or depolym erising agents, or may be defined by their 

binding site. Three major binding sites have been characterised, and although ligation o f  

these are associated with different effects on tubulin, the anti-mitotic and apoptotic 

m echanism s o f  the M TA s are similar.

Vinca alkaloid domain-bindins MTAs

As described in section 1.4.1, vinca alkaloids are naturally occurring com pounds, 

derived from the periwinkle plant, which are used in the treatment o f  a variety o f  cancers. 

V inca alkaloid binding dom ains are located on overlapping areas on the p*subunit o f  

tubulin dimers, and both high- and low-affinity binding sites have been identified (Bai et 

al., 1990). At low concentrations, the vinca alkaloid vinblastine has been shown to bind 

to the high affinity sites at microtubule ends, where it blocks both treadmilling and 

dynam ic instability thereby inhibiting the tubulin polymerization required during mitosis 

(Jordan et al., 1986). When present at high concentrations, vinblastine can also occupy 

the low affinity binding sites located along the length o f  the microtubules, leading to their 

disruption and depoloymerization (Singer et al., 1989). In addition to the other vinca 

alkaloids, a num ber o f  other com pounds such as the dolastatins interfere with tubulin 

polymerization via binding to the vinca alkaloid dom ain (Hamel, 1992).

Colchicine domain-bindins MTAs

The colchicine binding domain is situated at the interface between the a  and P 

subunits o f  tubulin dimers. Similar to the vinca alkaloids, high concentrations o f  

colchicine induces microtubule depolymerization, while low concentrations stabilize 

m icrotubule dynamics. However, unlike the direct binding o f  vinca alkaloids to 

m icrotubule ends, colchicine has been shown to first bind to free tubulin dimers, with 

which it co-polym erizes into microtubules thereby suppressing their dynam ics (Skoufias 

and Wilson. 1992). Similarly, nocodazole. which has demonstrated  potential anti-cancer
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activity against CLL in vitro (Beswick et al., 2006), induces microtubuie 

depolymerization via binding in complex with tubulin to the colchicine binding domain 

(X ue t  al.,2002).

Taxol domain-hindins MTAs

While the majority o f  MTAs that bind tubulin via the Vinca alkaloid or 

cholchicine domains are classified as tubulin depolymerising agents, agents which bind at 

the taxol domain are associated with induction o f  microtubuie stabilisation and 

polymerization (Schiff et al., 1979). The taxol binding site is located on the tubulin dimer 

P-subunit, and is orientated on the inner microtubuie face (Nogales et al., 1995). The 

ability o f  paclitaxel, the parent compound o f  this class o f  drugs, to increase microtubuie 

polymerization has been associated with its binding to tubulin in a stoichiometric (1:1) 

manner. The affinity o f  adjacent tubulin dimers for each other is also enhanced, and 

results in the formation o f  microtubuie bundles (Schiff and Horwitz, 1980). However, the 

dynamic o f  microtubules can be stabilized, without an increase in polymerization, in the 

presence o f  low concentrations o f  paclitaxel (Jordan et al., 1996).

Regardless o f  the binding site, the induction o f  conformational changes in 

microtubuie structure following MTA binding is an important mechanism by which these 

drugs alter microtubuie dynamics. For example, binding o f  vinblastine or colchicines 

forces conformational change o f  the tubulin dimers, which result in induction o f  

protofllament curving, an orientation which prevents microtubuie polymerisation. In 

comparison, the action paclitaxel has partly been attributed to stabilization o f  tubulin in a 

conformation in which interactions between adjacent dimers is optimal (Downing, 2000; 

Gigant et al., 2005).
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1.7 PBOX Compounds

Pyrro lo-l ,5 -benzoxazepines  (PBO X s) were first described as a series o f  highly specific, 

high affinity ligands for the peripheral-type benzodiazepine receptor (PBR) binding site 

(Campiani et al., 1996). As such, they represented novel tools with which to investigate 

the role o f  this receptor, which has been implicated in a variety o f  cell processes 

including steroidogenesis, respiration, and cell growth and differentiation (Beurdeley- 

T hom as et al., 2000). However, the finding that PBO X  com pounds exert an anti

proliferative effect on rat C6 glioma and hum an I321N1 astrocytom a cells, first 

suggested their potential as anti-cancer agents (Zisterer et al., 1998). Subsequently, a 

num ber o f  these com pounds PBOX were shown to induce apoptosis, as characterized by 

cell shrinkage, chromatin condensation, and DN A  fragmentation, in a num ber o f  human 

cancer cell lines (Fig 1. 2 1). Importantly, none o f  the PBO X  com pounds tested have been 

found to affect DNA synthesis, and the degree o f  necrosis induced is negligible (Zisterer 

et al., 2000; Zisterer et al., 2001).

Figure 1.21 PBOX-6 induces apoptosis ofK562 cells

In comparison to a) vehicle (1% EtOH)-treated cells, b) PBOX-6 induces apoptosis ofK 562 cells as 

evidenced by the appearance o f  characteristic features o f  apoptosis such as chromatin condensation. DNA 

fragmentation, and membrane blebbing (McGee et al., 2001).

O f  the original PBO X  series, PBOX-3, -4, -5, -6, and -7 (Fig 1.22) were found to 

be the most potent inducers o f  apoptosis in HL-60 prom yleocytic leukaemia cells, with 

25-40%  o f  cells undergoing apoptosis following treatment with IO|iM PBO X -6 for I6hrs. 

In comparison, neither PBOX-1 nor -2 (Fig 1.22) were found to elicit any apoptotic

chromatm
condensation

DNA fragmentation
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effect. Similar results have been obtained using chronic m yelogenous leukaem ia (CM L) 

cells (M cGee et al., 2001), supporting the existence o f  a PBOX structure-activity 

relationship.

PBOX-3 PBOX-4 PBOX-5

PBOX-6 PBOX-7

PBOX-1 PBOX-2

Figure 1.22 Structures o f  the pro-apoptotic compounds PBOX-3, PBOX-4, PBOX-5, PBOX-6, and 

PBOX-7, and the non-apoptotic compounds PBOX-I and PBOX-2. (McGee et a l, 2005)

However, regardless o f  their ability to induce apoptosis, all members o f  the original 

PBOX series were found to be high affinity ligands for the PER, with binding constants 

calculated in the nanomolar range. In comparison, m icromolar concentrations (10- 

100|j,M) o f PBOX compounds were found to be required for induction o f  their anti

proliferative and/or apoptotic effects (Zisterer et al., 1998; 2000). Together these results 

suggest that interaction with the PBR is not required in the mechanism by which PBOX
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compounds induce apoptosis. In support o f this, pro-apoptotic PBOX-6 has been shown 

to induce apoptosis in PBR-negative Jurkat T cells, but not in rat Leydig cells which are 

receptor rich (Zisterer et a!., 2000).

Similar to PBOX compounds, differences in binding affinities o f the conventional 

PER ligands, P K I1195 and Ro5-4864, and the concentrations which are necessary for 

induction o f the anti-proliferative and apoptotic effects o f these drugs have been reported 

(Gorman et a!., 1989). However, non-cytotoxic concentrations o f PKI 1195 have been 

shown to sensitise cancer cells to radiation and drug-induced apoptosis (Banker et al., 

2002; Okaro et al., 2002). This activity has been associated with PKI 1195-induced 

opening o f the permeability transition pore (PTP), which results in depolarisation and loss 

o f mitochondrial inner membrane (M IM ) integrity (Hirsch et al., 1998; Fennell et al..

2001). Cytotoxic concentrations o f PKI 1195 (in the micromolar concentration range) 

have also been shown to induce depolarisation o f the M IM  in association with the 

generation o f reactive oxygen species (ROS) (Fennell et al., 2001). Given the 

involvement o f the PBR in protection against ROS-mediated cell death (Carayon et al., 

1996), this may suggest that PKI 1195-ligation antagonises this role o f the PBR. thereby 

facilitating the production o f ROS which may contribute to the execution ol apoptosis by 

this drug. In contrast, the inability o f anti-oxidants to prevent apoptosis in PBOX-6- 

treated CML cells suggests that ROS are not required for f’ BOX-induced apoptosis 

(Zisterer et al., 2000; McGee et al., 2001), which is consistent with the previous 

suggestion that interaction with the PBR is not required in the mechanism by which 

PBOX-induced apoptosis proceeds.

O f the cells in itially tested, the observation that the K562 cell line, an extremely 

drug-resistant CM L cell line (Lozzio and Lozzio, 1979), undergo apoptosis following 

PBOX-6 treatment suggested PBOX compounds as potential novel therapies for relapsed 

or refractory malignancies (McGee et al., 2001). PBOX-6 has also been shown to inhibit 

the proliferation o f breast cancer cells independent o f their estrogen receptor status. 

Importantly, cells with high endogenous levels o f the HER-2 oncogene were more 

susceptible to PBOX-6 treatment. In addition, PBOX-6 has been shown to inhibit
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aggressive tumour growth in vivo (Greene et al., 2005).These findings strongly support 

the potential use o f PBOX compounds for the treatment o f advanced malignancies, 

including aggressive and resistant cancers. In addition, an attractive clinical feature o f 

PBOX-6 (and most likely other pro-apoptotic PBOX compounds) is its lack o f toxicity 

towards normal cells, even after 48h o f treatment. PBOX-6 has also been shown to be 

non-toxic to both healthy and tumour-bearing mice (McGee et al., 2005; Greene et al.,

Although PBOX-I and PBOX-2 do not induce apoptosis in CML cells, they have 

been found to exert an anti-proliferative effect on rat C6 glioma and human 132 IN I 

astrocytoma by inducing arrest of the cells in the Gi phase o f the cell cycle. In addition, a 

proportion o f C6 glioma cells are induced into a pre -G| state (Zisterer et al., 1998). 

Similarly, PBOX-21 (Fig 1.23) has also been found to induce cell cycle arrest o f 132 IN I 

cells, with the accumulation o f cells in the G| phase occurring in parallel with the dose- 

dependent inhibition o f 132 IN I cell proliferation (Mulligan et al., 2003).

Figure 1.23 Structures o f  the non-apoptotic compounds PBOX-I, PBOX-2, and PBOX-21

(McGee et al., 2005)

1.7.1 Mechanism(s) o f Apoptosis Induction bv PBOX Compounds

Although it is well documented that PBOX compounds exert their cytotoxic 

effects via the induction o f apoptosis, the mechanism(s) by which cell death proceeds 

remain unclear. Initially, research focused on PBOX-6 as a representative compound of 

the PBOX series. In HL-60 and K562 cells, PBOX-6 has been shown to activate caspase- 

3-like proteases in a dose- and time-dependent manner (Zisterer et al., 2001). However, 

while caspase-3 activation in these cells correlates with the onset o f the morphological 

changes o f apoptosis following PBOX-6 treatment, caspase activation has been found to

2005).

PBOX-1 PBOX-2 PBOX-21
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be essential for the induction o f apoptosis only in HL-60 cells (Zisterer et al., 2000; 

McGee et al., 2001). The subsequent observation that PBOX-6 induces apoptosis o f 

caspase-3-detlcient MCF-7 cells (McGee et al., 2002a) suggests that the apoptotic 

pathway initiated by PBOXs is cell type-dependent. Treatment o f HL-60 cells with 

PBOX-6 also induces release o f cytochrome c from the mitochondrial membrane into the 

cytosol, suggesting induction o f the intrinsic apoptotic pathway in these cells (Zisterer et 

al., 2000).

As mentioned previously, PBOX-6-induced apoptosis o f K562 cells is caspase- 

independent. These cells, which originate from CML patients in blast crisis, express the 

p210 Bcr-AbI tyrosine kinase, over-expression o f which has been implicated in the 

resistance o f CML cells to apoptosis induced by a variety o f agents. As a result, it has 

been suggested that the Bcr-AbI fusion protein may function in a similar way to Bcl-2 i.e. 

as an anti-apoptotic protein which functions upstream o f caspase activation (McGahon et 

al., 1994; Armarante-Mendes et al., 1998). The induction o f apoptosis in PBOX-6-treated 

K562 cells does not involve down-regulation o f the p2IO Bcr-AbI protein, or attenuation 

o f its tyrosine kinase activity. This ability o f PBOX-6 to bypass the Bcr-Abl-mediated 

suppression o f apoptosis in K562 cells, illustrates that there is more than one mechanism 

by which the resistance o f CML cells to apoptosis may be overcome, and again highlights 

the potential use o f PBOX compounds in the treatment o f advanced haematological 

malignancies (McGee et al., 2001). PBOX-6-induced apoptosis o f K562 cells has been 

found to involve the time- and dose-dependent inactivation, via phosphorylation, o f the 

anti-apoptotic Bcl-2 and Bcl-xi proteins (McGee et al., 2004). The involvement o f Bcl-2 

and Bcl-xi in PBOX-6-mediated apoptosis again implicates the intrinsic apoptotic 

pathway in PBOX-6-induced apoptosis. In support o f this, early loss (ISmins) o f 

mitochondrial membrane potential was detected in PBOX-6-treated K562 cells. However, 

the release o f apoptosis-associated mitochondrial proteins was not detected (McGrath et 

al., 2006).

The activation o f JNK has also been identified as an essential component o f the 

pathway by which PBOX-6 induces apoptosis o f K562 cells (McGee et al., 2002b). JNK
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is a m em ber o f  the MARK family, which are important regulators o f  cell response to a 

variety o f  exogenous stress signals such as UV irradiation, heat-shock, and many 

chemotherapeutic  drugs (Chan-Hui and Weaver, 1998). The activation o f  JN K in PBO X - 

6-treated K562 cells has been identified as a crucial event upstream o f  Bcl-2 

phosphorylation and inactivation (M cGee et al„ 2004). It has been found that only 

PBO X com pounds which induce apoptosis in K562 cells results in the activation o f  JNK. 

thereby strengthening the hypothesis that it is a key com ponen t o f  the apoptosis  signalling 

pathway initiated in the cells in response to PBO X -6 treatm ent (M cG ee et al., 2002b). 

Serine proteases have also shown to be required for PBO X -6-induced apoptosis  o f  K562 

cells. Specifically, it was shown that a trypsin-like serine protease is involved in PBOX- 

6-induced Bcl-2 phosphorylation, while a chym otrypsin-like serine protease plays a more 

important role in the dow nstream  signalling pathway which results in DNA 

fragmentation. This latter event was found to mediate the activation o f  a M n‘^-dependent 

cytosolic nuclease (M cGrath et al., 2006).

PBO X-15 (Fig 1.24) is a more potent com pound than PBOX-6, and has been 

shown to be a more potent inducer o f  apoptosis in K562 cells, and hence is a potentially 

more effective anti-leukaem ic agent (Greene et al., 2008).

Figure 1.24 Structures o f  the pro-apoptotic compounds PBOX-6 and PBOX-15 (McGee et a i, 2005)

Importantly, PBO X -15 displays minimal toxicity against normal blood m ononuclear cells 

and bone m arrow  progenitor cells under conditions in which apoptosis o f  m alignant cell 

is induced (M cElligott et al., m anuscript submitted). The m echanism  o f  action o f  PBOX- 

15 in K562 cells has also been studied, and like PBO X -6 has been found to involve 

phosphorylation o f  Bcl-2 and B c 1-x l . In addition to its effects on C M L  cells, PBO X-15

Y
O

PBOX-6 PBOX-15
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has also been found to potently induce apoptosis o f  ex vivo CLL cells. However unlike in

CML cells, PBOX-15-induced apoptosis o f  CLL cells has been found to be partially 

caspase- and JNK-dependent. and occurs independently o f  Bcl-2 and Bcl-xi (McElligott 

et al., manuscript submitted).

1.7.2 Tubulin is a Molecular Target o f  Pro-Apoptotic PBOX Compounds

Despite partial elucidation o f  the apoptotic signalling cascade activated in PBOX- 

treated cells, the molecular target o f  these compounds remained unknown until recently. 

Using cell membrane-penetrating and non-penetrating analogues o f  PBOX-6, the location 

o f  the molecular target o f  pro-apoptotic PBOX compounds was identified as intracellular. 

Specifically, PBOX-17 (the non-penetrating compound) (Fig 1.25) was only able to 

initiate apoptosis. as measured by the activation o f  JNK, following permeabilisation o f  

the cell membrane, in comparison, PBOX-16 (Fig 1.25) is capable o f  entering the cells, 

and inducing apoptosis (McGee et al., 2005). This study provided strong evidence that 

PBOX compounds instigate apoptosis by interacting with an intracellular target as 

opposed to a target located on the cell surface, such as a membrane receptor.

Figure 1.25 Structures o f  PBOX-6 and its analogues PBOX-16 and PBOX-17

(McGee et al, 2005)

As discussed earlier, the mechanism by which PBOX-6 induces apoptosis in 

K562 cells is dependent upon the early and transient activation o f  JNK. A role for JNK 

signalling in the apoptotic response o f  a range o f  cancer cell types to treatment with 

MTAs has been established (Lee et al., 1998; Wang et al., 1998; Shtil et al., l ‘J99; Wang 

et al., 1999), and is associated with phosphorylation o f  Bcl-2 and Bcl-Xt, thereby 

inhibiting their anti-apoptotic activity (Yamamoto et al., 1999; Fan et al.. 2000;

PBOX-6 PBOX-16 PBOX-17
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Blagosklonny, 2001). Phosphorylation o fB c l-2  has been shown to occur during the G2 /M  

phase o f  the cell cycle, in which cells are arrested follow ing MTA-treatment (Haidar et 

al., 1997). Therefore, the finding that PBO X-6 induces molecular events characteristic o f  

M TAs i.e. G2 /M  cell cycle  arrest, activation o f  JNK, phosphorylation o f  B cl-2  and Bcl- 

x l, and subsequent apoptosis, suggested tubulin as a putative target o f  PBOX compounds. 

Subsequently, PBO X-6 was shown to disrupt the microtubule network o f  M CF-7 cells in 

a manner similar to the known microtubule destabilization agent nocodazole. This event 

coincides with the observed dose-dependent induction o f  cell cycle arrest and apoptosis, 

indicating that the latter are the direct result o f  PBOX-induced depolym erisation o f  the 

microtubules. PBO X-6 was confirmed to directly bind tubulin and inhibit assem bly o f  

purified tubulin in an in vitro  tubulin polymerisation assay (M ulligan et al., 2006).

A s discussed in section 1.6.4, MTAs function by directly binding to tubulin, with 

three main binding sites identified: the paclitaxel site, the Vinca domain, and the 

colchicine domain. Although the majority o f  microtubule depolym erising agents bind to 

either the Vinca or colchicine domains (Attard et al., 2006), distinct binding sites have 

been identified for a number o f  novel M TAs (Panda et al., 1997; Huzil et al., 2008).

Using displacement assays, it has been shown that PBO X-6 does not bind to either the 

Vinca, or colchicine binding sites, thereby suggesting the presence o f  a novel PBOX- 

binding site on tubulin. Similar to PBOX-6, PB O X -15 has been identified as a tubulin 

depolym erising agent (M ulligan et al., 2006), and while its tubulin binding site has not 

been characterized, it can be assumed that like PBO X-6, this is distinct from that o f  

vincristine or colchicine. A s mentioned previously, P B O X -15 is a more potent inducer o f  

apoptosis compared to PBOX-6. Although the reason for this difference in activity 

remains unclear, it could be due to the existence o f  separate binding sites, or alternatively, 

different binding affinities o f  the two compounds for the same site on tubulin.

In comparison, to PBO X-6 and -15, PBOX-21 has no effect on the microtubule 

network o f  MCF-7 cells, and does not affect the polymerisation o f  tubulin in vitro  

(M ulligan et al., 2006). This is consistent with the finding that PBOX-21 induces Gi cell 

cycle arrest o f  13 2 INI astrocytoma cells (M ulligan et al., 2003), as compared to G2 /M
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arrest w h ic h  is characteristic  in M T A -trea ted  ce l ls ,  it is a lso  n o te w o r th y  here that, s im ilar  

to  its structural h o m o lo g u e s  P B O X -1  and -2  (F ig  1 .23),  P B O X -2 1  exerts  an anti

p ro liferat ive  e f f e c t  w ith o u t  the induction  o f  a p op tos is .  T h is  supports  a d irect link b etw een  

the e f f e c t  o f  a P B O X  c o m p o u n d  on tubulin  stability  and its p ro -apop tot ic  ac t iv ity ,  and  

a lso  e s ta b l ish e s  a link b e tw e e n  P B O X - in d u c e d  G 2/M  ce ll  c y c l e  arrest and the induction  o f  

a p op tos is .

In ad d it ion  to their es sen tia l  role in ce ll  d iv is io n ,  m icro tu b u les  are crucial in the 

d e v e lo p m e n t  and m ain ten an ce  o f  ce ll  sh ape , in tracellu lar transport, ce ll  s ig n a l l in g ,  and 

ce l l  m igrat ion  (V a l iron  et al, 2 0 0 1 ) .  A c c o r d in g ly ,  M T A s  h a v e  potentia l c l in ica l  

ap p lica t ion  in the  treatm ent o f  d is e a s e s  in w h ic h  th e se  p r o c e s se s  are d y sregu la ted .  For 

e x a m p le ,  aberrant ly m p h o c y te  m igrat ion  and infiltration o f  t i s su e s  has b een  s h o w n  to 

contribute  to  the d e v e lo p m e n t  o f  a sthm a (H eij in k  and O osterhou t,  2 0 0 6 ) ,  a u to - im m u n e  

d is e a s e s  su ch  as  m u lt ip le  sc ler o s is  (M c C a n d le s s  and K le in ,  2 0 0 7 ) ,  and graft-versu s-h ost  

d ise a s e  ( W y s o c k i  et al. , 2 0 0 5 ) .  In addit ion , inhibit ion  o f  tu m ou r  ce ll  m igration  m ay  

prevent the d e v e lo p m e n t  o f  m etastatic  d isea se .  P B O X - 1 5 has recently  been  dem onstrated  

to inhibit T -c e l l  m igration ,  thereby su g g e s t in g  a n o v e l  role for this  ser ie s  o f  c o m p o u n d s  in 

the  treatm ent o f  in flam m atory  c o n d it io n s  (V e r m a  et al.,  2 0 0 8 ) .  T h e  m e c h a n ism  by w h ich  

m igration  is b lo c k e d  resu lts  from  d estab il iza t ion  o f  c y to sk e le to n  integrity  in addit ion  to a 

redu ction  in a ce ty la t io n  and tyros in y la t ion  o f  tubulin . A lth o u g h  both th e se  p ost-  

translational m o d if ic a t io n  are a sso c ia ted  w ith  tubulin  stability , the m e c h a n ism  b y  w h ich  

th e y  m a y  a f fe c t  c e l l  m oti l i ty  are not fu lly  characterized . T h erefore ,  P B O X  c o m p o u n d s  

m a y  a lso  p r o v e  u sefu l  agen ts  in the in vest iga t ion  and ch aracterization  o f  c e l l  m igration  

m e c h a n is m s .

1.8 PBOX Compounds as Novel Agents for the Treatment of B-Cell Malignancies

A s  d escr ib ed  in s e c t io n s  1.4 and 1 .5 .2 , d esp ite  the in te n s iv e  o n -g o in g  search  for n o v e l  

treatm en ts  for  m u lt ip le  m y e lo m a  and C L L , n o  ex p er im en ta l  therapy d e v e lo p e d  to  date  

represen ts  d e f in i t iv e  cure or rep lacem en t  for current standard c h em o th e ra p y  p ro toco ls .  In
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addition, the development o f resistance to current drugs remains a concern. Therefore, 

there is an obvious need for continued investigation o f novel agents. To address this, a 

variety of novel agents are in pre-clinical studies to assess their potential as novel 

treatments for B-cell malignancies (Table 1.7). The development of these agents may also 

represent novel tools with which to dissect the mechanisms of pathogenesis which result 

in the development o f malignancy. Hence, although many o f these agents may not be 

developed into drugs for clinical application, they may advance the understanding o f the 

molecular basis o f myeloma and CLL, and thereby indirectly leading to the development 

of effective targeted therapies. Successful novel anti-cancer agents should ideally 

selectively induce death o f the malignant cells via mechanisms distinct from existing 

chemotherapeutic drugs. Activation o f alternative death pathways is particularly 

important for the treatment o f disease which is, or has become, resistant to conventional 

therapies. PBOX compounds have demonstrated anti-cancer activity against a variety of 

tumour cells, including those derived from both solid and haematological malignancies. 

As such, they may represent a new class o f broad spectrum anti-cancer agents. Although 

tubulin has been identified as a molecular target o f pro-apoptotic PBOX compounds, the 

mechanism(s) by which these agents induce cell death remain incompletely defined, and 

in addition, appear to be cell-type specific. Research to date proposes PBOX compounds 

as novel agents with potential for further development as treatments for chronic B-cell 

malignancies, and other cancers. To this end, the mechanism by which these compounds 

function requires further investigation, and should be elucidated in a number o f tumour 

types to gain a complete understanding o f their mode o f action, and potential clinical 

applications.

As discussed in section 1.4, vincristine, an MTA has traditionally been 

incorporated into chemotherapy regimens for patients with myeloma. In addition, MTAs 

have been demonstrated to induce apoptosis o f CLL cells ex vivo (Bernabei et al., 1999; 

Vilpo et al., 2000; Beswick et al., 2006). The sensitivity o f cancer cells to MTAs has 

generally been attributed to their high mitotic frequency, compared to normal cells, 

thereby increasing opportunity for interference with microtubule dynamics. However, the 

rapid induction o f apoptosis following mitotic arrest is unexpected in both MTA-treated
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myeloma and CLL cells, considering their low proliferation rates. Therefore, although 

cell death in these cells is linked to mitotic arrest, other pathways leading to apoptosis 

must also be initiated in response to MTA-treatment. In addition, the findings that PBOX 

compounds are not cytotoxic to normal cells (Greene et al., 2005; McGee et al., 2005), 

which contain significantly higher levels o f  tubulin compared to CLL cells (Atkins and 

Anderson, 1982) and so would be expected to be sensitive to MTA-treatment. identify a 

cancer cell-specific mechanism by which PBOX compounds initiate apoptosis.

1.9 Aims

The aims o f  this thesis are to assess PB O X -15, a novel MTA, as a potential agent 

for the treatment o f  the chronic B-cell malignancies multiple myeloma and chronic 

lymphocytic leukaemia. In addition, elucidation o f  the mechanism by which PBOX-15 

induces apoptosis in these cells may help address the question as to how MTAs 

effectively induce apoptosis o f  cancer cells with low proliferative capacity. To this end:

•  the effect o f  PB O X -15 on the tubulin network o f  two myeloma cell lines, 

NCI-H929 and U266, is assessed, and the cytostatic and apoptotic responses 

o f  the cell lines investigated, and compared to the effects o f  other anti

myeloma agents.

• the responses o f  the cell lines to treatment with PBOX-15 are investigated by 

genomic profiling o f  apoptosis- and immune-related genes.

• the mechanism by which PB O X -15 induces apoptosis is elucidated, using the 

NC1-H929 cell line as an in vitro cell line model o f  myeloma. Specifically, the 

role o f  caspases and Bcl-2 proteins are investigated.

• the effect o f  PBOX-15 on ex vivo CLL cells is assessed, and the mechanism 

by which this proceeds is compared to that delineated in myeloma cells.
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2.1 Materials

Unless otherwise indicated, all reagents and chemicals were purchased from Sigma 

Chemical Co., (St.Louis, Missouri, USA), and all solutions were prepared using 

17mQ deionized H 2 O. Stock solutions o f  caspase inhibitors, JNK inhibitor, MG- 

262, and JC-1 (Calbiochem. Darmstadt, Germany), were prepared in dimethyl 

sulfoxide (DMSO), and stored as per the manufacturer’s instructions. 

/C/7/erTRAIL^'^ was obtained from Alexis Biochemicals (Lausen, Switzerland), and 

stored as per the m anufacturer’s instructions.

PBOX-6 and PBOX-15 were synthesised as previously described (McGee et 

al., 2005). Briefly, 4-Amino-3-hydroxybenzoic acid underwent a Clauson-Kaas 

reaction, followed by an esterification, and the pyrrolo derivatives were converted 

into the corresponding esters by means o f an 0-alkylation with the appropriate 

bromoarylacetic ester. Basic hydrolysis o f the esters afforded acids, which 

underwent intramolecular Friedel-Crafts cyclization o f the acids to yield the 

corresponding cyclic ketones. Treatment o f the potassium or sodium enolates o f 

ketones with the appropriate iV,jV-dialkylcarbamyl chloride or acyl chloride yielded 

the target compounds, which were reconstituted in ethanol (EtOH), and stored at 

-20“C.

2.2 Cell Culture

2.2.1 Cell Line Culture

Two multiple myeloma cell lines, U266 and NCI-H929 were purchased 

from DSMZ, Braunschweig, Germany. Both cell lines were grown as cell 

suspensions using RPMI 1640 medium (containing GLUTAMAX™  , Gibco, 

Paisley, UK), which was supplemented with 10% foetal calf serum (PCS) (Gibco) 

and 1% penicillin-streptomycin (25,000 units-25,000mg, respectively) (Gibco). 

Cells were maintained at 37“C in a 5% CO 2 atmosphere, and split 1:3 every 2-3 

days to maintain sub-confluent cultures. The doubling time o f each cell line was 

determined by seeding cells at a known density, and performing a cell count on an
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aliquot o f each at 24hr intervals, over a 7 day period. The results were analysed with 

PrismGraphPad® software (GraphPad Software, San Diego, California, USA), using 

exponential growth parameters. The doubling time o f NCI-H929 cells was 

calculated to be 59.13hrs, with an R value o f 0.9459 (Fig 2.1a). A doubling time of 

56.55hrs was calculated for U266 cells, with an value o f 0.9442 (Fig 2.1b). Cell 

lines were maintained for no more than 15 passages, after which a new culture was 

thawed and grown from stocks stored in liquid nitrogen. In order to maintain these 

stocks, cells were pelleted (1300rpm, 3min) and resuspended in freezing medium 

which consisted o f  70% RPMI 1640 medium, 20% FCS, and 10% DMSO. Cells 

(5x10^ cells/ampoule) were cooled to -80°C at a rate o f l°C/min. and transferred to 

liquid nitrogen for long term storage.

When required, cells were harvested by centrifugation (1300rpm, 3min), and 

the resulting cell pellet resuspended in fresh cell culture medium. An aliquot o f cell 

suspension, diluted 1:3 with ethidium bromide/acridine orange stain, was loaded 

onto a haemocytometer and viewed under a fluorescent microscope in order to 

assess the viability o f the cells, and to determine the number o f cells present. 

Acridine orange is taken up by viable cells, which then fluoresce green. In 

comparison, ethidium bromide is excluded from these cells. Conversely, dead cells 

appear orange, as loss o f cell membrane integrity allows ethidium bromide into the 

cells, where it binds to, and stains their DNA. Cells were then treated as described 

in section 2.3. 
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Figure 2 .1 Growth curves fo r  a) NCI-H929 and h) U266 cells

a) 0.6xICf’NCI-H929 and b) 0 .2x l(f U266 cells were seeded, and cell counts performed at 24hr 

intervals, as described in section 2.2.1.
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2.2.2  Primary CLL Cell Culture

In parallel with another project (Hayat et al., 2006), CLL patients referred to 

St James Hospital, Dublin were recruited to this study. Written informed consent 

was obtained from all patients prior to blood collection. The criteria for patient 

entry to this study were persistent clonal lymphocytosis (Royal Marsden Score o f  at 

least 4) with no prior treatment. FISH analysis and determination o f  CD38 

expression levels were performed as previously described (Hayat et al., 2006). CLL 

cells were isolated from heparinized peripheral blood (40ml), mixed with an equal 

volume o f  RPMI 1640 medium, by density gradient centrifugation (ISOOrpm, 

30min) on Lymphoprep"^ (5ml/10ml blood and RPMI) (Axis-Shield. Norway). The 

lymphocyte pellet i.e. the layer at the medium/sample interface, was transferred to a 

new sterile tube, and washed with an equal volume o f  RPMI 1640 medium  

(1600rpm, lOmin). If the resulting pellet contained a large amount o f  red blood 

cells, as determined by its pink appearance, it was resuspended in RPMI 1640 

medium (~20-30m l), and the density gradient centrifugation procedure was 

repeated. Otherwise, the cream-coloured pellet was washed with RPMI 1640 

medium, supplemented with PCS and penicillin-streptomycin (1600 rpm, 10 min). 

The resulting pellet was resuspended in RPMI 1640 medium, supplemented with 

PCS and penicillin-streptomycin, and the total number o f  cells present in a 1:100 

dilution o f  this cell suspension was determined using the ethidium bromide/acridine 

orange staining method previously described (section 2.2.1). Cells were 

immediately treated as described in section 2.3.

2.3 Drug Treatment of Cells

Multiple myeloma cells were seeded at a density o f  1-2.5x10^, and the required 

concentration o f  drug, vehicle control, and/or inhibitor (diluted in RPMI 1640 

medium, supplemented with PCS and penicillin-streptomycin, unless otherwise 

stated) was added to each sample and mixed thoroughly. Treated cells were 

incubated at 37°C in a 5% CO2 atmosphere for the required time period, after which 

they were harvested for analysis, as described in the following sections. Primary 

CLL cells were seeded at a density o f  4x10^, and treated as described for myeloma 

cells. When required, cytokines or inhibitors were added to cell samples at the
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required concentration, and sam ples w ere incubated at 37°C for Ih r prior to addition 

o f  drug or vehicle control.

2.4 Immunofluorescent Microscopy

In order to assess the effect o f  PBOX-15 treatm ent on the m icrotubule netw ork o f  

U266 and N C I-H 929 cells, direct im m unofluorescent staining for tubulin  was 

perform ed. 1x10^ cells were treated as described in section 2.3 for 18hrs, after 

which they were harvested (ISOOrpm, 3m in). Cells were fixed by addition o f  3% 

paraform aldehyde (200 |il) and incubated for 10 m in at room  tem perature. Cells 

were w ashed in phosphate buffered saline (PBS) (400 |il) (G ibco), and resuspended 

cells (lOOfil) dropped onto coverslips, which had been coated and incubated 

overnight at 4°C w ith poly-L-lysine in order to facilitate cell adherence. Follow ing 

incubation for Ih r at room  tem perature, non-adhered cells were rem oved from  the 

coverslips. The rem aining cells w ere perm eabilised in 0.1%  Triton X -100 (200 |il) 

for 3-5m in at room  tem perature. C ells were washed three tim es in PBS (200 |il, 

5min), and incubated w ith anti-a-tubulin  fluorescein isothiocyanate (FITC) 

conjugate (1 :200) and Hoechst (1 :2000), diluted in PBS, for l-2h rs in the dark. 

Coverslips were w ashed three tim es in PBS (1ml, 5m in), drained, and m ounted on 

m icroscope slides using D A K O  fluorescent m ounting m edium  (D akoCytom ation, 

G lostrup, Denm ark). Im ages w ere visualised using a Ziess LSM 510 META imaging 

system (Car! Ziess Microlmaging, Thornwood, NY).

2.5 MTT Assay

The effect o f  various concentrations o f  PB O X - 6  and PBOX-15 on the proliferation 

o f  m yelom a cells was assessed using the M TT Cell Proliferation Kit I (Roche 

D iagnostics, Penzburg, G erm any). Cells w ere seeded at a density o f  5x10"^, and 

incubated in the presence o f  PB O X  com pounds for the required tim e period. The 

assay was perform ed according to the m anufacturer’s instructions, and the A 595 o f  

each sam ple was m easured using a Spectra FluorPlus (Tecan, Reading, U nited 

K ingdom ) plate reader. The results were analysed, and an I C 5 0  value (h a lf m aximal
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inhibitory concentration) for each compound calculated with PrismGraphPad® 

software (GraphPad Software, San Diego, California, USA), using sigmoidal dose- 

response analysis parameters.

2.6 Cell Cycle Analysis

U266 and NCI-H929 cells, which had been isolated as described in section 2.2.1, 

and treated with drug for the required time period as described in section 2.3, were 

transferred to FACS (fluorescence-activated cell sorting) tubes (Beckton Dickinson, 

New Jersey, USA). Cell pellets (1300rpm, 3min) were resuspended in PBS (1ml). 

Cells were permeabilised and fixed by adding cold 90% EtOH (2.5ml) dropwise to 

each sample while vortexing gently. Cells were incubated at room temperature for 

30min, harvested (1300rpm. 3min), and stained by resuspending in freshly diluted 

propidium iodide (PI) (1ml) (Molecular Probes, Oregon, USA, 1 mg/ml stock 

solution diluted 1:40 with PBS). As PI can also bind to and stain double-stranded 

RNA, PUREGENE® RNase A (0.1 mg) (Centra Systems Inc., Minneapolis, USA) 

was added to each sample, which was then incubated at 37°C for 30min. Samples 

were immediately analysed on a FACSCalibur flow cytometer (Becton Dickinson), 

and data analysis was performed using CellQuest software (Becton Dickinson). PI 

fluorescence was measured on FL2 channel on the flow cytometer (536nm (488nm 

laser) excitation, and 623nm emission), with a shift along the FL2 axis 

representative o f an increase in the DNA content o f the cell population.

2.7 Apoptosis Assays

2.7.1 Cvtospin Assay

An aliquot (100-150|al, containing-10,000 cells) o fU 266 or NCI-H929 

cells which had been isolated as described in section 2.2.1, and treated with drug for 

the required time period as described in section 2.3, were cyto-centrifuged onto 

glass slides (700rpm, 2min). Slides were air-dried and stained with the RapiDiff kit 

(Diagnostic Developments, Burscough, Lancashire, UK) as per the manufacturer’s
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instructions. B riefly, ce lls  were first fixed  in m ethanol. S lides w ere incubated in 

Eosin Y, w hich  stains the cytoplasm  pink, fo llow ed  by M ethylene blue, w hich  

stains the nucleus purple. S lides w ere w ashed in H 2 O, and air dried before being  

view ed  under a light m icroscope. Im ages were acquired using a N ikon  T E 300  

inverted m icroscope (N ikon  Instruments, A m stelveen , The Netherlands) attached to 

a Leica DC 100 digital cam era (M eyer Instruments, H ouston. TX, U S A ). A poptotic  

cells were identified as those exhibiting characteristic features o f  apoptosis, such as 

cell shrinkage, membrane blebbing, and nuclear condensation and fragmentation.

2 .7 .2  D N A  Laddering

U 266 or N C I-H 929 ce lls  which had been isolated as described in section

2.2 .1 , and treated with drug for the required tim e period as described in section  2 .3 , 

were pelleted (lOOOg, 5m in). C ells were lysed  by resuspension in Tris-E T D A  buffer 

(3 0 0 |il)  (Fluka, R iedel-de Haen, Seelze , Germ any) containing 0.2%  (v /v ) Triton X - 

100 buffer. F ollow ing incubation o f  the cell suspension on ice for lOmin, D N A  was 

harvested by centrifugation (13 ,000g , 15min, 4 “C). R N ase A  (15|o,g) w as added, and 

sam ples were incubated at 37°C for Ihr. 10% SD S (12 .5 fil) and Proteinase K (20ng) 

(Fluka) w as added, and sam ples were incubated at 50“C for Ihr. D N A  w as stored at 

4°C or electrophoresed im m ediately on a 1.2% agarose gel (containing 5|^l/100m l 

ethidium brom ide). 20fil sam ple, m ixed with 6X  loading buffer (4|^1) (Prom ega, 

W isconsin . U S A ) w as loaded per w ell, and the gel w as electrophoresed in Tris- 

Borate-ED TA buffer at 5V  for 5m in, fo llow ed  by lOOV for 2hr. G els were  

destained (Im M  M gS 0 4 , 30m in; H2 O, overnight) to reduce background U V  

em ission , and D N A  visualised  on a U V  transilluminator (U V P, Cam bridge, 

England).

2.7.3 A nnexinV /Propidium  Iodide Staining

U 266  or N C I-H 929 ce lls, w hich had been isolated as described in section

2 .2 .1 , and treated with drug for the required tim e period as described in section  2 .3 , 

were transferred to FACS tubes, and harvested (1300rpm , 3m in). Cell pellets were 

w ashed (1300rpm . 3m in) in A nnexinV  binding buffer (1m l) (B iosource, N iv e lles, 

B elgium ), w hich  w as diluted from lOX stock in PBS (G ibco). Each sam ple was 

resuspended in binding buffer (100|j.l), and AnnexinV -FITC  (3|j,l) (IQ Products, The
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Netherlands) was added to all samples, except appropriate controls to which only 

binding buffer (3|j.1) was added. Samples were vortexed, and incubated on ice, in the 

dark, for 15-20min. All tubes were kept on ice from this point on in order to 

preserve the FITC tag on the AnnexinV. Cells were again pelleted (1300rpm, 3min), 

and washed in binding buffer (1ml). Cell pellets (1300rpm, 3min) were resuspended 

in binding buffer (500fal). Immediately before data acquisition, PI (125ng/ml, 

diluted from I mg/ml stock in binding buffer) was added to all tubes except the 

appropriate controls. The fluorescence in each sample was determined by flow 

cytometry analysis using a FACSCalibur flow cytometer. Analysis of data was 

performed using CellQuest software. The total population of apoptotic cells was 

defined as those showing an increase in fluorescence along the FLl (positive for 

AnnexinV/FITC staining) and FL2 (positive for PI staining) axes. These cells 

appear in either the upper or lower right quadrants of the CellQuest output (Fig 2.2)

The staining procedure for primary CLL cells, which had been isolated as 

described in section 2.2.2 and treated for the required time period as described in 

section 2.3, was performed as described for the myeloma cell lines, except that cells 

were harvested by centrifugation at 1600rpm for 5min.

2.8 Gene Expression Analysis

The expression of selected genes in untreated and PB0X-I5 treated U266 and NCI- 

H929 cells was assessed by real-time PCR (RQ-PCR) using pre-designed TaqMan® 

gene assays (Applied Biosystems, Foster City, CA, USA). These assays are 

standardized gene-specific primer and probe sets, and allow for quantitation of PCR 

products by using TaqMan® fiuoregenic probes which specifically anneal 

downstream of the PCR primer sites. Probes are constructed with a reporter dye on 

the 5’ end, and a quencher dye on the 3’ end serves to prevent fluorescence 

emission. As the PCR amplification reaction proceeds, the probe is cleaved by the 

Taq {Thermus aquaticus) DNA polymerase, resulting in the release o f reporter dye 

from the quencher. Accordingly, an increase in fluorescence intensity is 

proportional to amount of PCR product present.
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2.8.1 R N A  Extraction and cD N A  Preparation

Extraction o f  R N A  from U 2 6 6  and N C I-H 929 ce lls , which had been treated 

with drug as described in section 2 .3 , w as performed according to manufacturer’s 

instructions, using the R N easy M ini Kit (Q iagen, W est Sussex, UK ). Briefly, cell 

pellets (500g , 5m in) were lysed  and hom ogenized  by the addition o f  Buffer RLT  

(600|al), and centrifugation (1 3 ,0 0 0  rpm, 2m in) through a QIAshredder spin 

colum n. 70%  EtOH (600fil) w as added to prom ote binding o f  R N A  to the R N easy  

membrane in the colum n to w hich  the lysate w as then transferred. Sam ples were 

centrifuged (1 l,000rpm . 21 sec), and w ashed with Buffer R W l (700|j.l) and Buffer 

RPE (SOO îl x2) to elute contam inants. The R N easy colum n w as transferred to a 

collection  tube, and R N A  w as eluted by addition o f  R N ase-free H2 O (6 0 |il) , and 

centrifugation (1 l,000rpm , Im in). R N A  w as stored at -70°C until required.

W hen required, R N A  sam ples w ere thawed, and the quantity (A 260 , ng/m l) 

and quality (A 2 6 0 /A 2 8 0  =  > 1 .9 , < 2 .1 ) o f  each determ ined using a NanoDrop® N D - 

1000 U V -V is Spectrophotom eter (N anoD rop T echnologies, W ilm ington. Delaw are, 

U SA ). 500ng R N A  was converted to cD N A  using a High Capacity cD N A  Reverse 

Transcription Kit (A pplied B iosystem s). Sterile D N ase/R N ase-free H2 O w as added 

to 500ng R N A  to g ive  a final volum e o f  50|al. Master M ix w as prepared by m ixing  

the kit com ponents as show n in Table 2 .1 , and added to the R N A  (50^1/sam ple). 

Sam ples were p ico-centrifuged, and reverse transcription performed using the 

fo llow in g  PCR program on an MJ Research PTC -200 Peltier Thermal C ycler 

(B iosciences): 25°C, lOmin; 37"C, 120m in, 4°C, o/n. cD N A  was stored at -20°C  

until required.

Table 2.1 Composition o f MasterMix fo r  cDNA preparation

volume per sample (|jl)

lOX Reverse Transcription Buffer 10

25X dNTPs (deoxynucieotide triphosphate) 4

lOX Random Primers 10

Multiscribe Reverse Transcriptase (50U/nl) 5

dH20 (sterile, DNase/RNase-free) 21

Volumes o f  components from  a High C apacity cDNA Reverse Transcription Kit were mixed, by 

pipetting, to prepare M aster Mix fo r  cDNA preparation.
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2.8.2 Analysis o f  Gene Expression using TaqMan® Gene Expression Arrays

Gene expression analysis was performed using the following inventoried 

TaqMan® Gene Expression Assays (Applied Biosystems);

•BCL2L11 (assay ID H s00708019_sl) mLTA (assay ID H s00236874_m l)

• TNFRSFIA (assay ID H s01042313_m l) tLTB  (assay ID H s00242739_m l)

• TNFRSFIB (assay ID H s00153550_m l) .TN F {assay ID H s00174128_m l)

• TNFRSFIOB (assay ID H s00366272_m l) .TNFSFIO  (assay ID H s00234356_m l)

• TNFRSF21 (assay ID H s00205419_m l) .C D 40LG  (assay ID H s00163934_m l)

•C D 40  (assay ID H s00374176_m l) .G A P D H  (assay ID H s99999905_m l)

Reactions were set up as shown in Table 2.2, and 50|il reactions were transferred, in 

triplicate, to a 96-well optical reaction plate, and sealed with an optical adhesive 

cover (Applied Biosystem s). Amplification reactions were performed on a Prism 

7500 PCR system (Applied Biosystem s) using the following conditions: 52°C,

2min; 95°C, lOmin; 40 cycles o f  92°C for 15 sec and 60°C for Imin.

Table 2.2 Set-up components o f  TaqMan^ Gene Expression Assays

volum e (|il)

TaqMan® Gene Expression Assay (20X ) 2.5

1 OOng cD N A  Template (5ng/|il) 20

TaqMan® Universal Master M ix (2X ) 25

dH 20 (sterile, DNase/RNase-free) 5.5

Total Volume 50

Volumes o f  components which were mixed to set up a 50jul TaqMan’' assay.

High-throughput analysis o f  gene expression was performed using TaqMan® 

Low Density array (LDA) panels (Applied Biosystem s) (human apoptosis array -  

product code 43787010; human immune array - product code 4370573). These are 

384-well micro-fluidic cards onto which selected TaqMan® assays have been pre

formatted (a list o f  genes is included in Appendix 1). Assays were present in 

quadruplicate on each card, and the assay for 18S gene expression was used as the 

endogenous control. TaqMan® Universal PCR Master M ix, N o AmpErase® UNG  

(50 |il) was added to thawed cD N A  (lOOng) and DNase/RNase-free H2O (to give a 

total volume o f  100|al). Samples were mixed by pipetting, and pico-centrifuged. 

Samples were loaded into the ports o f  each LDA card, the temperature o f  which had
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been allowed to adjust to room temperature. Cards were analysed immediately on a 

Prism 7900HT Fast Real-Time PCR System, fitted with a TaqMan® array thermal 

cycling block adaptor, (Applied Biosystems), or stored at 4°C, in the dark, for up to 

64hrs. Prior to analysis, cards were centrifuged twice (1200 rpm, Imin), to ensure 

equal distribution o f  cDNA across the TaqMan® assay reactions on each card, and 

loading ports were cut away. The reaction conditions were as shown for individual 

TaqMan® assays.

2.8.3 Calculation o f  RQ Values

Data analysis was performed using the SDS v2.1 program (Applied Biosystems). 

For all samples, analysis was initially carried out using default parameters (i.e. 

automatic baseline and threshold). If necessary, the Ct was set to manual, and the 

threshold line adjusted. The threshold was set above the baseline, the initial PCR 

cycles in which there is no significant amplification, and therefore little change in 

fluorescence. The threshold was also set within the exponential range o f  the 

amplification curve, in order to exclude background fluorescence, but before the 

plateau phase o f the reaction (Fig 2.2).
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Figure 2.2 Schematic o f RQ-PCR response curves

For each sample, fluorescence is p lo tted  against cycle number. The threshold is set above the 

baseline, or background fluorescence, and within the exponential phase o f  the amplification 

reaction. The cycle number at which an RQ-PCR reaction curve crosses the threshold is the C/ 

value. (Adaptedfrom  Kubista et a i,  2006).
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R elative changes in gene expression (RQ values) were calculated as fo llow s, using  

untreated N C I-H 929 results as the calibrator reference sample:

A C t = Cj (target gene) -  C j  (endogenous reference gene)

A A C j  =  A C r (test sam ple) -  ACj- (calibrator sam ple) 
____________________________________________ RQ  =  ____________________________________________

C lassification o f  genes by b iological function and pathway w as performed using the 

PANTH ER ontology analysis system  (w w w .pantherdb.com ).

2.9 Preparation of Samples for Western Blotting

2.9.1 Extraction o f  Protein from Samples

U 266 and N C I-H 929 cells, which had been treated with drug as described in 

section 2.3, were harvested (ISOOrpm. 3m in), and washed once in ice-cold PBS  

(1m l). C ells were lysed by pipetting in RIPA (radio-im m unoprecipitation assay) 

lysis buffer (30(4,1) (Santa Cruz B iotechnology, California, U SA ), and incubating on 

ice for 15min. The com position o f  the RIPA buffer was as follow s: tris-buffered  

saline (TBS), 1% N onidet P-40, 0.5% sodium  desoxycholate, 0.1% sodium  dodecyl 

sulfate (S D S), and 0.004%  sodium  azide, which w as supplemented with 10|al/ml 

phenylm ethanesulfonyl fluoride (PM SF), 10|al/ml sodium  orthovanadate, and 

20(al/ml protease inhibitor cocktail. Cell debris w as pelleted (12,000rpm , 20m in, 

4°C), and the supernatants (com prising total cell lysates) were stored at -70°C until 

required. Primary CLL cells, which had been isolated as described in section 2.2.2, 

and treated with drug for the required tim e period as described in section 2 .3 , were 

harvested (550g, lOmin, 4°C) and stored at -70°C. Cell pellets were subsequently  

thawed, on ice, and lysed in RIPA lysis buffer as described above.

2 .9 .2  Determ ination o f  Protein Concentration

The amount o f  protein present in both m yelom a cell lines and CLL cell 

lysates w as determined using a NanoDrop® N D -1000  U V -V is Spectrophotometer. 

The A 280 o f  each sam ple was measured, and the concentration calculated as 1 

abs=l mg/ml.
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2.9.3 Preparation o f  Sam ples for SD S-PA G E

A liquots o f  each treated cell lysate sam ple (volum e calculated from total cell 

lysate protein concentrations to g ive an equal amount o f  protein (~25-50fj,g) in each  

sam ple) w ere added to an appropriate volum e o f  H 2 O to g ive  final equal volum es  

for each sam ple. These w ere prepared for SD S-polyacrylam ide gel electrophoresis  

(PA G E) by m ixing with an equal volum e o f  2X  sam ple buffer which consisted  of: 

0.5M  Tris-HCl pH 6.8 (1 .25m l), H2 O (3 .55m l), glycerol (2 .5m l), 10% SD S (2m l), 

0.5%  brom ophenol blue (0 .2m l), and (3-mercaptoethanol (50|j.l/950}xl sam ple 

buffer). Sam ples were boiled  at 95°C for 5m in, pulse centrifuged, and stored on ice  

until required.

2.10 Western Blotting

W estern blotting is a com m only used method for detecting the presence o f  a 

specific protein on a gel in the presence o f  a mixture o f  other proteins. It utilises the 

concept o f  com plem entarity between a probe and a target m olecule, w ith the target 

m olecule being the protein o f  interest, w h ile the probe is a known antibody to the 

protein which is labelled appropriately (e.g. horseradish peroxidase (H RP)).

W estern blotting is essentia lly  a quantification process, w hich  can be used to 

provide inform ation about the presence and quantity o f  a protein in a sam ple.

2.10.1 SD S-PA G E

The proteins contained in cell lysate sam ples (as prepared in section  2 .9) 

were separated on a 12% SD S-polyacrylam ide gel, using the Lam elli buffering  

system  (L am elli, 1970), and a M ini-PR O T EA N  3 Electrophoresis System  (B io-R ad, 

Hertfordshire, UK ). The resolving gel w as prepared as fo llow s: H2 O (3 .4m l), 30%  

B is-A crylam ide (4m l), 1.5M  Tris-HCl pH 8.8 (2 .5m l), and 10% SD S (lOOia.1) were 

m ixed, and degassed  by sonication in a water bath for 10s. 10% am m onium  

persulfate (A P S) (50|o,l, freshly prepared), and A^,A^,A^,A^'-tetramethylethylenediamine 

(TEM ED ) (10|o,l) were added to polym erise the gel. A  4% stacking gel w as prepared 

as follow s: H2 O (3 .05m l), 30%  B is-A crylam ide (665|j.l), 0 .5M  Tris-HCL pH 6.8  

(1 .25m l), and 10% SD S (50|j.l) were m ixed, and degassed  using an Branson 200
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ultrasonic water bath (Branson. W ethersfield, CT, U SA ). 10% A PS (25)xl, freshly 

prepared), and TEM ED (5)0,1) were then added. The running buffer consisted  of: 

Tris-HCl (0 .025M ), g lycine (0 .1 92M ), and SD S (0.2% ). Cell lysate sam ples 

(20fj.l/well) were loaded onto the gel, a long w ith pre-stained protein marker 

(Precision Plus Protein™  Standards, B io-R ad). G els were electrophoresed at 150V  

for 45m in, or until the dye front had reached the end o f  the gel.

2 .10 .2  Protein Transfer

F ollow ing SD S-PA G E , as described in section  2 .10 .1 , the gel w as 

equilibrated, by soaking for 20m in, in transfer buffer (Tris (3 .03g), g lycine (14 .4g), 

methanol (200m l), made up to IL with H2 O). 4 sheets o f  filter paper and a 

polyvinylidene difluoride (PV D F) membrane (pre-soaked in 100% m ethanol, and 

washed in H 2 O for 5m in) (Am ersham  B iosc ien ces, Buckingham shire, U K ), along  

with the transfer fibre pads, were soaked in transfer buffer for lOmin. The gel and 

PV DF membrane w ere arranged in a Mini Trans-Blot Cell (B io-R ad) gel holder 

cassette, betw een the filter paper (2 sheets on each side) and fibre pads as per the 

manufacturer’s instructions. The resolved proteins on the gel were transferred to the 

PV D F membrane at 1 OOV for 60m in. The membrane w as then air-dried, and stored 

at 4°C betw een sheets o f  filter paper, and wrapped in cling-film .

2.10.3 Im m unodetection

The PV D F membranes, to which protein gels  had been transferred, and 

which w ere stored at 4°C, as described in section  2 .10 .2 , were soaked in 100%  

methanol for 10s, and w ashed in H2 O for 5min. They w ere then blocked by 

incubation at room temperature, with shaking, for 60m in in b locking solution which  

consisted  o f  5% (w /v) Marvel in PBS containing 0.1%  (v /v) T w een (PB S-T )). The 

membranes were then washed 3 tim es (5m in per w ash) in PB S-T , and incubated, on 

a roller, w ith  one o f  the fo llow in g  primary antibodies, w hich  w ere diluted as stated:

•  m ouse anti-B cl-2 (Calbiochem ), diluted 1:100 in b locking solution

•  m ouse anti-M cl-1 (Santa Cruz B iotechnology), diluted 1:100 in b locking solution

•  rabbit anti-Bim  (C ell S ignalling T echnology (C ST), M assachusetts, U S A ), diluted  

1:1000 in 5% bovine serum albumin (B S A )/P B S-T

• rabbit anti-Bid (C ST), diluted 1:1000 in 5% B SA /P B S-T
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•  m ouse anti-capsase-8 (CST), d iluted 1:1000 in 5%  BSA /PBS-T

• rabbit anti-DR5 (CST), d iluted 1:1000 in 5%  BSA /PBS-T

• m ouse anti-P-actin, diluted 1:5000 in blocking solution

For Bim, Bid. caspase-8, and DR5 blots, PV DF m em branes w ere incubated 

overnight at 4°C, follow ed by Ih r at room  tem perature in prim ary antibody. For all 

other proteins, blots were incubated in prim ary antibody for 1 hr at room  

tem perature. All m em branes w ere then w ashed 3 tim es (5m in per wash) in PBS-T, 

and incubated for 60m in, w ith shaking, in secondary antibody solution, which 

consisted o f  anti-m ouse or anti-rabbit H R P-labelled antibody (D akoC ytom ation) 

diluted 1:5000 in blocking solution. The m em branes were washed 4 tim es (5 m in 

per wash) in PBS-T, and incubated with SuperSignal® W est Pico 

C hem ilum inescent Substrate (P ierce, Rockford, Illinois, USA) according to the 

m anufacturer’s instructions. The m em branes were then placed betw een acetate 

sheets, and exposed to X -ray film  (A G FA , M iddlesex, UK) for the appropriate 

am ount o f  tim e. This was then developed using an A G FA  Curix 60 developer.

2.10.4 M em brane Re-probing

W here possible, PV DF m em branes were re-probed to detect proteins o f  

significantly different sizes. Follow ing com pletion o f  the first im m unodetection 

procedure, the m em brane w as incubated for 15min in blocking solution, before the 

process was perform ed as described using a different antibody.

2.10.5 D ensitom etry

D eveloped X -ray film s w ere scanned using an Epson Perfection 4490 Photo 

scanner (Epson UK Ltd, Hem pel H em pstead. UK) and A dobe Photoshop Elem ents 

3.0 (Adobe System s Softw are, D ublin, Ireland). A bsolute band intensity was 

calculated using Im ageJ software (US N ational Institutes o f  Health. Bethesda. MA; 

http ://rsb.info.nih.gov/ij/). C hanges in protein expression levels, or relative 

intensity, were calculated by norm alisation to expression o f  actin by each sam ple as 

follows:

Relative Intensity = A bsolute Intensity o f  Sam ple Band

A bsolute Intensity o f  Actin
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2.11 Mitochondrial Membrane Integrity and Cytochrome c Release

2.11.1 Mitochondrial Membrane Integrity Assay

Depolarisation o f the inner mitochondrial membrane is an early eyent in 

cells in which apoptosis proceeds via the intrinsic apoptotic pathway. As such, 

disruption o f inner mitochondrial membrane integrity may indicate that this 

pathway has been initiated. JC-1 (Fig 2.3) is a cationic dye which is used to detect 

specific depolarisation o f the mitochondrial membrane. Mitochondria with high 

membrane potential are labelled red, due to the fluorescence o f aggregate formed by 

the concentrated dye. In contrast, cells with low mitochondrial membrane potential 

are indicated by the green fluorescence o f  JC-1 monomers. Thus, disruption o f 

mitochondrial membrane integrity may be indicated by a decrease in the red/green 

fluorescence intensity ratio, which is measured by flow cytometry as a downwards 

shift along the FL2 axis.

Figure 2.3 Chemical structure o fJC -I

NC1-H929 cells (up to 1x10^ cells) were treated as described in section 2.3, 

for the required time period. For the final 15min o f incubation, JC-1 (diluted 1:100 

from stock in DMSO to give final concentration o f 2|iM ) was added to each well. 

Warm PBS (2ml) was added to each sample, which were yortexed gently. Cells 

were harvested (1300rpm. 3min), and the resuUing pellet resuspended in FACS 

Flow (500|a,l). Cells were then analysed using a FACSCalibur flow cytometer, and 

data analysis performed using CellQuest software.

2 .11.2 Cytochrome c Release Assay

A pivotal event in the intrinsic apoptotic pathway is release o f cytochrome c, 

along with other pro-apoptotic proteins, from the mitochondrial intermembrane 

space into the cytoplasm. Release o f cytochrome c from the mitochondrion o f NCI- 

H929 cells following PBOX-15 treatment was assessed using the InnoCyte™  Flow 

Cytometric Cytochrome c Release Kit (Calbiochem). The assay was performed
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according to manufacturer’s instructions. Briefly, NCI-H929 cells, which had been 

treated with drug as described in section 2.3, were harvested (lOOOg, 5min), and 

washed twice in ice-cold PBS (1ml). Cellular membranes were permeabilised by the 

addition o f permeabilisation buffer (300|j.l) and incubation on ice for lOmin. 8% 

paraformaldehyde (300|il) was added to fix the cells. After incubation at room 

temperature for 20min, cells were pelleted (lOOOg, 5min) and washed 3 times in 

wash buffer (1ml). Blocking buffer (250|j,l) was added, and samples were incubated 

at room temperature for Ihr. Anti-cytochrome c (250|al) was added, and samples 

mixed by pipetting up and down gently. Following incubation at room temperature 

for Ihr, cell pellets (lOOOg, 5min) were washed in wash buffer (1ml), and anti-IgG 

FITC (500|il) added. Samples were incubated in the dark at room temperature for 

Ihr, after which they were pelleted (lOOOg, 5min) and washed once in wash buffer 

(1ml). The resuhing pellet was resuspended in wash buffer (500|^1), and cells were 

analysed using a FACSCalibur flow cytometer and CellQuest software. Cells 

staining positive for cytochrome c were detected on the FLl channel. As a 

consequence o f cellular membrane permeabilisation. cytochrome c is lost from cells 

in which it has been released following induction o f apoptosis. Thus, a downstream 

shift along the FLl axis identifies cells in which the intrinsic apoptotic pathway has 

been initiated.

2.12 siRNA-Mediated Inhibition of Gene Expression

Inhibition o f gene expression is a powerful tool which may be used to assess 

the importance o f a gene, and/or to confirm the involvement o f its protein product in 

a particular pathway or process. This technique utilises the phenomenon o f RNA 

interference, in which small interfering RNA (siRNA) causes targeted cleavage and 

degradation o f endogenous mRNA, resulting in specific gene silencing. One o f the 

key factors in achieving efficient gene knockdown is delivery o f  the siRNA 

molecules into the cells. There are two main methods by which this is performed:

i) transfection o f cells is a common method used to deliver siRNA into

adherent, immortalised cells. It is based on the principle that negatively

charged siRNA molecules may traverse the hydrophobic, cell membrane
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lipid bilayer, when bound to the positively charged amines or lipids. A range 

o f transfection agents are commercially available, and widely used.

ii) electroporation involves the use o f pulse electric currents to generate 

temporary pores in the cell membrane, through which the siRNA molecules 

may pass. This method is more regularly used to deliver siRNA into primary 

cells, suspension cells, and hard-to-transfect cells.

Although both transfection and electroporation may be used to deliver 

siRNA into cells, the efficiency achieved using these techniques depends on the cell 

type used. Also, within each technique, the conditions under which maximum 

siRNA delivery may be achieved, while ensuring minimal toxicity, must be 

optimised. siRNA-mediated gene silencing has been achieved in NC1-H929 

multiple myeloma cells by electroporation (Zhu et al., 2005; Gomez-Benito et al., 

2007). However, although this method was successful in downregulating protein 

levels, only 20-25% transfection efficiency was achieved, and this was associated 

with considerable (40-50%) toxicity (Gomez-Benito, personal communication). In 

comparison, transfection efficiency o f 85% has been reported in NC1-H929 cells 

into which siRNA was transfected using streptolysin O (SLO), a toxin released by 

Streptococcus pyrogenes during growth. Importantly, this treatment o f the cells with 

SLO did not induce cell death above control levels (MacCallum et al., 2005). SLO 

induces reversible permeabilisation o f the cell membrane, thereby allowing small 

molecules to enter the cells, and has been found to effectively allow delivery of 

antisense oligonucleotides into eukaryotic cells (Barry et al., 1993). Based on these 

results, it was decided to employ SLO to deliver siRNA into NCI-H929 cells.

2.12.1 SLO Activitv Determination

A stock solution o f SLO was prepared by reconstituting 25,000U lyophilised 

SLO in filter-sterilized (0.2nM  filter) Mg^VCa^^-free PBS containing 0.01% BSA 

(Sigma A7030). PBS/0.05% BSA (1ml) was added to the vial containing the 

lyophilised SLO, and the contents resuspended by swirling to avoid foaming and 

transferred to a sterile tube. The vial was washed twice with PBS/0.05% BSA 

(2ml), and the contents added to the resuspended SLO. PBS (20ml) was added to
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give a final concentration o f 0.01% BSA, and lOOOU/ml SLO (lU/fj.1).

Dithiothreitol (DTT) (5mmol/L) was added to activate the SLO. The solution was 

mixed by inversion, to avoid foaming, and incubated at 37”C for 2hrs. Aliquots 

were stored at -20°C.

The activity o f  each batch o f SLO was determined in order to ascertain the 

concentration required to achieve optimal uptake into the cells. Transfection 

efficiency was measured by incubating the cells w ith PI, in the presence o f  varying 

amounts o f SLO (MacCallum, personal communication; Ormerod, 2000). Untreated 

cells were washed twice in FCS-free medium, in order to remove cholesterol which 

may inactivate the SLO. Cells were harvested and counted, as described in section 

2.2.1, and resuspended in an appropriate volume o f FCS-free medium to give 2x10^ 

cells/200)j.l. 2x10^ cells were added to PI (100|j,g/ml), w ith varying amounts o f SLO 

corresponding to U SLO/10^ cells, and mixed by pipetting up and down three times. 

Cells were then incubated at 37“C, 5% CO2, for lOmin, w ith gentle m ixing at 3min 

and 7min.Complete medium ( Im l)  i.e. containing FCS, was added to terminate the 

reaction. Cells were incubated for 30min to allow the pores in the cell membranes to 

re-seal, and then washed in PBS (1ml). As described previously, PI is a fluorescent 

dye which binds to DNA. As it is excluded by viable cells, the cell membranes must 

first be permeabilised in order for the dye to be taken up by the cells. This may be 

achieved in a number o f ways, and for example in the case o f cell cycle analysis 

(see section 2.6) ethanol is used to permeabilise the cell membranes. Follow ing 

incubation w ith SLO, only cells whose membranes have successfully been 

permeabilised w ill take up PI, and this population can be measured by FACS 

analysis as an increase on the FL3 axis. However, PI may also be taken up by 

necrotic cells. In order to differentiate this population, cells were counterstained 

w ith fluorescein diacetate (FDA). Resuspended cells (IOO|aI) were transferred to a 

FACS tube, and incubated w ith PBS (400|^1) and FDA (lOOng/ml) for lOmin. Cells 

were washed in PBS ( Im l)  and resuspended in CellFix (Becton Dickinson) (600)0,1). 

Although FDA is non-fluorescent. it is converted by intracellular esterases to 

fluorescein, which may be detected by FACS using the F L l laser. Fluorescein is 

retained by cells w ith intact membranes, thereby allowing the identification o f 

viable cells. However, this population may contain both cells which have not been
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permeabilised, and those whose membranes have re-sealed following SLO 

treatment. Therefore, both PI and FDA labelling are combined (Fig 2.4) to 

differentiate between cells which have been;

i) not permeabilised -  stain positive for FDA only

ii) permeabilised, but not resealed -  stain positive for PI only

iii) permeabilised and resealed -  stain positive for FDA and PI

Analysis o f  SLO treated cells was performed using a FACSCalibur flow  cytometer, 

and data analysis performed using CellQuest software. Transfection efficiency was 

determined as the number o f  cells staining positive for FDA on the FL1 axis and PI 

on the FL3 axis.

OUSLO

A C

FLl-H

5USLO

' : k

'  s 
•  %

C

D
10* ' 10  10^  10 ' ’  10 
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 ,
1 0 ’  10*^ 10 ' 

FLl-H

Figure 2.4 Example o f  CellQuest output o f  FDA/P! stained cells analysed by flow  cytometry

Analysis o f  the activity o f  varying amounts o f  SLO. Cells in the lower left quadrant (B) are viable 

cells, staining negative fo r  both FDA and PI. Cells in the upper left quadrant (A) are necrotic cells, 

or those whose membranes did not reseal following permeabilisation, and therefore stain positive fo r  

PI. Cells staining positive fo r  FDA in the lower right quadrant (D) are viable cells, which were not 

permeabilised. Cells which stain positive fo r  both FDA and PI in the upper right quadrant (C) are 

those whose membranes were successfully permeabilised following SLO treatment, and then 

resealed. Transfection efficiency was measured as the increase in number o f  cells from  quadrant D 

toC.
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2.12.2 siRNA Transfection ofN C I-H 929 Cells

Using the concentration o f  SLO deemed to give the highest transfection 

efficiency, whilst maintaining minimal toxicity, NCI-H929 cells were transfected 

with siRNA directed against Bim (Santa Cruz). Cells were washed tw ice in FCS- 

free RMPI-1640, and resuspended in a volume appropriate to give 2x10^ 

cells/200|ul. Cells were added to SLO (14U/10^ cells; or other concentration 

determined as described in section 2.12.1), and desired concentration o f  siRNA, and 

mixed, by pipetting up and down three times. Cells were incubated at 37°C, 5% 

CO2 , for lOmin, with gentle m ixing at 3min and 7min. Complete medium (1ml) was 

added to terminate the reaction. The cells were incubated for 30min. before transfer 

to a gassed complete medium (9ml). Cells were incubated at 37"C, 5% CO2 for 

48hrs, before harvesting for treatment as described in section 2.3.

2.13 Caspase-3 Activity Assay

Caspase-3 cleavage was measured by flow  cytometry using phycoerythrin (PE)- 

conjugated anti-active caspase-3 (Becton Dickinson). Due to the intracellular 

location o f  caspase-3, cell were first fixed and permeabilised to allow  labelling o f  

the intracellular antigen, while maintaining cellular structure and integrity. NCl- 

H929 cells, which had been treated with drug as described in section 2.3, were 

harvested (1300rpm, 3min), and resuspended in PBS (50|^1). Cells were fixed by 

addition o f  IntraStain Reagent A (100|j.l) (DakoCytomation) to each sample, which 

were vortexed and incubated at room temperature for 15min. PBS (2ml) was added 

to each sample, and mixed gently. Cells were centrifuged (300g, 5min), and the 

supernatant aspirated, leaving approximately 50|il fluid in each tube. Tubes were 

mixed thoroughly, by vortexing, to ensure cells were in suspension. Cells were 

permeabilised by adding IntraStain Reagent B (100|al) to each sample. PE- 

conjugated anti-active caspase-3 (2 0 |il/lx l0 ^  cells) was added to each sample, 

except appropriate controls, to which an equal volume o f  PBS was added. Cells 

were mixed gently, and incubated in the dark at room temperature for 15min. PBS 

(2ml) was added to each sample, and mixed gently. Cells were centrifuged (300g, 

5min), and the resulting pellet was resuspended in FACS Flow (500|j.l) (Beckton
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Dickinson). Samples were immediately analysed using a FACSCalibur flow 

cytometer, or stored in the dark at 2-8°C for up to 8hr before analysis. Analysis o f 

data was performed using CellQuest software. An increase in active caspase-3 was 

measured as a shift along the FL2 axis.

2.14 Statistical Analysis

One-way analysis o f variance (ANOVA) with Tukey’s post test, and paired t-test 

(two-tailed) analysis was performed using GraphPad InStat version 3.05 (GraphPad 

Software, San Diego. CA), with p<0.05 considered significant. All other statistical 

analysis was performed using GraphPad Prism version 5.00 (GraphPad).

The Abbott method (Evenhuis et al., 1996) was used to assess the 

synergistic effect o f combination treatments on NC1-H929 and U266 cells. The 

expected apoptosis o f a drug combination was calculated as follows, where A and B 

are the percentage apoptosis induced by either agent alone:

% Apoptosis Expected = (A+B)-((A*B)/100)

The synergy factor (SF) for the combination treatment was calculated as follows:

SF= % Apoptosis Induced by Combination 

% Apoptosis Expected

Using this method, a drug combination is deemed synergistic if  SF>1.5, or 

antagonistic when SF<0.5. Otherwise, the combination is additive.
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Chapter 3

Differential Effects o f PBOX-15 on 

Multiple Myeloma Cell Lines



ir'-'

’ ^ : c v - f ' i i f I ’• ’H ' - ' V ' ^ ' ' " i - '■'' 'i, ' v ' - ■■ ■ '". t i ' - . . /

M sm

iW fS f.:

' i^l!ii.' L '.* ,1 '

ii^  » '^ t.^ -

a r * - - -*■■ ■■

m m

'^ ' ? ' f i , ' ' ' ' ' '  ' .■ 'I . , '. -  - , ,  :<4»

''V  ■ '".■!V> '̂--1.»’ -' I, - 'in ,■'-*'• '

' I 4 d  . i i  I} ^



C h a p te r .? Differential Effects o f  P B O X -I5  on Multinle M yelom a Cell Lines

3.1 Introduction

An initial step in the development o f  a novel anti-cancer agent is in vitro screening of 

that drug. For example, the ability o f  the drug to arrest growth and division and to 

induce cell death can be assessed in cell lines, it has been recommended that the 

activity o f  novel therapeutics be investigated in a panel o f  cell lines which reflect the 

heterogeneity o f  the disease (Dalton and Anderson, 2006). In the case o f  multiple 

myeloma, a diverse range o f  cell lines are available, each o f  which represent different 

forms o f  the disease. Therefore, cells expressing characteristics o f  drug resistance or 

poor patient prognosis for example, can be selected in order to assess the potential o f  a 

novel drug as a treatment for patients with advanced or refractory myeloma. The 

Epstein-Barr virus (EBV) status o f  a myeloma cell line is also an important 

consideration when selecting cell lines for testing, as it has been shown that those cells 

which have been immortalized using EBV (EBV+ cells) do not display the same Ig 

gene rearrangements as the primary myeloma cells from which they originated. Hence, 

these cells may not provide an accurate model o f  myeloma (Pellat-Deceunynk et al.,

1995). For the purpose o f  this study two EBV negative myeloma cell lines, NC1-H929 

and U266, were selected. The U266 cell line was originally derived from the peripheral 

blood o f  a 53 year old male diagnosed with terminal and refractory IgE-secreting 

myeloma (Nilsson et al., 1970). NC1-H929 cells are o f  the more clinically common IgA 

myeloma subtype, and were established from the bone marrow o f  a 62 year old 

Caucasian female (Gazdar et al., 1986). The differential molecular and cellular 

characteristics o f  these cell lines are summarised in Table 3.1.

When evaluating the therapeutic potential o f  a novel drug, it is also 

recommended that its efficacy in relation to existing drugs be assessed (Dalton and 

Anderson, 2006). Although the development o f  novel agents which are more effective 

than existing chemotherapies is desirable, the success o f  a novel anti-cancer agent may 

also result from its ability to enhance the activity o f  other drugs. For example, 

treatment with a non-cytotoxic dose o f  Bortezomib has been shown to sensitise 

myeloma cells to apoptosis induced by a variety o f  conventional chemotherapeutic
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agents (M a et al., 2003; M itsiades et al., 2003). Similarly, the efficacy o f  novel agents 

them selves m ay be enhanced by co-treatment with existing drugs. For instance, co 

administration o f  dexam ethasone with Bortezomib has been associated with improved 

responses in patients w ho display sub-optimal responses to Bortezomib alone 

(Jagannath et al., 2006). Accordingly, as described in section 1.4, B ortezom ib  has 

successfully been incorporated into com bination chem otherapy regim ens for the 

treatment o f  m yelom a. The investigation and developm ent o f  novel com bination 

chem otherapy protocols can also be justified by the ability o f  cytotoxic agents  to 

synergistically induce apoptosis in cancer cells. In the case o f  Bortezomib, a num ber o f  

pre-clinical studies dem onstrating  its additive and synergistic activity w hen  com bined 

with conventional and novel an ti-m yelom a agents have provided the rationale for the 

design o f  novel combination chem otherapy regim ens for the treatment o f  relapsed 

m yelom a (Richardson et al., 2006; Min et al., 2007).

Table 3.1 Differential characteristics o f  U266 and NCI-H929 multiple myeloma cell lines

U266 NCI-H929

Origin Peripheral blood Bone marrow

Isotype IgE, X light chain IgA, K light chain

Cellular Products IL-6, Bcl-2 mRNA Transferrin receptor, c-myc RNA, 

PCA-I

Cytogenetics TP53 mutation, t( 1; 1! )(p33;q 13), 

add(3)(q27), t(4;!!)(q21;q23), 

add(7)(q32), add(8)(q24), 

add(9)(q34), add(10)(p!4), 

add(!4)(p ll) ,  add(17)(pli), 

add(18)(pl2),

der(22)t(15;22)(q21;ql3)- l l q l 3  

breakpoint

Activated 'H-RAS, 8q24 

rearrangement, dup( 1 )(q 11 q25), 

del(l)(p llp25),  del(6)(q25), 

der(8)t(8)(q23)x2, del(9)(pl3), 

del(12)(pl2)

EBV Status EBV- EBV-

11



C hanter ,? Differential Effects o f  P B O X -l  5 on M ultiple My elom a C  ’ll fJnes

A variety o f  in vitro  assays are routinely used to assess novel agents for anti

cancer activity. The MTT assay (see section 2.5) has been found to be a useful 

technique for determining the clinical potential o f  new chemotherapeutic drugs (Hayon 

et al., 2003). This assay is based on comparison o f  metabolic activity, and measures the 

reduction o f  a tetrazolium salt ((3-[4,5-dim ethylthiazol-2-yl]-2,5-diphenyl tetrazolium  

bromide, MTT) by mitochondrial dehydrogenases with absorbance being directly 

proportional to cell viability. Therefore, cell growth and arrest are reflected by changes 

in absorbance. Although no information regarding the mechanism by which inhibition 

o f cell proliferation proceeds is obtained, this assay is a useful primary screen for 

assessing the sensitivity o f  cells to a drug, and for comparing potency among a group o f  

novel agents.

Analysis o f  the cell cycle can provide detailed information regarding the 

cytostatic effects o f  a drug. Flow cytometry can be used to determine cell cycle stages 

by measuring the DNA content o f  individual cells follow ing staining with propidium  

iodide (PI) (Pozarowski and Darzynkiewicz, 2004). PI is a fluorescent dye which 

chelates to double-stranded DNA in a stoichiometric manner. Accordingly, changes in 

fluorescence are proportional to changes in DNA content, and the DNA profile o f  a cell 

population allow s the measurement o f  the number o f  cells in each stage o f  the cell 

cycle (Fig 3.1). In addition, the stage o f  the cell cycle at which a drug induces arrest 

can be determined, and the number o f  cells arrested quantified accurately. Cell cycle  

arrest is a common feature o f  many anti-cancer agents. In particular, G2/M phase cell 

cycle arrest is induced by MTAs and results in the induction o f  apoptosis. The 

sensitivity o f  cancer cells to MTAs has been attributed to their high mitotic frequency 

and associated microtubule dynamics. Throughout the cell cycle, microtubules (MT) 

undergo continuous cycles o f  growth and shrinkage due to polymerisation or 

depolymerisation, respectively, o f  the tubulin subunits o f  the MTs. During mitosis, 

spindle formation increase microtubule dynam ics by 2 0 -100-fold, thereby increasing 

the vulnerability o f  actively dividing cells to agents which interfere with MT assem bly  

or disassem bly (M ollinedo and Gajate, 2003). A s discussed in section 1.6.4, M TAs are 

classified according to the effect they elicit on microtubules. Tubulin polym erising
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agents such as Taxol, promote tubulin assem bly. In comparison, MT depolym erising  

agents such as the Vinca alkaloids and nocodazole prevent active growth o f  

microtubules, thereby causing their disassem bly. In either case, disruption o f  

microtubules dynam ics prevents correct spindle formation and organization, leading to 

cell cycle arrest, and subsequent apoptosis (Jordan and W ilson, 2004). M TAs have 

been shown to induce apoptosis in myelom a cells (Aoyam a et al., 1998; Ochiaci et al., 

2004). However, due to the low proliferation rates o f  these cells, cell cycle  arrest alone 

cannot account for the apoptotic effects o f  MTAs.

Figure 3.1 Schematic representations o f  the cell cycle

a) During the Gi phase, diploid cells (2n) are preparing to divide by mitosis. Cells in the S  phase o f  the 

cell cycle are actively synthesising DNA. In the G2 and M  phases, cells contain double the normal 

amount o f  DNA (4n), and are the stages prior to and during mitosis, respectively. Cells in the Go phase 

are quiescent, and like cells in G/ are diploid, b) Analysis o f  PI stained cells by flow  cytometry allows the 

measurement o f  the number o f  cells in a population in the various stages o f  the cell cycle. The M2 peak 

represents cells in the G/ and Go phases o f  the cell cycle. As these cells both contain the same amount o f  

DNA, they are indistinguishable. PI staining increases as cells enter the S  phase, represented by the M3 

trough. Tetraploid cells in the G^ and M  phases are indistinguishable, and are m easured at the M4 peak. 

Any cell population in the M I trough represent shrunken cells or cell fragm ents containing condensed or 

fragm ented DNA, and are therefore indicative o f  apoptotic cells and stated to be in the sub-Go phase o f  

the cell cycle.

a) b)

GO

FL2-H

79



C ln ip t e r ,? D if fe n ’tUial Effec ts o f  P B O X - 1 5  on  h u l t ip l i '  .M yelom a C e l l  L ines

As discussed in sections 1.6 and 1.8, successful novel anti-cancer agents include 

those which selectively induce apoptosis o f  cancer cells. Accordingly, the ability o f  a 

novel agent to induce apoptosis o f  myeloma cell lines in vitro provides the rationale for 

continued development and investigation o f  that agent as a novel treatment for this 

malignancy. A variety o f  assays are available for measuring apoptosis in vitro, and are 

based on detection and measurement o f  the molecular and cellular changes which are 

characteristic o f  apoptosis. For example, cleavage o f  genomic DNA into ~180bp 

fragments is a well characterised biochemical hallmark o f  apoptosis, and detection o f  

the phenomenon, commonly known as DNA laddering, is often used to assay for 

apoptosis (Gong et al., 1994). An early event in apoptosis is externalisation of 

phosphatidylserine, from the inner leaflet o f  the cell membrane to the outside o f  the 

cell, due to redistribution o f  the membrane phospholipids (Shiratsuchi et al., 1998). The 

physiological role o f  this event is the identification o f  apoptotic cells for clearance by 

immune cells (Fadok et al., 1992). In addition, this provides a useful marker for 

detecting apoptotic cells, which may be labelled by phosphatidylserine binding proteins 

such as AnnexinV (Martin et al., 1995).

Using fluorochrome-conjugated AnnexinV and flow cytometry, apoptosis may 

be quantified, and is measured as the number o f  cells staining positive for AnnexinV 

(Fig 3.2C, 3.2D). However, due to loss o f  plasma membrane integrity, 

phosphatidylserine may also be exposed in necrotic cells (Brouckaert et al., 2004), and 

this population o f  cells will also stain positive for AnnexinV. Therefore, cells are 

counterstained with PI, which is not cell permeable and cannot be taken up be cells 

whose plasma membranes remain intact. This allows two subpopulations o f  AnnexinV 

positive cells to be distinguished. Early apoptotic cells stain positive for AnnexinV, but 

as their membrane integrity remains intact. PI is not taken up (Fig 3.2D). In 

comparison, the plasma membrane o f  late apoptotic cells is disrupted, thereby allowing 

PI uptake. Accordingly, this population o f  cells stains positive for both AnnexinV and 

PI (Fig 3.2C). However, this population may also represent necrotic cells, in which the 

targets o f  both stains are exposed due to loss o f  plasma membrane integrity. Therefore, 

more than one apoptosis assay e.g. morphological analysis by cytospin assay should
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also be performed in order to assess the induction o f  necrosis, and confirm that this 

population consists o f  late apoptotic cells.

10 ‘

FL 1-H

Figure 3.2 Example o f  CellQuest output o f Annexin V/PI stained cells analysed by flow  cytometry

Cells in the lower left quadrant (B) are viable cells, staining negative fo r  both AnnexinV and PI. Cells in 

the upper left quadrant (A) are necrotic cells, staining positive fo r  PI. Cells staining positive fo r  

Annexing in the lower right quadrant (D) are early apoptotic cells. Cells which stain positive fo r  both 

AnnexinV and PI in the upper right quadrant (C) are late apoptotic cells. The total population o f 

apoptotic cells is taken to be the total o f those in quadrants C and D.

Based on previous studies demonstrating PBOX com pounds as potent inducers 

o f  apoptosis in a variety o f  human cancers, in particular haematological m alignancies 

(see section 1.7), it was proposed that this fam ily o f  compounds may represent novel 

agents for the treatment o f  m yelom a. The aims o f  this chapter are to investigate the 

potential o f  PBO X -15 as a novel anti-myelom a agent using an in vitro  cell line model. 

Specifically, the cytostatic and apoptotic responses o f  the U 266 and N C I-H 929 cell 

lines to treatment with P B O X -15 are investigated using a variety o f  assays. In addition, 

the efficacy o f  P B O X -15 compared to a selection o f  established (dexam ethasone and 

vincristine) and experimental anti-myelom a agents (AS2 O 3 , nocodazole, and the 

proteasome inhibitor M G -262) is assessed.
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3.2 PBOX-15 Disrupts the Cvtoskeleton Network of U266 and NCI-H929 Ceils

PBOX com pounds have been shown to be tubulin depolym erising agents (M ulligan et 

al., 2006). Therefore, the effect o f  PBOX-15 on the cytoskeleton o f  the U266 and NCI- 

H929 cell lines was first assessed by im munofluorescent staining. In untreated control 

cells (Fig 3.3, panels a and b ) , tubulin fibres originating from centrosomes, the 

structures from which spindle formation and polarisation is regulated during cell 

division, were clearly visible in both cell lines, in comparison, following treatment with 

I^ M  PBOX-15 for 18hrs, the tubulin network o f  both U266 (Fig 3.3, panel c) and N C i- 

H929 cells (Fig 3.3, panel d) is completely disrupted, and appears disorganised with no 

defined structure, in addition, the nuclei o f  both cell types appeared condensed, with 

loss o f  chromosom al structure.

U266

a

\

c

NCI-H929

No treatment 1 |iM PBOX-15
Figure 3.3 The effect o f PBOX-15 treatment on the tubulin network o f  U266 and NCI-H929 cells

a) l x l ( f  untreated U266 cells and b) Ix iff' untreated NCI-H929 cells were fixed, permeabilised, and 

stained with anti-tubidin-FlTC (green,) and the nucleus was counterstained with Hoechst (blue), as 

described in section 2.4. Intact tubidin fibres originating from centrosomes (white arrows) and 

chromosomal structures (red arrows) were visible in both cell lines, c) I x l ( f  U266 cells and d) IxIO'’ 

NCI-H929 were treated for I8hrs with I fjM PBOX-15, andfixed, permeabilised, and stained as before. 

Complete loss o f tubulin network organisation was observed, with nuclear condensation and loss o f 

chromosomal structures. Results are representative o f 3 independent experiments.
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3.3 NCI-H929 Cells are More Responsive to the Cytostatic and Cytotoxic Effects 

of PBOX-15

The sensitivity o f  the U266 and N C I-H 929 cell lines w as assessed using the M T T  cell 

proliferation and viability assay. This assay is based on com parison o f  m etabolic 

activity, and m easures the reduction o f  a tetrazolium salt ((3-[4,5-dimethylthiazol-2-yl]- 

2 ,5-diphenyl tetrazolium bromide, M TT) by mitochondrial dehydrogenases in viable 

cells. The reduced tetrazolium salt is quantified spectrophotometrically , with 

absorbance being directly proportional to cell viability. A classic sigmoidal dose- 

response was found for NC1-H929 cells, with an value o f  0.94, and a hill s lope o f  - 

3.693. An average IC50 value o f  0 .6 |iM  was calculated after 24hrs o f  trea tm ent with 

PBOX-15 (Fig 3.4a). In comparison, the U266 cell line did not exhibit classic 

sigmoidal dose-response kinetics, and an IC50 could not be accurately calculated (Fig 

3.4b).

a)

PBOX-15 (|iM )

b)
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Figure 3.4 The effect o f  PBOX-15 on the proliferation and viability o f  NCI-H929 and U266 cells

a) 5x10'' NCI-H929 and b) 5x10^ U266 cells were treated with varying concentrations o f PBOX-15 fo r  

24hrs as described in section 2.3. The effect o f the drug on cell proliferation and viability was assessed 

using the MTT assay as described in section 2.5. Results are representative o f 3 independent 

experiments, each carried out in triplicate.
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The cy tostatic effect o f  PBO X -15 on N C I-H 929 cells was found to be increased 

w ith treatm ent tim e, as evidenced by a greater reduction in absorbance at 48hrs, 

com pared  to 24hrs. S im ilarly, a greater cytostatic effect w as m easured at 72hrs (Fig 

3.5), w ith a dose-response increase seen at all tim e points. IC50 values o f  0 .48 |iM  and 

0.4|j.IVI calculated for NC1-H929 cells treated w ith PBO X -15 for 48hrs and 72hrs. in 

com parison, P B O X - 6  was found to be a less potent agent com pared to PB O X -15, with 

concentrations o f  >3|li1V! PB O X - 6  required before an effect on cell proliferation was 

observed at 24hrs. An I C 5 0  value o f  >10 |iM  w as calculated  for N C I-H 929 cells treated 

for 24hrs with PB O X - 6  (F ig 3.6), how ever the use o f  a h igher range o f  concentrations 

m ay produce a classic dose response curve from w hich a m ore accurate value could be 

calculated.

O
o>
<0

10
 ̂ 0.25'

0.00
0.01 0.1 1 10 100 1000

A

▼

24 h rs

4 8 h rs

72 h rs

PBOX-15 (^M)

Figure 3.5 Ttte effect o f PBOX-15 on the proliferation and viability o f  NCI-H929 cells

5x10^ NCI-H929 cells were treated with varying concentrations o f PBOX-15 fo r  24hrs, 48hrs, and 72hrs. 

The effect o f the drug on cell proliferation and viability at each time point was assessed using the MTT 

assay as described in section 2.5. Results are representative o f 3 independent experiments, each carried 

out in triplicate.
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Figure 3.6 The effect o f  PBOX-6 on the proliferation and viability o f  NCI-H929 cells

5 x l( f  NC1-H929 cells were treated with varying concentrations o f PBOX-6 for 24hrs. The effect o f  the 

drug on cell proliferation and viability was assessed using the MTT assay as described in section 2.5. 

Results are representative o f 3 independent experiments, each carried out in triplicate.

3.4 PBOX-15 Induces Cell Cycle Arrest of U266 and NCI-H929 Cells

To further characterise  the cytostatic effect o f  PBO X -15 trea tm ent on the N C 1-H 929 

and U 266 cells, flow  cytom etry  analysis o f  PI stained cells was perform ed to  analyse 

the effects on the cell cycle. PBO X -15 w as found to  arrest NC1-H 929 and U 266 cells in 

the G 2/M  phase o f  the cell cycle after 24hrs o f  treatm ent (F ig 3.7). H ow ever, the 

appearance o f  a sub-Go peak, w hich is indicative o f  apoptosis, w as seen only  in the 

PB O X -15-treated  N C 1-H 929 cells (Fig 3.7a, b lack arrow ). In both cell lines, the 

percentage o f  cells in the Gi phase o f  the cell cycle w as sign ificantly  decreased 

follow ing trea tm ent w ith P B O X -15 (T able 3.2). A n increase in the G 2 /M  phase w as 

also  observed in both cell lines follow ing PB O X -15-treatm ent. H ow ever, th is increase 

w as found to be sign ifican t only  in PB O X -15-treated  U 266 cells. In com parison , 

a lthough the percentage o f  cells in the sub-Go/Go phase o f  the cell cycle w as increased 

in both P B O X -15-treated  U 266 and N C 1-H 929 cells, th is increase w as calcu lated  to  be 

significant only in N C I-H 929  cells.
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Figure J. 7 PBOX-15 induces cell cycle arrest o f U266 and NC I-H 929 cells

a) Ix IO   ̂ U266 and b> I x l ( f ‘ NCI-H929 cells were treated v ith  PBOX-15 fo r  24hrs and stained with PI. 

The effect o f the drug on the cell cycle was assessed by flow  cytometry, as described in section 2.6. Black 

arrows indicate the sub-Go peak. Results are representative o f  3 independent experiments.

Table 3.2 Percentage o f 11266 and N CI-H929 cells in each phase o f the cell cycle following PBOX-15 

treatment.

% U266

Sub-G()/Go G, S G j/M

NT 5.09±0.43 60.06±2.2 14.74±l.2 13.64±1.0

EtOH 7.470±1.8 58.9U 3.0 I4.89±1.9 12.38±2.2

0.5|iiM PBOX-15 I5.25±5.1 36.03±2.6” 8.973±1.6 31.76±1.7**‘

1^M PBOX-15 15.96±3.0 36.3±3.93" 8.58±0.97 29.56±0.9’ *’

% NCI-H929

Sub-G(|/Go G, S G j/M

NT 7.677±2.5 68.23±3.6 7 .2 5 ± |. l I2.58±1.2

EtOH 8.307±2.9 68.5±3.3 7.49±1.03 11.4±1.63

0.5|liM PBOX-15 28.56±8.4* 28.79±7.5‘ * 16.72±7.8 21.5 I±9 .2

IjiM  PBOX-15 24.28±6.8‘ 32.39±5.7*‘ 16.97±5.4 22.2±7.42

1x10 ’ U266 and NC1-H929 cells were treated with EtOH control o r PBOX-15 fo r  24hrs. after which 

they were stained w ith PI. and analysed by flow  cytometry, as described in section 2.6.

‘ p<0.05. ' * p<().01, " 'p < () .0 () l,  ANOyA. n=3.
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3.5 NCI-H929 Cells are More Sensitive to PBOX-15-Induced Apoptosis,

Compared to U266 Cells

Although an increase in the percentage o f  both U266 and NCI-H929 cells in the sub- 

Gq/Go phase o f  the cell cycle was seen following treatment with PBOX-15, a distinct 

sub-Go peak was observed only in the latter cell line (Fig 3.7). This suggested the 

ability o f  PBOX-15 to induce apoptosis o fN C I-H 929 cells, which was confirmed using 

a variety o f  assays. Firstly, cytospin analysis o f  PBOX-15-treated NCI-H929 cells 

revealed nuclear condensation and membrane blebbing, characteristic features o f  

apoptosis, in cells treated for 24hrs (Fig 3.8). In addition, DNA laddering, an 

acknowledged biochemical hallmark o f  apoptosis, was seen in NCI-H929 cells treated 

with PBOX-15 for 24hrs (Fig 3.9a, lanes 4 and 5). Quantification o f  apoptosis by flow 

cytometry analysis o f  AnnexinV/PI stained cells showed induction o f  apoptosis by 

24hrs, with a maximum response o f  45%±2.6% apoptosis in NCI-H929 cells after 

48hrs o f  treatment with I |iM PBOX-15 (Fig 3.9b). As described in section 3 .1, cells 

which stain positive for both AnnexinV and PI may represent late apoptotic or necrotic 

cells. From the cytospin analysis performed, the degree o f  necrosis induced in NCI- 

H929 cells following PBOX-15 treatment was observed to be <2%, indicating that the 

majority o f  cells staining positive for both AnnexinV and PI are late stage apoptotic 

cells. Therefore, the number o f  cells in which apoptosis was induced following PBOX- 

15 treatment was taken to be those which stained positive for AnnexinV (early 

apoptotic) and for AnnexinV/Pl (late apoptotic). In addition to undergoing apoptosis in 

response to PBOX-15 treatment. DNA laddering was also detected in PBOX-6-treated 

NCI-H929 cells, indicating the induction o f  apoptosis (Fig 3.9a, lane 3). The results o f  

the MTT assays (see section 3.3) performed demonstrated that PBOX-6 exerts a less 

potent cytostatic effect on NCI-H929 cells when compared to PBOX-15. Thus, as 

expected, the extent o f  apoptosis induced was significantly less in PBOX-6, than in 

PBOX-15 treated cells, with a maximum response of27.6±6.65%  apoptosis measured 

following treatment o f  NCI-H929 cells with lO^M PBOX-6 for 48hrs.
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No treatment I |iM PBOX-15

Figure 3.8 P BOX-! 5-treated MCI-H929 cells display morphological features o f  apoptosis

l x l ( f  NCI-H929 cells were treated for 2-thrs with Ip M  PBOX-15, after which they were centrifuged  

onto slides and stained, as described in section 2 .7. 1 Black arrows indicate the nuclear condensation 

and membrane blebbing which are characteristic o f  apoptotic cells. Results are representative o f  3 

independent experiments.

■) b)

. 40

20 rh “

,□ i,—I —l-

Figure 3 .9 PBOX-treatment induced apoptosis o f  NCI-H929 cells

a) 2 x l ( f  NC1-H929 cells were treated with I. no treatment; 2:EtOH control: 3: lOpM  PBOX-6;

4:0.5pM  PBOX-15 or 5:1 p M  PBOX-15 for 24hrs. DNA was extracted and analysed as described in 

section 2.7.2. Fragments o f  cleaved DNA forming a ladder pattern characteristic o f  apoptosis are 

indicated by white arrows. Results are representative o f  3 independent experiments, b) IxlO '’ NCI-H929 

cells were treated with EtOH control, PBOX-6. or PBOX-15 fo r ^ 2 4 h r s  a n d ^  48hrs. Cells were 

stained with AnnexinV/Pl, and the percentage o f  apoptosis induced was measured by flow cytometry as 

described in section 2.7.3. **p<0.()l. ***p<().001, ANOVA. n=5.
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The effect o f  PBOX-15 treatm ent on U266 cells was also assessed by cytospin 

analysis, and the cells were found to be m orphologically altered following treatm ent for 

24hrs, with loss o f  cell membrane and irregular cell shape observed (Fig 3.10). 

However, the apoptotic features (i.e. m em brane blebbing and nuclear condensation) 

seen in PBOX-15-treated NC1-H929 cells were not as evident in the U266 cells. 

Similarly, DNA laddering was not detected in U266 cells treated with PBOX 

compounds for up to 72hrs (Fig 3.1 la, lanes 3-5). However, flow cytometry analysis o f 

AnnexinV/Pl stained cells showed that a low apoptotic response was induced in U266 

cells treated with l |iM  PBOX-15 for 24hrs (16.29% ± 1.048%), and this increased to 

22.72% ±6.64%  in cells treated for 48hrs with 0.5|iM  PBOX-15. U266 cells were also 

found to be less sensitive to treatm ent with lOjaM PBOX-6, and a maximum response 

o f  20.865% ±2.245%  was measured after 48hrs (Fig 3.1 lb). No significant differences 

were found in the levels o f apoptosis induced in U266 cells by PBOX-6 and PBOX-15.

Figure 3.10 PBOX-15-treated U266 cells display morphological changes

I x l ( f  N CI-H 929 cells w ere trea ted  fo r  24hrs with 1 /uM PBOX-15, after which they w ere centrifuged  

onto slides and stained, as described  in section 2 .7. /  Results are representative o f  3 separate  

experiments.

No treatment 1luM  PBOX-15
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Figure 3.11 PBOX-treatment o f U266 cells does not result in D I\A  laddering hut induces a low level o f  

upoptosis

a) 2xlCf' U266 cells were treated with I:n o  treatment; 2:E tOH control: PBOX-6: 4:0.5^iM

PBOX-15 or PBO X-l5 fo r  72hrs. 2x106 NCI-H929 cells were treated w ith 6: 0.5/jM  PBOX-15 or

7: ! ptM PBOX-15 fo r  24hrs. DNA was extracted and analysed as described in section 2.7.2. Fragments 

o f  cleaved DNA fo rm ing  a ladder pattern characteristic o f  apoptosis are indicated by white arrows. 

Results are representative o f 3 separate experiments, b) Ix lO '' U266 cells were treated with EtOH  

control. PBOX-6, o r PBOX-15 f o r '^24h rs  a n d ^4 8 h rs . Cells were stained with AnnexinV/Pl. and the 

percentage o f apoptosis was measured by flow  cytometry as described in section 2.7.3. * * *  p<0 .00 l, 

ANOVA, n=3.
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3.6 The Efficacy of PBOX-15 is Comparable to a Variety of Cytotoxic Agents

A s d iscu ssed  in section  3 .1 , the d evelopm ent o f  a novel therapeutic agent requires that 

its e ffica cy  in relation to ex istin g  drugs be assessed  (D alton and A nderson , 2 0 0 6 ). 

T herefore, the sen sitiv ity  o f  N C 1-H 929 and U 266  ce lls  to treatment w ith a se lection  o f  

cy to tox ic  drugs w as next a ssessed  using flo w  cytom etry analysis o f  A n n ex in V /P l 

stained ce lls . O f  these drugs, dexam ethasone and vincristine are estab lished  anti

m yelom a agents (see  section  1.4), w h ile  c lin ica l trials are continuing to a ssess  the 

potential o f  AS2 O 3 in the treatm ent o f  m yelom a (B erenson  et al., 2007; H ofm eister et 

al., 2 0 0 8 ). In addition, the sen sitiv ity  o f  the N C I-H 929  and U 266  ce lls  to P B O X -15  w as  

com pared to their response to nocod azo le , w hich  like P B O X -15 has been show n to 

induce tubulin depolym erisation  (B esw ick  et al., 2 0 0 6 ).

F o llow in g  24hrs o f  treatm ent, a m axim um  response o f  42 .26%  ±  2 .83%  w as 

m easured in N C 1-H 929 ce lls  treated with 1 |iM  vincristine (F ig  3 .1 2a). T his w as  

com parable to ce lls  treated w ith I|uM P B O X -15 , in w hich 34.39%  ±  1.78%  apoptosis  

w as m easured. Treatm ent w ith 10|iM dexam ethasone or 2 0 |iM  n ocod azo le  induced  

14.42%  ±  2.9%  and 22.91%  ±  3.04%  apoptosis, respectively . N C 1-H 929 ce lls  w ere  

found to be least sen sitive  to 2 0 |iM  AS2 O 3 , w ith 8.87%  ±  0 .36%  apoptosis m easured  

after 24hr o f  treatm ent. In com parison, U 2 6 6  ce lls  w ere found to be m ost sen sitiv e  to 

1 fiM P B O X -15 and 2 0n M  N o co d a zo le , w ith apoptosis leve ls  o f  15.75%  ±  1.7% and 

16.2%  ±  2% , respectively , m easured after 24hrs o f  treatment (F ig  3 .12b ). Treatm ent 

w ith l|uM vincristine or 2 |iM  AS2 O 3 induced apoptosis o f  13.12%  ±  1.07%  and 10.96%  

±  3.42% , resp ectively . U 2 6 6  ce lls  w ere found to be least sen sitive  to treatm ent for 

24hrs w ith lO^M dexam ethasone, with 6 .85%  ±  1.5% apoptosis m easured. Sim ilar to 

the e ffects  o f  P B O X -15 , overall the U 266  ce ll line w as found to be less sen sitiv e , 

com pared to N C I-H 929  ce lls , to all the cy to to x ic  agents tested.
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a) b)

<  20- <  20-

Figure 3.12 PBOX-15 induces apoptosis o f a) NCI-H929 and h) U266 cells at levels higher than, or 

comparable to, other agents

a) Ixl(fN C i-H 929 or h) l x l ( f  U266 cells were treated as shown for 24hrs, after which they were 

stained with Annexin V/Pl, and the percentage o f apoptosis measured by flow cytometry as described in 

section 2.7.3. **p<().()l, ***p<0.0()f ANOVA, n=3.

The proteasome inhibitor Bortezomib is approved for chnical use, and has 

demonstrated superior efficacy in the treatment o f  myeloma compared with other 

agents. Similar to Bortezomib, MG-262 is a highly specific and potent boranic acid 

peptide protease inhibitor (Kisselev and Goldberg, 2001) was used to assess the anti

myeloma activity o f  proteasome inhibition in comparison to PBOX-15. Following 

24hrs o f  treatment with MG-262, a maximal response o f  34.97% ± 9.04% apoptosis 

was measured in NC1-H929 cells treated with 5nM MG-262 (Fig 3.13a). This was 

comparable to that induced by 0.5|iM PBOX-15 (28.67% ± 1.098%). No apoptosis was 

induced in U266 cells treated for 24hrs with MG-262 (Fig 3.13b).
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Figure 3.13 PBOX-15 and MG-262 exert an additive apoptotic effect on a) NCI-H929 and b) U266 

cells

a) IxlO '’ NCI-H929 cells or b) IxIO^ U266 cells were treated as shown fo r  24hrs, after which they were 

stained with AnnexinV/Pl, and the percentage o f  apoptosis measured by flow cytometry as described in 

section 2.7.3.

* p<0.05, **p<O.Of ANOVA, n=3

93



Chapter J D iffen ’m ia l  Effects jif P B O X -1 5 on Multiple Myi’lom a C ell ! ittes

The potential efficacy o f  PBOX-15 in combination with proteasome inhibition 

was next investigated by pre-treating the cells with MG-262 prior to addition o f  PBOX- 

15. In NC1-H929 cells, apoptosis was only significantly (49 .717% ± 11.51 %) induced 

following co-treatment o f  the cells with 5nM MG-262 and 0.5|aM PBOX-15 (Fig 

3.13a). In comparison, apoptosis was significantly induced in U266 cells following 

treatment with I^M  PBOX-15 and all concentrations o f  MG-262 tested, but was 

comparable to that induced by l |iM  PBOX-15 alone (Fig 3.13b). The Abbott method 

(Evenhuis et al., 1996) was applied to investigate whether the combination treatment of 

PBOX-15 and MG-262 resulted in a synergistic effect. In both NC1-FI929 and U266 

cells, a synergy factor o f  >1.5 and <0.5 was calculated in cells co-treated with 0.5|iM 

PBOX-15 and all concentrations o f  MG-262 tested (Table 3.3). This indicates that the 

increase in apoptosis measured in NCI-H929 cells co-treated with I|j M PBOX-15 and 

5nM MG-262 is not the result o f  synergy between these two drugs (Table 3.3).

Table 3.3 PBOX-15 and MG-262 do not exert a synergistic effect on NCI-H929 or U266 cells

NC1-H929 % Apoptosis 

Observed

% Apoptosis 

Expected*

SF

0.5nM  PBOX-15 + InM MG-262 

0.5^M  PBOX-15 + 2.5nM MG-262 

0.5^M PBOX-15 + 5nM MG-262

26.57 ± 0 .798  

26.983 ± 0.667 

4 9 .7 I7 ±  11.51

34.76 ± 0 .5 9  

34.99 ± 1.23 

53.58 ± 6 .52

0.764

0.742

0.904

U266 % Apoptosis 

Observed

% Apoptosis 

Expected*

SF

0.5nM PBOX-15 + InM MG-262 

0.5^M  PBOX-15 + 2.5nM MG-262 

0.5nM  PBOX-15 + 5nM MG-262

12.04 ± 1.3 

13.29± 1.12 

11.89± 1.22

14.92 ±1.566 

14.76 ± 1.395 

15.317± 1.58

0.807

0.905

0.776

I x l 0 ‘ NCJ-H929 and  IxIO U266 cells were treated as shown for 24hrs, after which they were stained  

with AnnexinV/PI. and the percentage o f  apoptosis measured by flow cytometry as described in section 

2.7.3. The effects o f  combined treatments were assessed using the Abbott method. Synergy fa c to r  (SF) o f  

>1.5 indicates synergy, while <0.5 shows that the drug combination is antagonistic. Other values 

indicate an additive effect o f  the mixture. Results are the mean ±  SEM  calculated from 3 separate 

experiments. * % Apoptosis Expected was calculated fo r  each drug combination as: %=( A+B- 

(A *B)/100): in which A and B represent the % Apoptosis Observed using either agent alone.
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3.7 Discussion

T he ability  o f  PB O X  com pounds to induce apoptosis o f  cancer ce lls  has been linked  

w ith their function as tubulin depolym erising  agents (M ulligan  et al., 2 0 0 6 ). in this 

chapter, direct im m unofluorescent staining dem onstrated that P B O X -1 5 treatm ent o f  

both U 266  and N C 1-H 929 m yelom a ce lls  resulted in total disruption o f  the cytosk eleton  

netw ork w ithin the ce lls  (F ig  3 .3 ). T his su ggested  that both ce ll lines w ou ld  be sen sitive  

to the apoptotic e ffects  o f  P B O X -15. H ow ever, using M TT assays it w as found that the  

tw o  cell lines respond differently  to P B O X -15 treatm ent. A n a ly sis  o f  PB O X -15-treated  

N C I-H 929  ce lls  dem onstrated a c lassic  sigm oidal d ose-resp on se, with an IC 5 0  value o f  

0 .6 |iM  calculated after 24hrs o f  treatm ent (F ig  3.4a). H ow ever, as show n in section  2 .2 , 

m yelom a ce lls  have low  proliferative capacity, w ith a doubling tim e o f  ~60h rs  

calculated fo rN C I-H 9 2 9  ce lls . A s such, it is p ossib le  that a com plete  response to 

P B O X -15 m ay not be seen w ithin  24hrs o f  treatm ent. Evaluation o f  the e ffec t o f  

P B O X -15 on N C I-H 929  ce lls  o v e r tim e  (up to 72hrs) dem onstrated that prolonged  

treatm ent o f  the ce lls  resulted increased the cytostatic e ffect, as ev id en ced  by a greater 

decrease in absorbance (F ig  3 .5 ). H ow ever, the mean IC50 value o f  0.6|aM  calculated  

for 24hrs o f  treatm ent did not decrease to less than 0 .4 |iM  after 72hrs o f  treatm ent. T his  

indicates that a sign ifican t potent cytostatic e ffec t o f  P B O X -15 is ach ieved  after 24hrs 

o f  treatm ent. P B O X -15 w as found to be a m ore potent com pound than P B O X -6 , w ith  

IC50 va lu es o f  0 .5 |jM  for P B O X -15 , and >IO |iM  for P B O X -6 , calcu lated  fo llo w in g  

24hrs o f  treatm ent in N C I-H 929  ce lls . T his is in agreem ent w ith previous M TT studies 

carried out on ex vivo  chronic lym phocytic leukaem ia ce lls  (M cE lligott et al., 

m anuscript subm itted).

In contrast to the N C I-H 929  ce lls , sigm oidal d ose-resp on se k inetics w ere not 

observed in the U 2 6 6  ce ll line fo llo w in g  P B O X -15 treatm ent. In addition, P B O X -15  

exerted a relatively  lim ited  cytostatic effect on these ce lls  after 24hrs o f  treatm ent, 

com pared to the N C 1-H 929 ce lls  line, as show n by the low er overall d ecrease in 

absorbance (F ig  3 .4b ). T ogether, these results dem onstrate that different cellu lar  

responses are induced in N C I-H 929  and U 266  ce lls  fo llo w in g  P B O X -15  treatment. T o
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further investigate this, the effect o f  P B O X -15  on the cell cyc le  o f  both cell lines was  

exam ined, as inhibition o f  cell growth in PBOX-treated ce l ls  has previously been  

suggested  to result from cell cyc le  arrest (Zisterer et al., 1998; Mulligan et al., 2003).  

Here, P B O X -15  w as found to arrest both U 2 6 6  and N C 1-H 929 ce lls  in the G 2/M  phase 

o f  the cell cyc le  (F ig  3.7) fo l low in g  24hrs o f  treatment, which is consistent with  

P B 0 X - l5 - in d u c e d  disruption o f  the cytoskeleton in both cell lines. Although an 

increase in the percentage o f  both N C I-H 929  and U 2 6 6  cells  in the subGo/Go phase w as  

measured fo llow in g  treatment with P B O X -15 , this w as greater in N C I-H 929  cells  

(Table 3.1). In addition, a distinct sub-Go peak, w hich is indicative o f  apoptosis, was  

seen on ly  in PBOX-15-treated N C I-H 929  cells. The induction o f  apoptosis in P B O X -  

15-treated N C I-H 9 2 9  cells  w as supported by m orphological analysis o f  the cells , with 

detection o f  membrane blebbing and nuclear condensation which are characteristic  

features o f  apoptotic ce lls  (Fig 3.8). In addition, D N A  laddering, which is indicative o f  

caspase activation, was detected in N C I-H 929  ce lls  treated for 24hrs with P B O X -15  

(Fig  3.9a). D N A  laddering w as also observed in N C 1-H 929 cells  treated with IG|iM 

P B O X -6 , indicating that both com pounds are capable o f  inducing apoptosis in these  

ce lls  (F ig 3.9a). F low cytometry analysis o f  A nnex inV /P l stained ce lls  w as used to 

quantify the induction o f  apoptosis in PBOX-treated NCI-F1929 cells. In comparison to 

the cytospin and D N A  laddering assays, this technique is based on detection o f  an early 

apoptotic marker, the externalisation o f  phosphatidylserine. Therefore, this method has 

the advantage o f  facilitating earlier measurement o f  apoptosis, and therefore is a more  

sensitive method for assessing  the induction o f  apoptosis  by a cytotoxic  agent. In 

addition, this assay a llow s  for discrimination between ce lls  undergoing early and late 

apoptosis  (see  section 3 . 1). Consistent with the results o f  the MTT assays, f low  

cytometry analysis  o f  AnnexinV/PI stained cells  demonstrated that P B O X -15  exerts a 

more potent effect on N C I-H 929  cells  compared to P B O X -6  (Fig 3.9b).

Cytospin analysis o f  PBOX-15-treated U 266  ce lls  also demonstrated the 

induction o f  m orphological changes, although few  distinct end-point features o f  

apoptotic ce lls  w ere observed compared to N C 1-H 929 ce lls  (F ig 3 .10). in addition, the 

absence o f  D N A  laddering in U 2 6 6  ce lls  treated for up to 72hrs with l | iM  P B O X -15
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(F ig  3.1 la )  su ggests a lack o f  induction o f  apoptosis in these ce lls . H ow ever, D N A  

laddering is not a hallm ark o f  apoptosis in all cell typ es (C ohen et al., 1992; Falcierei at 

al., 1993; S ch u lze -O sth o ff et al., 1994), and the lack o f  apoptotic phenotype in the  

cytosp in  analysis m ay be due to a slow er apoptotic response in P B O X -15-treated  U 2 6 6  

ce lls , com pared w ith N C 1-H 929 ce lls . In support o f  th is, f low  cytom etry an a lysis o f  

A n n exin V /P l stained ce lls , w hich  detects apoptotic ce lls  at an earlier stage com pared  

with cytosp in  analysis, revealed  a low  level (16 .29% ±  1.048% , after 24hrs) o f  ap op tosis  

in P B O X -15-treated  U 2 6 6  ce lls  (F ig  3.1 lb ). This is con sisten t w ith the relatively  low  

level o f  cy to tox ic ity  dem onstrated using the M TT assay, com pared to P B O X -15-treated  

N C I-H 929  ce lls , and m ay a lso  account for the absence o f  a d istinct sub-Go peak in cell 

c y c le  analysis o f  PB O X -15-treated  U 266  ce lls  (F ig  3 .7 ). In com parison , a sign ificant 

(p < 0 .0 0 1 ) increase in the percentage o f  U 266  ce lls  in the G 2 /M  phase o f  the cell cy c le  

fo llo w in g  P B O X -15 treatm ent w as detected (T able 3 .2 ). A lthough P B O X -15 w as a lso  

found to increase the percentage o f  N C I-H 929  ce lls  in the G 2 /M  phase o f  the ce ll cy c le , 

this effect w as m ore pronounced in the U 26 6  ce lls  line. In contrast, the percentage o f  

ce lls  in the sub-Go/Go peak fo llo w in g  P B O X -15 treatm ent w as m ore pronounced in 

N C I-H 929  ce lls . T ogether, these results su ggest that fo llo w in g  treatm ent w ith P B O X - 

15, U 266  ce lls  undergo sustained cell cy c le  arrest w ithout subsequent cell death, 

w hereas ce ll cy c le  arrest o f  N C 1-H 929 ce lls  is fo llow ed  by the induction o f  apoptosis. 

The induction o f  apoptosis fo llo w in g  G 2 /M  ce ll cy c le  arrest induced by M T A s, 

including P B O X -15, has been found to be associated  w ith expression  o f  m itotic sp indle  

checkpoint protein B ubR l (L ogharino et al., 2004; G reene et al., 2 0 0 8 ). Thus, 

differences in the level o f  BubR  I expression , and/or other ce ll cy c le  checkpoin t 

proteins in N C I-H 929  and U 266  ce lls , m ay influence the response o f  m yelom a ce lls  to 

treatm ent w ith P B O X -1 5.

A s d iscu ssed  in section  1.4, dexam ethasone and vincristine are regularly  

incorporated into induction and sa lvage chem otherapy protocols for m yelom a patients. 

H ow ever, the em ergen ce o f  resistance is an increasing concern, and requires the 

d evelopm ent o f  more e ffec tiv e  treatm ent options. Therefore, the activ ity  o f  P B O X -15 

w as next a ssessed  in com parison to these agents. The finding that P B O X -1 5 induces
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apoptosis o f  NC1-H929 and U 266 cells at higher or comparable levels to those 

measured in dexamethasone- or vincristine-treated cells (Fig 3.12), suggests that 

PBO X-15 may represent an alternative treatment option for patients whose disease is 

refractory or resistant to these conventional agents. PBOX-15 was also found to be a 

more potent inducer o f  apoptosis compared to AS2 O 3 (Fig 3.12), which is an approved 

treatment for acute promyelocytic leukemia (Cohen et al., 2001). AS2 O 3 has also been 

found to induce apoptosis o f  m yelom a cells in vitro  (McCafferty-Grad et al., 2003), and 

to disrupt interactions between m yelom a cells and the BMM, thereby interfering with 

growth and survival signalling (Hayashi et al., 2002). Subsequently, a number o f  

clinical trials have been carried out demonstrating the potential o f  AS2 O 3 in the 

treatment o f  relapsed or refractory myelom a (Fiussein et al., 2004; Wu et a!., 2006; 

Berenson et al., 2007; Hofmeister et al., 2007). O f note, although the concentration o f  

AS2 O 3 with which NC1-H929 cells were treated in this study, 20nM , is >2-fold higher 

than the maximum physiologically achievable dose (Shen et al., 1997), only a low level 

o f  apoptosis was measured after treatment for 24hrs (Fig 3 .12a).

The response o f  NCI-H929 and U 266 cells to treatment with nocodazole was 

also assessed. Like PBO X-15, nocodazole has been shown to induce cell cycle arrest 

and subsequent apoptosis via depolymerisation o f  the tubulin network (M ulligan et al., 

2006). Although nocodazole has been demonstrated to induce apoptosis o f  chronic 

lymphocytic leukaemia cells (B esw ick et al., 2006), its ability to induce apoptosis o f  

m yelom a cells has not previously been reported. Apoptosis was measured at 

comparable levels in both NC1-H929 and U 266 cells treated for 24hrs with 20|aM  

N ocodazole (Fig 3.12). However, while a greater apoptotic response was induced in 

l |iM  PBOX-15-treated NCI-H929 compared to cells treated with nocodazole, the 

response o f  U 266 cells to both treatments was comparable.

As discussed in section 1.4, the development o f  Bortezomib represents the most 

promising recent advance in the treatment o f  m yelom a, and is the first in-class agent to 

be approved for clinical use. Like Bortezomib, M G -262 is a highly specific and potent 

boranic acid peptide protease inhibitor (K isselev and Goldberg, 2001), and has been
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shown to induce apoptosis o f  m yelom a cells in vitro  (Zavrski et al., 2003). Therefore, 

M G-262 was used to assess the induction o f  apoptosis in PBOX-15-treated m yelom a  

cells in comparison to proteasome inhibitors. A poptosis was found to be significantly  

induced in N C I-H 929 cells follow ing treatment for 24hrs with 5nM M G -262 (Fig  

3.12a), with levels o f  apoptosis measured comparable to those induced by 1 |aM 

PBO X-15. In contrast, U 266 cells were found to be more sensitive to treatment with 

l |iM  PBO X-15 compared to all concentrations o f  M G-262 tested (Fig 3.12b). The 

sensitivity o f  m yelom a cells to apoptosis induced by chemotherapeutic agents has 

previously been shown to be enhanced when co-treated with non-cytotoxic doses o f  

Bortezomib (M a et al., 2003; Mitsiades et al., 2003). Such studies demonstrating the 

ability o f  cytotoxic agents to synergistically induced apoptosis in cancer cells, provides 

rationale for the design and investigation o f  novel chemotherapy combination  

protocols. Therefore, the effect o f  combined treatment with PBOX-15 and M G -262 was 

investigated. Although an increase in apoptosis was measured in NC1-H929 cells co 

treated with l^M  PBO X-15 and 5nM M G -262, compared to either agent alone, this 

increase was not found to be synergistic (Table 3.3).

In this chapter, the potential o f  PBO X-15 as a novel agent for the treatment o f  

m yelom a is demonstrated by its ability to potently induce apoptosis o f  N C I-H 929 cells. 

In comparison, follow ing treatment with PBO X-15, U 266 cells undergo sustained cell 

cycle arrest, with a low  level o f  apoptosis induced. PBOX-15 was found to induce 

apoptosis o f  both N CI-H 929 and U266 cells at levels which were higher than, or 

comparable with the clinically relevant anti-m yelom a agents vincristine and 

dexamethasone. Interestingly, the relative potency o f  the cytotoxic agents tested was 

found to be different in N C I-H 929 and U 266 cells. For N CI-H 929 cells the order o f  

potency was found to be: l|iM  Vincristine > l|aM PBOX-15 > 20|iM  N ocodazole > 

lO^iM Dexam ethasone > 20^M  AS2 O 3 . In comparison, the order o f  potency in U 266  

cells was as follows: 1 ^M P B O X -15 = 20|jM  N ocodazole > I |iM  Vincristine > 2 |iM  

AS2 O 3 > lOjiM Dexam ethasone. Overall, the U 266 cell line was found to be less 

sensitive to the apoptosis induced by these cytotoxic agents. However, in both cell 

lines, the apoptotic response was found to be greatest follow ing treatment with the
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MTAs PBOX-15, nocodazole, and vincristine. These results highlight the potential o f  

MTAs as anti-myeloma agents, and demonstrate the potential o f  tubulin as a 

therapeutic target in the treatment o f  myeloma.

Differences in the responses o f  NC1-H929 and U266 cells to drug treatment is 

not unusual, with NC1-H929 cells demonstrating a greater sensitivity than U266 cells to 

a variety of pro-apoptotic compounds, including doxorubicin, melphalan. TRAIL, and 

the novel anti-myeloma agents Imexon and FTl-277 (Gomez-Benito et al., 2005; 

Samulitis et al., 2006; Baumann et al., 2008). However, the greater sensitivity o f  NCl- 

H929 cells to PBOX-15-induced apoptosis, compared to U266 cells, may be o f  clinical 

relevance, as the former are cells o f  the IgA myeloma subtype, which represents 

~25%o o f  patients diagnosed (Sirohi and Powles, 2004). in comparison, only a small 

number o f  cases o f  myeloma o f  the IgE subtype, from which U266 cells are derived, 

have been reported (Hayes et al., 2007). As summarised in Table 3.1, NCI-H929 and 

U266 cells are differentially characterised at the molecular and cellular levels. O f  note, 

U266 cells express mutated p53 (Gong and Almasan. 1999), which is detected in 

myeloma patients at frequency o f  40-60%, and is associated with poor prognosis 

(Kuehl and Bergsagel, 2002). Therefore, elucidation o f  the factors which cause 

decreased sensitivity o f  this cell line to PBOX-induced apoptosis may provide 

important clues regarding the mechanisms o f  disease progression o f  myeloma cells in 

vivo.

The differential responses o f  the myeloma cells to PB 0X -l5-induced apoptosis 

shown in this chapter, suggests that the apoptotic signalling pathway activated in NCl- 

H929 cells in response to PBOX-15 treatment, is defective or absent in U266 cells i.e. 

the different responses o f  these cell lines to treatment with PBOX-15 is the result o f  

differences in the apoptotic machinery o f  the cells. Gene expression profiling o f  

myeloma cells has previously been employed to investigate the mechanisms underlying 

the resistance o f  myeloma cells to chemotherapeutic agents (Chauhan et al., 2002, 

2003). In addition, such studies can provide information regarding the mechanism of 

action o f  a drug. In order to probe in more detail the differential effects o f  PBOX-15 on
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NCI-H929 and U266 multiple myeloma cells, an array bases approach is used in 

Chapter 4 to characterise the expression o f  selected genes between the cell lines. In 

addition, the effect o f PBOX-15-treatm ent o f the expression o f these genes is assessed.
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4.1 Introduction

Although a variety o f genetic abnormalities are associated with multiple myeloma 

(see section 1.2.2), it has been difficult to establish correlations between genetic 

aberrations and clinical prognosis. However, the development o f high-throughput 

gene expression assays has facilitated the accumulation o f data leading to an 

increased understanding o f the biology o f myeloma. In addition, comparison o f the 

gene expression profile o f myeloma cells with those o f normal plasma and MGUS 

cells has provided insight into the factors which influence disease development and 

progression (M ahtouk et al., 2007). The use o f  gene expression arrays has shown 

that myeloma isotypes are genetically distinct (Magrangeas et al., 2003), and 

allowed further sub-classification o f the disease based on these genomic signatures 

(Bergsagel et al., 2005; Zhan et al., 2006). Importantly, array-based profiling o f 

myeloma cells has identified links between disease subtype and clinical prognosis 

(Hose et al., 2005; Shaughnessy et al., 2007). As well as establishing correlations 

between genetic abnormalities and patient outcome, gene expression profiling has 

also proved useful in elucidating the mechanism o f action o f anti-myeloma agents, 

including Bortezomib (Mitsiades et al., 2002; Mitsiades et al., 2004; Mulligan et al., 

2007). In addition, the comparison o f gene expression profiles between drug- 

sensitive and -resistant myeloma cells has been shown to be a useful approach in 

identifying mechanisms underlying resistance to chemotherapeutic agents (Chauhan 

et al., 2002; Chauhan et al., 2003). Accordingly, such information may lead to the 

identification o f  novel markers for predicting patient response to therapy. In 

addition, information obtained using gene expression analysis may lead to the 

identification o f novel therapeutic targets, and identify strategies to optimise 

chemotherapy combinations and overcome drug resistance.

As suggested in Chapter 3, the responses o f the multiple myeloma cell lines 

U266 and NCI-H929 to treatment with the novel MTA PBOX-15 may result from 

inherent differences in the apoptotic signalling machinery o f the cells. To 

investigate this further, the gene expression profiles o f  the two cell lines was 

characterised. Assessment o f mRNA levels by real-time PCR (RQ-PCR) is the most
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widely used method for quantification o f  gene expression (Wong and Medrano, 

2005; Kubista et al., 2006). Unlike traditional PCR “end-point” quantitation, RQ- 

PCR facilitates accurate real-time quantification o f  amplified PCR products during 

the exponential phase o f the reaction. In this system, probes with fluorescent 

reporter and quencher dyes at the 5’ and 3 ’ ends, respectively, are designed to 

specifically anneal between the forward and reverse primer sites. As the PCR 

reaction proceeds, the probe is cleaved by the exonuclease activity o f  the Taq 

polymerase, and removal o f the quencher dye allows the detection o f  signal from 

results in an increase in signal from the reporter (Fig 4.1).

a) Polymerization R = Reporter
Q = Quencher

Fow ard
Prob©

3 ' ----------------------------------------------------------------------------------

5- --------------------------------------------------------------------------------------------------------------------------------------------------- 3'

-------------- 15

b) Strand displacement

t ______

R everse
Primer

3 . ---------------------------------------------------------------------------------------------------------- 5 .

5 - ----------------------------------------------------------------------------------------------------------------------------------------------------3-
I , ^ — MS-

c) Cleavage

/
5 ' ^ — 1 —  > ■
3 . --------------------------------------------------------------------------------------------------------------------------------------------------- 5 .

5----------------------------------------------------------------------------------------------------------- 3-
■  5’

d) Polymerization completed

Figure 4.1 Schematic representation o f RQ-PCR

a) A fluorescent probe, with a reported  and quencher dye at the 5 ’ and 3 ’ ends, respectively, 

specifically hybridises to the DNA between the fo rw ard  and reverse primers, bj As the PCR reaction  

proceeds, the 5 ’ end o f  the probe is displaced, and c) cleaved from  the quencher by the Taq 

polymerase, d) With each successive cycle o f  polymerisation, the fluorescent signal released  

increases. (Image taken from  www.appliedbiosystem s.com)

Several RQ-PCR techniques have been developed, however the most 

commonly used approach involves the use o f hydrolysis probes, more commonly 

referred to as TaqMan® probes. During each PCR cycle, fluorescence increases 

with progressive and exponential accumulation o f gene reporters. Accordingly, by 

monitoring fluorescence throughout the amplification reaction, the amount o f
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nucleic acid product generated after each PCR cycle can be measured. The cycle 

number (C j)  at which a specified amount o f product (threshold) is first detected 

allows quantitation o f gene expression i.e. the higher the starting amount o f target, 

the sooner the C r is reached. The quantity o f target present in a sample can be 

calculated by: i) generating a standard curve and interpolating the C j value, or; ii) 

using the comparative C j method. This latter method calculates the difference 

between expression levels o f an endogenous control and the target gene (AC t), and 

compares it w ith that o f a calibrator sample (AAC j). The fold difference, or relative 

quantity (RQ value) between samples can then be determined as described in 

section 2.8.3.

The aims o f this chapter are to gain insight into the differential responses o f 

the U266 and NCI-H929 cell lines to treatment w ith PBOX-15 by comparing the 

gene expression profiles o f the two cell lines. Based on the findings in Chapter 3 

that NCI-H929 cells are more sensitive to PBOX-15-induced apoptosis compared to 

U266 cells (see section 3.5), the expression o f apoptosis-related genes between the 

cell lines was o f particular interest. Therefore, using two-step RQ-PCR. the 

expression o f 93 genes w ith apoptosis-related function was analysed using pre

formatted TaqMan® low-density array (LD A ) apoptosis panels (a list o f the genes 

analysed is included in Appendix I). In addition, PBOX-15-induced gene 

modulation in both cell lines was assessed. As mentioned earlier, myeloma isotypes, 

which can be distinguished by their genetic profiles, are associated w ith divergent 

biological and molecular properties, and clinical outcome (Magrangeas et al., 2003). 

Therefore, in addition to differenfial expression o f genes involved in apoptotic 

signalling, the response o f a myeloma cell to drug treatment may also be associated 

w ith the immunophenotype o f the cell. Therefore, the expression o f a panel o f 93 

genes involved in immune regulation was also analysed in NCI-H929 and U266 

cells, using TaqMan LD A  human immune panels (a list o f the genes analysed is 

included in Appendix I). In order to characterise the molecular response o f 

myeloma cells to treatment w ith PBOX-15, the gene expression profiles o f 

untreated NCI-H929 and U266 cells were compared w ith those obtained from both 

cell lines fo llow ing PBOX-15-treatment.
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4.2 Differential Expression of Genes between NCI-H929 and U266 Cells

The expression o f 186 apoptosis- and immune-related genes in NCI-H929 and U266 

cells was measured by RQ-PCR using TaqMan LDAs, as described in section 2.8. 

RQ values were calculated using expression levels in NCI-H929 cells as the 

calibrator, and 18S as the endogenous control (full data sets are included in 

Appendix I). 78 genes were found to be differentially expressed at significant levels 

(i.e. >2-fold difference in expression levels), between the NC1-H929 and U266 cell 

lines (Table 4.1). Using the PANTHER gene ontology tools, these genes were 

grouped by biological process and pathway association. It should be noted that 

within the PANTHER database, genes are listed in multiple categories or pathways 

where appropriate. O f the 56 genes with significantly higher expression in NCI- 

H929 cells, the majority function in signal transduction (25), immunity and defence 

(23), and apoptosis (22) (Fig 4.2a). When grouped by pathway (Fig 4.2a), the 

largest category o f genes with significantly greater expression in NCI-H929 cells, 

compared to U266 cells, were found to be those associated with apoptosis (13) and 

interleukin signalling (6). 42 genes were found to be expressed at significantly 

higher levels in U266 cells compared to the NCI-H929 cell line. When grouped by 

biological process (Fig 4.3a), the largest portion o f these were found to play a role 

in immunity and defence (25), signal transduction (24), and apoptosis (18). Analysis 

o f the genes with greater expression in U266 cells by pathway (Fig 4.3b), identified 

the largest categories as those associated with apoptosis (11) and inflammation 

mediated by chemokine and cytokine pathways (11).

Table 4 .1 Number o f  genes with significantly different expression between NCI-H929 and U266 

cells as determined by TaqMan^ LDA analysis

Level o f  significant differential expression Number o f  Genes

2-20-fold greater expression in NCI-H929 cells 38

>20-fold greater expression in NCI-H929 cells 18

2-20-foId greater expression in U266 cells 32

>20-fold greater expression in U266 cells 10
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Figure 4.2 a) Biological processes and b) pathway association o f genes with significantly greater 

expression in N C I-H 929  cells, compared to U266 cells, as determined by TaqMan^ LDA analysis

mRNA was extracted fro m  IxIO^ NCI-H929 and U266 cells, and converted to cDNA as described in 

section 2.8. lOOng DNA was loaded into each po rt o fTaqM an®  LDA Human Apoptosis and Immune 

panel cards ( I  card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system, as 

per the manufacturer s instructions. RQ values were calculated using expression levels in NCI-H929  

cells as the ca lib ra to r and 18S as the endogenous control. Genes w ith s ign ificantly higher (> 2-fold) 

expression in NCI-H929 cells were grouped by b io log ica l process using the PANTHER gene 

ontology database. F u ll data sets are included in Appendix I.
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Figure 4.3 a) Biological processes and h) pathway association o f genes with significantly greater 

expression in U266 cells, compared to NCI-H929 cells, as determined by TaqMfan^ LDA analysis

mRNA was extracted from IxIO^ NCI-H929 and U266 cells, and converted to cDNA as described in 

section 2.8. lOOng DNA was loaded into each port ofTaqMan® LDA Human Apoptosis and Immune 

panel cards ( I  card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system, as 

per the manufacturer’s instructions. RQ values were calculated using expression levels in NCI-H929 

cells as the calibrator and 18S as the endogenous control. Genes with significantly higher (>2-fold) 

expression in U266 cells were grouped by biological process using the PANTHER gene ontology 

database. Fu ll datasets are included in Appendix 1.
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O f the apoptosis-related genes which found to be differentially expressed, at 

significant levels, between NCI-H929 and U266 cells, further grouping by 

biological function identified both inducers and inhibitors o f apoptosis. In the NCI- 

H929 cell line, 7 inducers o f apoptosis were expressed at higher levels, compared to 

the U266 cells (Fig 4.4a). O f these, 4{TNFRSF1A, TNFRSFIOB, TNFRSF2J, and 

TNFRSF25) are members o f the tumour necrosis factor receptor (TNF-R) 

superfamily (TNFRSF), 2 are pro-apoptotic Bcl-2 proteins {BOK  and BAX), and 1 is 

an apoptosis inducing cytokine belonging to the TNF ligand family {TNFSFIO).

The largest difference in expression was measured for TNFRSFIA, BOK, and 

TNFRSF21 genes, which were detected at 46-fold, 97-fold, and 180-fold greater 

levels in NCI-F1929 cells, relative to the U266 cell line.

In U266 cells, the largest group o f apoptosis-related genes with higher levels 

o f expression compared to the NCT-H929 cells were inhibitors o f apoptosis (Fig 

4.4b). O f these, 4 (BIRC3, BIRC6. BIRC7, and BIRCH) belong to the inhibitor o f 

apoptosis (lAP) protein family. B1RC3 and BIRC7  were found to be the inhibitors of 

apoptosis with greatest fold-difference in U266 cells, and were expressed at 40-fold 

and 130-fold, respectively, greater than in the NCI-H929 cell line. O f note, 3 

members o f this family, BlRCl, B1RC2 and BIRC4, were expressed at higher levels 

in NCI-H929 cells, although only a 4-fold difference was measured for these 

proteins compared to U266 cells. The apoptosis inhibitors BCL2LI  and BCL2 were 

also found to be overexpressed in U266 cells, with 10-fold and 2-fold differences 

respectively, compared to NCI-H929 cells. In addition, the myeloma growth and 

survival factor IL6 was expressed in U266 cells at 110-fold greater levels than in 

NCI-H929 cells.
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Figure 4.4 Differential expression o f apoptosis-reiated genes in a) NCI-H929 and h) 1)266 cells

mRNA was extracted from  IxW^ NCI-H929 and U266 cells and converted to cDNA as described in 

section 2.8. lOOng DNA was loaded into each port ofTaqMan® LDA Human Apoptosis and Immune 

panel cards ( I  card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system, as 

per the manufacturer’s instructions. RQ values were calculated using expression levels in NCI-H929 

cells as the calibrator and I8S as the endogenous control. Genes with significantly higher (>2-fold) 

expression in a) NCI-H929 and b) U266 cells were grouped by biological process using the 

PANTHER gene ontology database, and those with apoptotic function were subgrouped according to 

function as fo llows : |  apoptotic process, |  inducer o f  apoptosis, |  inhibitor o f  apoptosis.

* denotes genes with >20-fold difference in expression between the cell lines. Fu ll datasets are 

included in Appendix I.

109



( h a p f e r  4 ffen'iitial dene Lxyrt:-. ion in \CI-H 929 und ' - /Is

4.3 PBOX-15 Modulates Gene Expression in NC1-H929 and U266 Cells

The effect o f PBOX-15 treatment on the apoptosis and immune gene expression 

profiles o f NCI-H929 and U266 cells was next investigated. For these experiments, 

both cell lines were treated with 0.25|iM  PBOX-15 for 12hrs prior to extraction o f 

mRNA. These sub-optimal treatment conditions were chosen in order to identify 

PBOX-15-induced changes in gene expression which occur prior to, and therefore 

may be involved in activation o f apoptotic signalling. In addition, these treatment 

conditions were used to minimise PBOX-15-induced cell death, and subsequent 

mRNA degradation. The expression o f 76 genes was found to be significantly 

altered (>2-fold difference) in NCI-H929 cells following treatment with 0.25|iM 

PBOX-15 for 12hrs (full datasets are included in Appendix I). 48 genes were found 

to be upregulated (Fig 4.5a), and the largest functions o f these, when grouped by 

biological process, were found to be signal transduction (25), immunity and defence 

(23), and apoptosis (17). When grouped by pathway, the largest group o f genes 

upregulated were those associated with apoptosis (14) (Fig 4.5b). Expression o f the 

remaining 28 genes was downregulated in response to treatment with PBOX-15, 

and analysis by biological process showed the largest portion o f these to function in 

signal transduction (17), immunity and defence (17), and apoptosis (9) (Fig 4.6a). 

Analysis o f  associated pathways (Fig 4.6b) identified that largest category o f  genes 

downregulated in PBOX-15-treated NCI-F1929 cells as those involved in apoptosis 

(3), chemokine- and cytokine-mediated inflammation (5), and T-cell activation (3).
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Figure 4.5 a) Biological processes and h) pathway association o f genes significantly upregulated 

in NCI-H929 cells following PBOX-15-treatment, as determined by TaqMan® LDA analysis

mRNA was extracted fro m  1x10^ NCI-H929 treated w ith 0 .25 fjM  PBOX-15 fo r  I2hrs and untreated  

contro l cells, and converted to cDNA as described in section 2.8. lOOng DNA was loaded into each 

p o rt o fT aqM an®  LDA Human Apoptosis and Immune panel cards ( I  card per ce ll line), which were 

analysed on a 7900HT Fast Real-Time PCR system, as per the m anufacturer’s instructions. RQ 

values were calculated using expression levels in untreated NCI-H929 cells as the ca lib ra to r and  

IBS as the endogenous control. Genes w ith s ign ifican tly  higher (>  2-fold) expression fo llo w in g  

PBOX-15 treatment were grouped by b io log ica l process using the PANTHER gene ontology 

database. F u ll datasets are included in Appendix I.
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Figure 4.6 a) Biological processes and h) pathway association o f genes significantly 

downregulated in NC1-H929 cells following P BOX-15-treatment, as determined hy TaqMan® LDA 

analysis

mRNA was extracted from  I x l ( f ’ NCI-H929 treated w ith 0.2 5 p M  P BOX-15 fo r  I2hrs and untreated 

contro l cells, and converted to cDNA as described in section 2.8. I  OOng DNA was loaded into each 

p o rt o fT aqM an®  LDA Human Apoptosis and Immune panel cards (1 card  per ce ll line), which were 

analysed on a 7900HT Fast Real-Time PCR system, as per the m anufacturer’s instructions. RQ 

values were calculated using expression levels in untreated NCI-H929 cells as the ca lib ra to r and 

18S as the endogenous control. Genes w ith s ign ificantly lower (> 2-fold) expression fo llo w in g  

PBOX-15 treatment were grouped by b io log ica l process using the PANTHER gene ontology 

database. F u ll datasets are included in Appendix I.
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Following treatment with 0.25|aM PBOX-15 for 12hrs, the expression o f  65 

genes was found to be significantly altered in U266 cells (full datasets are included 

in Appendix I). Expression o f 49 genes was significantly upregulated. and when 

grouped by biological function the largest portion o f these were found to be those 

involved in signal transduction (27), immunity (24), and apoptosis (18) (Fig 4.7a). 

When grouped by pathway, the largest group o f  genes upregulated in PBOX-15- 

treated U266 cells was found to be those associated with apoptosis (11) (Fig 4.7b). 

18 genes were downregulated in U266 cells in response to treatment with PBOX- 

15, and analysis by biological process showed the largest portion o f these to 

function in signal transduction (12), immunity and defence (11), and apoptosis (8) 

(Fig 4.8a). Analysis o f  associated pathways classified the largest groups o f  genes 

downregulated in PBOX-15-treated U266 cells as those involved in apoptosis (5), 

and chemokine- and cytokine-mediated inflammation (5) (Fig 4.8b).

O f the apoptosis-related genes whose expression was altered in PBOX-15- 

treated NCI-H929 cells, the largest changes were in the expression o f TNF, 

TNFRSFIOB, and BIRC7, which were upregulated 43-fold, 10-fold, and 16-fold, 

respectively, and downregulation o f IFNG  and 717 by 18.8-fold and 132-fold, 

respectively. 0.25nM  PBOX-15 induced changes in the expression o f 20 apoptotic 

genes in U266 cells, with the greatest changes being upregulation o f BOX, 

TNFRSFIOB, and IL7, by 18.8-fold, 17-fold, and 117-fold, respectively. O f the 

apoptotic genes whose expression was significantly altered in PBOX-15-treated 

cells, 7 were found to be upregulated in both NC1-H929 and U266 cells (Fig 4.9a), 

and 3 were downregulated in both cell lines (Fig 4.9b).
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Figure 4.7 a) Biological processes and b) pathway association o f  genes significantly upreguiated 

in U266 cells following PBOX-15-treatment, as determined by TaqMan^ LDA analysis

mRNA was extracted fro m  IxlO* U266 treated with 0.25/j M  P B O X -l 5 fo r  I2hrs and untreated  

control cells, and converted to cDNA as described in section 2.8. lOOng DNA was loaded into each  

port ofTaqMan^S. LDA Human Apoptosis and  Immune panel cards (I card  per cell line), which were 

analysed on a 7900HT Fast Real-Time PCR system, as per the m anufacturer‘s instructions. RQ  

values were calculated using expression levels in untreated NCI-H929 cells as the calibrator and  

18S as the endogenous control. Genes with significantly higher (>2-fold) expression fo llow ing  

P B O X -I5  treatment were grouped by biological process using the PANTHER gene ontology 

database. Full datasets are included in Appendix  / .
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Figure 4.8 a) Biological processes and b) pathway association o f  genes significantly 

downregulated in U266 cells following PBOX-15-treatment, as determined by TaqMan® LDA 

analysis

mRNA was extracted from  IxlO^ U266 treated with 0.25 fiM  PBOX-I5 fo r  !2hrs and untreated 

control cells, and converted to cDNA as described in section 2.8. lOOng DNA was loaded into each 

port ofTaqM an® LDA Human Apoptosis and Immune panel cards (I card per cell line), which were 

analysed on a 7900HT Fast Real-Time PCR system, as per the manufacturer’s instructions. RQ 

values were calculated using expression levels in untreated NCI-H929 cells as the calibrator and 

18S as the endogenous control. Genes with significantly lower (>2-fold) expression following  

PBOX-15 treatment were grouped by biological process using the PANTHER gene ontology 

database. Full datasets are included in Appendix !.
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Figure 4.9 Expression o f apoptosis-related genes is altered in PBOX-I5 treated NCI-H929 and 

U266 cells, as determined by TaqMan^ LDA analysis

mRNA was extracted fro m  IxlO ^ NCI-H929 and U266 cells treated w ith 0.25 f iM  P BO X-15 fo r  I2hrs  

and untreated controls and converted to cDNA as described in section 2.8. I  OOng DNA was loaded 

into each p o rt o fT aqM an^j LDA Human Apoptosis and Immune panel cards ( I  card  per ce ll line), 

which were analysed on a 7900HT Fast Real-Time PCR system, as per the m anufacturer’s 

instructions. RQ values were calculated using expression levels in NCI-H929 cells as the ca lib ra to r 

and I8S  as the endogenous control. Genes w ith significant (>2-fo ld) a) upregulation and b) 

downregulation in both cell lines fo llo w in g  PBOX-15 treatment were grouped by b io log ica l process 

using the PANTHER gene ontolog}’ database, and those w ith apoptotic fiinction  were subgrouped by 

apoptotic function.
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4.4 Validation of TNF and TNFR Family Gene Expression in NCI-H929 and 

U266 Cells

O f the 14 genes belonging to the TNF and TNFR superfamilies which were 

contained on the apoptosis and immune panel TaqMan® LDA cards, 13 were found 

to be differentially expressed between NCI-H929 and U266 cells. O f these, 9 were 

found to be differentially expressed by 5-fold, or more (Table 4.2). Individual 

TaqMan® assays were used to validate these results, and CD40, TNFRSFIB, 

TNFRSF21, TNFRSFI OB, and TNFRSFI A were confirmed to be expressed at 

higher levels in NCI-H929 cells compared to U266. However, the fold-differences 

calculated using individual assays were higher for CD40, TNFRSFIB, and 

TNFRSF21, and lower for other two genes. Expression o f LTA, LTB, and TNF were 

similarly confirmed to be higher in U266 cells, compared to NCI-H929, although 

again the fold-differences calculated were higher than those obtained using the LDA 

dataset. The effect o f PBOX-15 treatment on the expression o f TNF and TNFR 

family genes was also assessed using individual TaqMan® assays. In NCI-H929 

cells, the expression o f TNF, TNFRSFIOB, and TNFRSFI A, were significantly 

increased following treatment for 12hrs with 0.25|j,M PBOX-15 (Fig 4.10a); while 

CD40, TNFRSFI A and TNFRSFIOB were found to be significantly upregulated in 

PBOX-15-treated U266 cells (Fig 4.10b).
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Table 4.2 Differential expression o f  T1\F and TNFR superfamify genes between NCI-H929 and 

L/266 cells

Gene Fold greater expression 

in NCI-H929 cells 

(RQ)

Fold greater expression 

in U266 cells 

(RQ)

LDA TaqMan LDA TaqMan

FAS 3

CD40 231 497.159

LTA 25.1 94.857

LTB 1 65.332

TNF 30 127.289

TNFSFIO 2.6

TNFRSFIOA n/d n/d

TNFRSFIOB 5 3.463

TNFRSFIA 46.57 19.765

TNFRSFIB 29 369.582

TNFRSF21 180 2542.284

TNFRSF25 2.11

CD40L 48.59 n/e

FASL 3.26

Differential expression o fT N F  and TNFR superfamify genes between NCI-H929 and U266 cells 

were calculated hy LDA analysis (LDA) and individual Tac/Man" assays (TaqManj. 

n/d=no significant difference in expression, n/e = gene not expressed, or expression too low to he 

detected.
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Figure 4.10 E ffect o f PBOX-15 on expression o f TNF and TNFR superfamily genes in a) NCI- 

H929 and b) U266 cells, as determined by individual TaqMan^ assays

mRNA was extracted from  IxIO^ NCI-H929 and U266 cells treated with 0.25/xMfor 12hrs, and

untreated control cells, and converted to cDNA as described in section 2.8. Tag Man" assays were

set up, in triplicate, as described in section 2.8.2, using lOOng DNA and analysed on a 7500HT

Real-Time PCR system, as per the manufacturer’s instructions. RQ values were calculated using

expression levels in NC1-H929 cells as the calibrator and GAPDH as the endogenous control.
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4.5 Discussion

The development o f high-throughput methods for the analysis o f gene expression 

has allowed the identification o f new data regarding the biology o f cancers. These 

data have subsequently led to the development o f improved diagnostic tests for 

patients, and in addition, gene expression arrays have provided valuable information 

regarding the mechanisms o f action o f anti-cancer agents (Mahtouk et al., 2007). In 

Chapter 3 o f this study, the multiple myeloma cell lines U266 and NC1-H929 were 

found to respond differently to treatment with the novel MTA PBOX-15, and this 

was suggested to result from differences in the apoptotic signalling machinery o f 

the cells. Previous studies have used array-based gene expression profiling to 

identify factors which regulate the sensitivity o f myeloma cells to apoptosis induced 

by chemotherapeutic agents in vitro (Chauhan et al., 2002, 2003). In this chapter, a 

similar approach was employed, with TaqMan® LDA panels used to analyse the 

expression o f genes related to apoptosis and immune function. Differences in the 

expression profiles o f these genes between U266 and NC1-H929 cells may suggest 

mechanisms which regulate the differential responses o f these cell lines to treatment 

with PBOX-15.

The expression o f 186 genes was analysed, and 98 were found to be 

differentially expressed between the NC1-H929 and U266 cell lines. The data 

obtained was organised by grouping those genes with significant difference in 

expression (i.e. >2-fold) between the cell lines according to biological process or 

associated pathway. A large number o f genes (42) which were differentially 

expressed between the cell lines were found to play a role in apoptotic signalling, 

thereby supporting the suggestion that the different responses o f NCI-H929 and 

U266 cells to PBOX-15 is the result o f inherent differences in the apoptotic 

signalling machinery o f the cells. To investigate this further, genes associated with 

apoptosis, as defined using the PANTHER database, which were differentially 

expressed between the cell lines at significant levels, were further grouped 

according to function. Differential expression o f selected genes between NC1-H929 

and U266 cells was confirmed using individual TaqMan® assays. It is interesting to
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note here the discordance between the RQ values calculated using the LDA and 

TaqMan® methods (Table 4.2). This may be attributed to the differential sensitivity 

o f the methods, as has previously been reported to account for differences between 

array and RQ-PCR data (Hjortsberg et al., 2007). However, the use o f  both 

approach is justified, with LDA analysis providing important data on trends in gene 

upregulation or downregulation, while TaqMan® analysis more accurately 

quantifies these differences in expression.

O f the 22 apoptosis-related genes which were found to be expressed at 

significantly higher levels in NC1-H929 cells, 4 are members o f the TNFRSF. This 

pattern o f differential expression o f these genes between NCI-H929 and U266 cells 

was confirmed using individual TaqMan® assays. TNFRSF proteins have been 

found to play crucial roles in a variety o f cell processes, including proliferation, 

survival, and apoptosis (Baker and Reddy, 1998). Included in this family are the 

death receptors (TNFR-1, TNFR-2, Fas/CD95, DR3, DR4/TRAILR1, 

DR5/TRAILR2, and DR6), which upon ligation by cytokines belonging to the TNF 

superfamily, oligomerise and activate the extrinsic apoptotic pathway (see section 

1.6.1). O f the TNFRSF genes overexpressed in NCI-H929 cells, TNFRSF21 was 

found to be the most highly overexpressed when compared to U266 cells. The 

product o f TNFRSF21 is death receptor 6 (DR6), a member o f the TNFR family for 

which no specific ligand has yet been identified. DR6 has been shown to play an 

important role in the control o f  T-cell proliferation and differentiation (Liu et al., 

2001; Zhao et al., 2001), and to induce caspase-dependent apoptosis via a pathway 

distinct from those activated by other death receptors (Pan et al., 1998; K asof et al., 

2001). Although initial studies detected little or no expression o f  DR6 mRNA in 

normal or malignant cells o f  haematopoietic origin (Pan et al., 1998), cell-surface 

expression o f DR6 was subsequently demonstrated in naive B-cells. This was found 

to be downregulated in response to B-cell stimulation, indicating that DR6 may also 

play a regulatory role in B-cell activation and humoral immunity (Schmidt et al., 

2003). Thus, the expression o f DR6 mRNA which was detected here in NCI-H929 

cells is o f interest, given that myeloma clones are initially derived from terminally 

differentiated B-cells (see section 1.2.1).
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Using the GEO Profiles database (Barrett et al., 2007), in which the results 

o f previous myeloma gene expression studies that have employed microarrays are 

deposited, it can be approximated that DR6 mRNA is expressed in -4-7%  of 

myeloma patients (GEO accession GDS531. Tian et al., 2003; GEO accession 

GDS1284, Agnelli et al., 2005; GEO accession GDS1067, Mattioli et al.. 2005;

GEO accession GDS2643, Gutierrez et al., 2007). Although no studies regarding the 

expression o f DR6, or its potential role in myeloma have yet been reported, the 

absence o f DR6 expression on naive B-cells has been associated with increased cell 

division and reduced apoptosis following cell stimulation (Schmidt et al., 2003). 

Therefore, it is possible that reduced expression o f DR6 mRNA in U266 cells, as 

found in this study using both the LDA and TaqMan methods, may reflect a 

similar role for DR6 in the reduced sensitivity o f U266 cells to PBOX-15-induced 

apoptosis, compared to NC1-H929 cells.

TNFRSFIA  and TNFRSF]B,  which are also members o f the TNFR 

superfamily, were found to be expressed at higher levels in NC1-H929 cells 

compared to U266 cells. This pattern o f differential expression was confirmed using 

individual TaqMan® assays. The products o f  TNFRSFIA and TNFRSFIB,  TNF-Rl 

and TNF-R2 respectively, are both receptors for TNFa and lymphotoxin-a (LTA), 

but induce different cellular responses (Tartaglia et al.. 1991; Peschon et al., 1998). 

TN F-R l, which is constitutively expressed in most cell types, has been found to 

mediate the majority o f TNFa-induced cellular responses, including cell death. In 

comparison, TNF-R2, which is expressed only on endothelial and immune cells, is 

not linked to a death receptor signalling pathways, and instead has been shown to be 

important in T-cell signalling and immune response to infection (Rothe et al., 1993; 

Aspalter et al., 2003). Cell surface expression o f TNF-R2 has previously been 

detected on U266 cells but not NC1-H929, while neither cell line has been found to 

express TNF-Rl (Johrer et al., 2004). TNF-R2-mediated signalling, in response to 

TNFa stimulation, has been shown to induce proliferation and enhance migration o f 

myeloma cells (Borset et al„ 1996; Johrer et al., 2004). This may account for the 

role o f TN Fa as a survival factor for myeloma cells (see section 1.3.2).

Interestingly, in this study, the expression o f TNF, the gene for TNFa, was found to

be expressed at higher levels in U266 cells, compared to NC1-H929 cells.

122



Chapter 4 Differential Gene Expression in yiCl-H929 and I 266 Cells

Therefore, it may be that TNFa-triggered TNF-R2 signalling is involved in the 

protection o f U266 cells against PBOX-15-induced apoptosis.

In addition to TNF, 15 other genes with apoptotic function were found to be 

overexpressed in U266 cells, compared to the NCI-H929 cell line. O f these, the 

largest fold-differences in expression were in the TNFR ligand genes TNF, LTA and 

LTB, in addition to BIRC3 and BIRC7. The products o f these latter two genes are 

cIAP2 and Livin, respectively, both o f which are members o f the lAP family, which 

is a highly conserved group o f proteins with both apoptotic and non-apoptotic 

functions (Srinivasula and Ashwell, 2008). lAP-mediated inhibition o f  apoptosis is 

associated with its binding to TNFR-associated factors and antagonism o f caspase 

activity (Hunter et al., 2007). Increased expression o f cIAPs has been associated 

with drug resistance in the RPMI8226 myeloma cell line, and poor patient prognosis 

(Nakagawa et a!., 2006; Abe et al., 2007). In addition, TNFa treatment o f myeloma 

cells in vitro has been shown to induce upregulation o f cIAP expression, thereby 

promoting tumour cell survival and proliferation (Mitsiades et al., 2002a).

Similarly, overexpression o f  Livin has been shown to prevent TNFa-induced 

apoptosis in HeLa cells, and to abrogate the reduction in cell viability which results 

following DR6 transfection (Ashhab et al., 2001). Therefore, it may be suggested 

that, in comparison to NCI-H929 cells, the U266 cell line exhibits a pro-survival 

genotype which may influence its response to treatment with PBOX-15 and other 

cytotoxic drugs.

The effect o f PBOX-15 on the gene expression profiles o f the NCI-H929

and U266 cell lines was also investigated. Following treatment with 0.25fiM

PBOX-15 for 12hrs, the expression o f 76 genes was found to be altered in NCI-

H929 cells. O f these, 5 belonging to the TNF and TNF-R superfamiles were

significantly upregulated, and 2 were downregulated. Individual TaqMan® assays

confirmed that the greatest increase in expression was in the genes for TNF  and

TNFRSFW B, the products o f which are TNFa and death receptor 5 (DR5)

respectively, Expression o f the TN Fa gene was also found to be upregulated in

PBOX-15-treated U266 cells, albeit by a lower amount than that measured in the

NCI-H929 cells. In comparison, expression o f the DR5 gene was found to be
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upregulated at similar levels in the two cell lines following PBOX-15 treatment, 

using both the array and individual TaqMan® assay datasets. TRAIL/Apo2L, the 

ligand for DR5, has been found to selectively induce apoptosis o f a variety o f 

cancer cell types, including myeloma cells (Mitsiades et al., 2001; Chen et al., 2003; 

Kelley and Ashkenazi, 2004). Co-treatment o f myeloma ceils with TRAIL and a 

variety o f cytotoxic agents has been reported to synergistically enhance the 

induction o f apoptosis (Fandy et al., 2005; Fandy et al., 2007; Romagnoli et al.. 

2007). thereby demonstrating the potential effectiveness o f combination 

chemotherapy regimens which include TRAIL. In addition, a number o f cytotoxic 

agents have been shown to sensitise myeloma cells to TRAIL-induced apoptosis via 

upregulation o f DR5 (Jazirehi et al., 2001; Mitsiades et al., 2001; Liu et al., 2003;

Ito et al., 2005).

In this chapter, an array-based approach was used to establish that NCI- 

H929 and U266 cells have distinct gene expression profiles. Specifically, 

differential patterns o f genes related to apoptosis signalling were found to be 

expressed by these cells, and may influence the response o f these two cell lines to 

treatment with PBOX-15. In addition, the differential sensitivity o f these cell lines 

to treatment with other cytotoxic agents (see Chapter 3), may also be regulated by 

their differential gene expression patterns. O f particular interest in this chapter is the 

finding that expression o f mRNA for the death receptors DR5 and TNF-Rl is 

significantly upregulated in both U266 and NCI-H929 cells following treatment 

with PBOX-15. Upregulation of, and direct apoptotic signalling via DR5 has also 

been found to be required for activation o f the extrinsic apoptotic pathway in lung, 

prostate, and breast cancer cells following treatment with a variety o f anti-cancer 

agents (Huang et al., 2001; Liu et al., 2004; Horinaka et al., 2005; Liu et al., 2007; 

Pistritto et al., 2007; Sun et al., 2007; Lu et al., 2008; Yu et al., 2008). Therefore, 

upregulation o f DR5 in PBOX-15-treated NCI-H929 and U266 cells suggests the 

extrinsic apoptotic pathway may be involved in PBOX-15 induced apoptosis in 

these cell lines, and this is further investigated in Chapter 6. In addition, 

upregulation o f DR5 in response to PBOX-15 treatment suggests that PBOX-15 

may be useful in enhancing the apoptotic activity o f TRAIL, and this is next 

investigated in Chapter 5.
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Chapter 5

PBOX-15 Activates Extrinsic and 

Intrinsic Apoptotic Pathways
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hiipter 5 PBOX-15 Activates Extrinsic and Intrinsic Apoptotic Pathways

5.1 Introduction

In Chapter 4, gene expression arrays were used to characterise the N C I-H 929  and U266 

cells, with respect to expression o f  apoptosis- and immune-related genes. Different 

patterns in the expression o f  these genes between the cell lines was established, and 

may account for the different responses o f  these cells to treatment with cytotoxic agents 

as seen in Chapter 3. O f  interest, expression o f  1L6 was detected at 110-fold greater 

levels in U266 cells compared to NC1-H929 cells. lL-6 is a proliferation and 

differentiation factor for normal B-cells, and similarly has been shown to act as a 

growth factor for m yelom a cells (Hallek et al., 1998). in addition to enhancing cell 

proliferation, IL-6 has been found to act as a protective factor against the induction o f  

apoptosis in m yelom a cells by dexamethasone, serum starvation, and Fas ligation 

(Lichtenstein et al., 1995; Chauhan et al., 1997b; Dai et al., 2002). U266 cells have 

previously been reported to produce lL-6 (Schw ab et al., 1991; Suzuki et al., 1991), and 

consistent with this, were found to express high levels o f  lL-6 m R N A  in this study. 

Taken together with the finding that U266 cells are less sensitive to P B O X -15-induced 

apoptosis, compared to N C I-H 929 cells, a protective role for lL-6 against P B O X -15- 

induced apoptosis is suggested.

The response o fN C l-H 9 2 9  and U266 cells to treatment with P B O X -15 was also 

investigated in Chapter 4 using gene expression arrays. O f  particular interest, 

expression o f  TNFRSFJOB, the gene for DR5, was found to be significantly 

upregulated in both N C I-H 929 and U266 cells following treatment with P B O X -15. 

TRA IL/A po2L, the ligand for DR5, has previously been shown to induce apoptosis o f  

m yelom a cells, and to exhibit anti-m yelom a activity in a mouse model, w hile being 

m inim ally  toxic to normal cells (Gazitt, 1999; M itsiades et al., 2001). Importantly, 

TRA IL has been found to induce apoptosis o f  m yelom a cells which are resistant to 

treatment with established chemotherapeutic agents such as dexam ethasone and 

doxorubicin (Mitsiades et al., 2001), thereby identifying its potential for the treatment 

o f  relapsed or refractory disease. Interestingly, treatment o f  doxorubicin-resistant cells
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with doxorubicin  has been found to sen sitise  m yelom a ce lls  to T R A lL -in d u ced  

apoptosis (Jazirehi et al., 2 0 01).

The sen sitiv ity  o f  m yelom a ce lls  to T R A lL -induced  apoptosis m ay be enhanced  

by a num ber o f  other drugs, including B ortezom ib  and thalidom ide analogues. The 

synergistic  increase in apop tosis w hich results from such com bination  treatm ents 

provides rationale for the inclusion  o f  TRAIL in com bination  chem otherapy protocols  

(M itsiades et al., 2002b ; Fandy et al., 2005; Fandy et al., 2007; R om agnoli et al., 2 0 0 7 ). 

Ideally, such drug com binations are those in w hich  increased anti-cancer activ ity  can be 

achieved  using reduced concentrations o f  either, or both agents. The ben efits o f  such  

com binations are reduced to x ic ity  and m inim ization  o f  the d evelop m en t o f  drug 

resistance (G ilter et al., 2 0 0 3 ). For exam ple, treatm ent o f  m yelom a ce lls  w ith  sub- 

optim al concentrations o f  AS2 O 3 has been show n to syn erg istica lly  increase the 

apoptotic response o f  ce lls  to treatment w ith TR A IL (Liu et al., 2 0 0 3 ). T his illustrates 

that although a drug m ay not induce a cy to to x ic  response, activation o f  other sign allin g  

pathw ays m ay occur in m yelom a ce lls  treated with these agents.

The rational d evelop m en t o f  novel com bination chem otherapy regim ens  

requires a thorough understanding o f  the m echanism s o f  action o f  anti-cancer agents. In 

the case o f  m yelom a, the com p lex  growth and survival m echan ism s o f  the tum our ce lls  

(see  section  1.3) m ake it likely  that targeting o f  m ultip le pathw ays or proteins w ill be 

required to e ffec tiv e ly  treat the d isease. Therefore, su ccessfu l com bination  therapies 

w ill ideally  incorporate agents w ith d istinct m echan ism s o f  action. The pharm aco

dynam ics o f  drug com binations are also  an im portant consideration , and are defined  as 

synergistic , additive, or antagonistic w hen the effect o f  the com bination  is, resp ectively , 

greater, equal to, or less than, the sum m ed e ffects  o f  the individual drugs. In term s o f  

clin ica l application , synergistic  drug com binations are preferable as the use o f  low er  

d oses, w h ile  m aintaining or enhancing therapeutic e ffica cy , m ay reduce the exten t o f  

chem otherapy-associated  tox ic ity , and prevent or delay the d evelop m en t o f  resistance  

(Jia et al., 2 0 0 9 ). Inform ation regarding the m echanism  o f  action o f  a novel anti-cancer  

agent m ay also  be used to ju stify  further investigation  o f  a drug in the treatm ent o f
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specific d iseases or groups o f  patients. In particular, agents which selectively induce 

death o f  malignant cells via mechanisms distinct from existing chemotherapeutic 

agents may represent novel therapies for a subset o f  patients w hose disease is, or has 

becom e, refractory to established treatments. Although it remains unclear whether cells  

which are resistant to the induction o f  apoptosis in response to one agent w ill also be 

resistant to others which act via alternative biochem ical mechanisms, the potential 

clinical advantage o f  drugs which regulate different apoptotic signalling pathways is 

obvious.

a) ^  b)

Ischemia, Reactive Oxygen Species, Cytoakeletoo Damage, 
Hypoxia, Genotoxic Damage, Cytokine Depiivation

Cell shrinkage
--------------► Membrane Blebbing,  *  Apoptosis

DNA Fragmentation,
Chromatin Condensation

Figure 5.1 Overview o f apoptotic signalling pathways

a) The extrinsic apoptotic pathway is initiated by interaction o f the death receptors with their 

corresponding ligands. Following receptor oligomerization, adaptor and effector molecules are 

recruited to form  the death-inducing signalling complex (DISC). Subsequent recruitment and auto

activation o f caspase-8 initiates a caspase cascade, which culminates in cell death, b) The intrinsic 

apoptotic pathway is initiated by a variety o f apoptotic stimuli, and is regulated by interactions between 

anti- and pro-apoptotic Bcl-2 proteins resulting in depolarisation o f the mitochondrial inner membrane, 

with release o f cytochrome c and other mediators o f apoptosis in to the cytoplasm where association 

with pro-caspase-9 and Apqf-1 results in activation o f caspase-9 which initiates the caspase cascade. 

The death receptor pathway may also activate the intrinsic apoptotic pathway via capase-8-medaited 

activation o f Bid.

127



Chapter 5 PBOX-15 Activates Extrinsic and Intrinsic Apoptotic Pathways

As discussed in section 1.7, PBOX compounds exhibit anti-cancer activity 

against a variety o f  tumour cells, including those derived from both solid and 

haematological malignancies (Zisterer et al., 2000; Zisterer et al., 2001). Tubulin has 

been identified as a molecular target o f  pro-apoptotic PBOX-compounds (Mulligan et 

al., 2006). However, the mechanism(s) by which these agents induce cell death remain 

incompletely defined, and appear to be cell-type specific (Table 5.1). Accordingly, the 

mechanism by which PBOX-15 induces apoptosis o f  myeloma cells is o f  interest.

Table 5.1 Summary o f  mechanism o f action o f  PBOX-6-induced apoptosis o f  a variety o f  human 

cancer cell lines

H L-60

(AML cells)

Jurkat

(T-ALL cells)

K562

(CML cells)

M C F-7

(breast cancer)

Bcl-2 n/s phosphorylated phosphorylated n/s

Caspase Dependent n/s Independent partially

dependent

JNK n/s dependent Dependent n/s

Cytochrome c Released n/s no release 

detected

n/s

AML = acute lymphocytic leukaemia; T-ALL  =  acute t-cell lymphocytic leukaemia; CML= chronic 

lymphocytic leukaemia; n/s = effect o f  PBOX-6 on these mechanisms has not been studied. {Zisterer et 

a i, 2000; Zisterer et a i, 2001; McGee et a i, 2001; McGee et al., 2002b; McGee et a i, 2004; McGrath 

et a l, 2006)

In Chapter 4, expression o f  DR5 mRNA was found to be significantly 

upregulated in NC1-H929 and U266 cells following treatment with PBOX-15. 

Upregulation o f  DR5, both at the mRNA and proteins levels, has previously been 

associated with sensitisation o f  myeloma cells to TRAIL-induced apoptosis (Jazirehi et 

al., 2001; Mitsiades et al., 2001; Liu et al., 2003; Ito et al., 2005). This suggests that co

treatment o f  myeloma cells with PBOX-15 and TRAIL may potentiate the apoptotic 

response. Upregulation o f  DR5 also has been found to be directly required for apoptotic 

signalling in lung, prostate, and breast cancer cells following treatment with a variety of 

anti-cancer agents (Huang et al., 2001; Liu et al., 2004; Horinaka et al., 2005; Liu et al..
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2007; Pistritto et al., 2007; Sun et al., 2007; Lu et al., 2008; Yu et al., 2008). DR5- 

mediated apoptotic signalling proceeds via the extrinsic apoptotic pathway, with 

activation o f  caspase-8 leading to direct initiation o f  a caspase cascade, or activation 

the intrinsic apoptotic pathway via caspase-8-mediated cleavage o f  Bid (Fig 5.1) (for 

review o f  apoptotic pathways see section 1.6). Therefore, the finding that DR5 mRNA 

is upregulated in PBOX-15-treated NC1-H929 cells suggests a role for this pathway in 

the execution o f  apoptosis in these cells. Therefore, the aim o f  this chapter is to 

investigate the effect o f  combined treatment with TRAIL and PBOX-15 on NC1-H929 

and U266 cells, and to investigate the mechanism by PBOX-15-induced apoptosis of 

NC1-H929 cells proceeds. The role o f  IL-6, as an example o f  a myeloma survival 

factor, in regulating the response o f  myeloma cells to PBOX-15 is also investigated.

5.2 PBOX-15-lnduced Apoptosis of NCI-H929 Cells is IL-6-lndependent

The response o f  myeloma cells to treatment with cytotoxic agents can be affected by 

the presence o f  growth and survival factors which are encountered by the tumour cells 

in vivo. Consequently, a major limitation in assessing the potential efficacy o f  a new 

drug in vitro is the absence o f  these factors. As shown in Chapter 4, lL-6 mRNA is 

expressed at higher levels in U266 cells compared to NCI-H929 cells, and together 

with the finding that U266 cells are less sensitive to PBOX-15-induced apoptosis, this 

suggested a protective role for lL-6 against PBOX-15-induced apoptosis is suggested. 

To investigate this, NCI-H929 cells were co-treated 1 |iM PB O X -15 and IL-6. No 

statistical difference (ANOVA, n=3) was found between the induction o f  apoptosis by 

l|ilVl PBOX-15 alone, or in combination with IL-6 (Fig 5.2).
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Figure 5.2 IL-6 does not rescue NCI-H929 cells from  PBOX-l 5-induced apoptosis

lx l(/' NCI-H929 cells were treated as shown fo r  24hrs, after which they were stained with AnnexinV/Pi. 

and the percentage o f  apoptosis measured by flow cytometry as described in section 2.7.3. Where 

appropriate, cells were incubated for I hr with lOOng/ml lL-6 prior to addition o f  PBOX-l 5. n=3.

5.3 Expression of DR5 is Upregulated in NCI-H929 and U266 Cells Following 

Treatment with PBOX-15

As discussed in section 5.1, chemosensitisation to TRAIL can result from upregulation 

of its receptor DR5. In such instances, increased expression of both DR5 mRNA and 

protein is detected. In Chapter 4, upregulation o f DR5 mRNA was detected in PBOX- 

15-treated NC1-H929 and U266 cells. To determine if this resulted in a corresponding 

increase in protein levels, the expression of DR5 protein in NCI-H929 and U266 cells 

was assessed by Western blotting. Expression o f DR5 was found to be greater in NCl- 

H929 cells, compared to the U266 cell line (Fig 5.3, lanes 1, 2, 5, and 6). An increase in 

DR5 expression was observed in NCI-H929 cells following treatment with PBOX-15. 

Although a greater increase was observed in cells treated with 1 |iM PBOX-l 5 (Fig 5.3,
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lane 4), a 4.8-fold increase in DR5 expression w as calculated in N C I-H 929  cells treated 

with either 0 .5 |iM  or 1 |aM P B O X -15 for 24hrs. In U266 cells, a 1.8-fold and 2.9-fold 

increase in DR5 expression was measured following treatment with 0 .5 |j IVI and IfiM 

PB O X -15, respectively (Fig 5.3, lanes 7 and 8).

NCI-H929 U266

DR5 precursor (48kDa) 
DR5 (40kDa)

m" EtOH 0.5uM 1mM NT EtDH O.SuM 1uM 
PBOX-15 PBOX-15

Lane: 1 2 3 4 5 6 7 8

Figure 5.3 DR5 expression is upregulated in PBOX-IS-treated NCI-H929 cells

2 .5 x l(f  NC!-H929and U266 cells were treated as shown fo r  24hrs, after which they were lysed as 

described in section 2.9.1. Equal amounts o f  protein were electrophore.ied on a 12% gel, transferred to 

PVDF, and probed fo r  expression o f  DR5 and fi-actin, as described in section 2.9. Results are 

representative o f 3 independent experiments.

5.4 PBOX-15 and TRAIL Svnergisticallv Induce Apoptosis o f NCI-H929 and U266 

Cells

The response o f  N C I-H 929 cells to treatment with P B O X -15 and TR A IL  was next 

assessed. In NC1-H929 cells, apoptosis induced by TRA IL w as found to increase in a 

dose-dependent manner, with 22.15%  ± 3 .84%  apoptosis measured in cells treated with 

15ng/ml TR A IL  for 24hrs (Fig 5.4a). This w as com parable to the response o f  N C l-  

H929 cells to treatment with 0.5fiM PBOX-15 for 24hrs (26.92%  ± 1.45%), but less 

than that induced by IjaM PBOX-15 (35 .208%  ± 2.1%). Co-treatment with 0 .5nM  

PBOX-15 and TR A IL  (2.5ng/ml, 5ng/ml, lOng/ml, or 15ng/ml) for 24hrs significantly 

induced apoptosis in N C I-H 929 cells. This was detected at levels greater than those 

observed in cells treated with either agent alone, and a m axim um  response o f  66 .5%  ± 

4 .07%  w as measured in cells treated with 0 .5 |j 1V1 PBO X-15 and 15ng/ml TRAIL. Using

131



C hapter  5 P B O X -15 A ctiva tes E xtrinsic an d  In trin sic  A poptoiii (itiv‘ u \-

the Abbot method (Evenhuis et al., 1996), a synergy factor o f  >1.5 was calculated for 

NCI-H929 cells co-treated with 0.5 |iM  PBO X-15 and all concentrations o f  TRAIL 

tested (Table 5.2), indicating that these agents induce apoptosis o f  NC1-H929 cells in a 

synergistic manner.

a)

b)

X X X X

r
h-

Ifl  ̂ 10̂  1C

NT
18* M

5ng/ml TRAIL

0.5pM PBOX-15 5ng/ml TRAIL 
0.5mM PBOX-15

15ng/ml TRAIL

15ng/ml TRAIL 
+ 0.5tJM PBOX-15

Figure 5.4 PBOX-15 and TRAIL exert a synergistic apoptotic effect on NCI-H929 ceils

a) I x l ( f  NCI-H929 cells were treated as shown for 24hrs, after which they were stained with 

Annexin V/Pf The percentage o f [] early and |  late apoptosis measured by flow cytometry as 

described in section 2.7.3. * p<0.05, *** p<0.001, ANOVA, n=4.

b) Example o f CellQuest output o f AnnexinV/PI stained cells analysed by flow  cytometry following 

treatment as shown for 24hrs.As described in section 3 .1, cells in the lower right quadrant represent 

early apoptotic cells, and those in the upper right quadrant are late apoptotic cells.
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Similar to NCI-H929 cells, treatment o f  U266 cells with 15ng/ml TRAIL for 

24hr induced apoptosis (14.88% ± 1.5%) which was comparable with that induced in 

O.S^M PB0X-l5-treated  cells (12.37% ± 1.28%) and l^iM PBOX-15 (1.67% ± 1.42%) 

(Fig 5.5a). Co-treatment with 0.5nM PBOX-15 and TRAIL (all concentrations tested) 

for 24hrs significantly induced apoptosis in U266 cells, with apoptosis measured to be 

greater than that induced by either drug alone. A maximum response o f  38.4% ±

2.59% was measured in U266 cells treated for 24hrs with 0.5(iM PBOX-15 and 

I5ng/ml TRAIL. Application o f  the Abbot method determined that for combinations of 

0.5 |j M PBOX-15 and 5ng/ml or I5ng/ml TRAIL, synergistically induced apoptosis o f  

U266 cells (Table 5.2). For co-treatment o f  U266 cells with 0.5|iM PBOX-15 and 

2.5mg/ml or iOng/ml TRAIL, synergy factors o f  just below 1.5 were calculated.

Table 5.2 Treatment o f  NCI-H929 and U266 cells with PBOX-15 and TRAIL is synergistic

NCI-H929 % Apoptosis 

Observed

% Apoptosis 

Expected*

SF

0.5nM PBOX-15 + 2.5ng/ml TRAIL 

0.5nM PBOX-15 + 5ng/ml TRAIL 

0.5^M  PBOX-15 + lOng/ml TRAIL 

0.5^M  PBOX-15 + I5ng/ml TRAIL

38.98 ±2.01 

52.85 ± 2.96 

6 2 .3 2 ± 5 .I5  

66.5 ± 4 .07

32.35 ± 3 .09  

33.58 ± 1.59 

38.09 ± 1.25 

43.83 ± 2 .59

1.81

1.602

1.651

1.53

U266 %  Apoptosis 

Observed

% Apoptosis 

Expected*

SF

0.5^M  PBOX-15 + 2.5ng/ml TRAIL 

0.5^M PBOX-15 + 5ng/ml TRAIL 

0.5nM PBOX-15 + lOng/ml TRAIL 

0.5^M  PBOX-15 + I5ng/mi TRAIL

25.41 ± 2 .05  

30.85 ± 2 .9  

36.625 ± 2.22 

38.39 ± 2 .5 9

18.28 ±1.93 

I9 .39±  1.87 

23.03 ±2.21 

25.359 ± 2 .39

1.403

1.593

1.471

1.531

Ix lO ’ NCI-H929 and U266 cells were treated as shown fo r  24hrs, after which they were stained with 

AnnexinV/Pl, and the percentage o f  apoptosis measured by flow cytometry as described in section 

2.7.3. The effects o f  combined treatments were assessed using the Abbott method. Synergy factor (SF) o f  

>1.5 indicates synergy, while <0.5 shows that the drug combination is antagonistic. Other values 

indicate an additive effect o f  the mixture. Results are the mean ±  SEM  calculated from 4 separate 

experiments. * % Apoptosis Expected was calculated fo r  each drug combination as: %=( A+B- 

(A *B)/1()0) : in which A and B represent the % Apoptosis Observed using either agent alone.
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NT 5ng/ml TRAIL

5.%ĵ.-.«;>-
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15ng/ml TRAIL

!

f  i / v ' ; '

O SmM PBOX-15 5ng/ml TRAIL 
0.5jjM PBOX-15

15ng/rnl TRAIL 
■ O.SmM PBOX-15

Figure 5.5 PBOX-15 and TRAIL exert a synergistic apoptotic effect on U266 cells

a) IxIO^ U266 cells were treated as shown fo r 24hrs, after which they were stained with AnnexinV/PI 

The percentage o f Q early and |  late apoptosis was measured by flow cytometry as described in section 

2.7.3. **p<0.01. * * * p<0.001, ANOVA. n=4.

b) Example o f CellQuest output o f AnnexinV/PI stained cells analysed by flow cytometry following 

treatment as shown fo r 24hrs. As described in section 3.1, cells in the lower right quadrant represent 

early apoptotic cells, and those in the upper right quadrant are late apoptotic cells.

Although co-treatment o f both NC1-H929 and U266 cells with PBOX-15 and 

TRAIL was found to synergistically enhance apoptosis, the mechanism by which this 

response is elicited in the cell lines is different, in NCI-H929 cells co-treated with
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0 .5 ^M  PBO X-15 and T R A IL , the proportion o f  cells undergoing early and late 

apoptosis w as com parable (Fig 5.4). In com parison, following co-treatment with 0 .5 |j M 

PBO X-15 and TRAIL, the majority o f  U266 cells were identified as early apoptotic, 

com pared  to those undergoing late apoptosis.

5.5 PBOX-15-Induced Apoptosis of NCI-H929 Cells is Caspase-Dependent

In section 5.3, DR5 expression was found to be upregulated in P B 0 X -l5 - t re a te d  NCI- 

H929 cells. D R5-m ediated apoptotic signalling proceeds via the extrinsic apoptotic 

pathway, and therefore, these results suggest a role for this pathway in the execution o f  

apoptosis in these cells. Activation o f  caspases is a central com ponent in the extrinsic 

apoptotic pathway, it has previously been reported that the m echanism o f  apoptosis 

induced by PBO X-6 m ay be caspase-dependent o r - in d e p e n d e n t  (Zisterer et al., 2000; 

M cG ee et al., 2 0 0 1). The requirem ent o f  caspases for PBO X -15-induced apoptosis o f  

N C I-H 929 cells was therefore investigated using a range o f  caspase inhibitors. Pre

treatment o f  the cells with the pan-caspase inhibitor z-V A D -fm k com pletely inhibited 

PBO X -15-induced apoptosis (Fig 5.6). In an attempt to identify the specific caspase(s) 

necessary, a range o f  pharmacological caspase inhibitors were em ployed (Fig 5.6). No 

significant induction o f  apoptosis  was observed in PBO X -15 NC1-H929 cells which 

had been pre-treated with the caspase-3 inhibitor z-D EV D -fm k. However, this inhibitor 

is not com pletely caspase-3 specific, but also inhibits the activity o f  caspase-6,- 7, -8, 

and -10. In com parison, the specific caspase-3 inhibitor A c-D M Q D -C H O , partially 

prevented apoptosis induced by PBO X-15, indicating that one o f  the other caspases 

mentioned (i.e. 6, 7, 8, or 10) is important in PBO X -15-m ediated  apoptosis o f  N Cl- 

FI929 cells. This  was identified to be caspase-8, as no significant apoptosis was induced 

in cells pre-treated with the specific caspase-8 inhibitor z-IETD-fm k. In comparison, 

neither the caspase-9 inhibitor A c-L E H D -C M K , nor the granzym e B inhibitor z-A AD - 

C M K  had any effect on PBO X-15-induced apoptosis o fN C I-H 9 2 9  cells, and apoptosis 

was found to be significantly induced in these cells.
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* *

IfxM PBOX-15

Figure 5.6 Effect o f  caspase inhibition on PBOX-15-induced apoptosis o f  NCI-H929 cells

IxIO'’ NCI-H929 cells were treated as shown fo r  24hrs. after which they were stained with AnnexinV/PI, 

and the percentage o f apoptosis measured by flow cytometry as described in section 2.7.3. Where 

appropriate, cells were incubated for I hr with the caspase inhibitors listed below, prior to addition o f 

PBOX-15. **p< O.OI, ANOVA, n=4.

A = I00fiM z-VAD-fmk, pan-caspase inhibitor;

B=I()0/jM :-DEVD-fmk, inhibitor o f  caspase-3, -6, -7, -8, a n d -10:

C=100pM Ac-DMQD-CHO, inhibitor o f caspase-3:

D=50fjM z-IETD-fmk, inhibitor o f caspase-8:

E=50/uM Ac-LEHD-CMK, inhibitor ofcaspase-9:

F=]2.5juMz-AAD-CHK, inhibitor o f  Granzyme B.

The involvem ent o f  caspase-8 in PBO X-15-m ediated o f  apoptosis in N CI-H 929  

cells was confirmed by Western blotting, with cleaved caspase-8 fragments detected in 

lysates o f  cells treated with IfiM PBOX-15 for 24hrs (Fig 5.7, lane 4). Interestingly, 

caspase-8 cleavage was not detected in NC1-H929 cells treated with 10|iiM PBO X-6 

(Fig 5.7, lane 5). The activation o f  caspase-8 in NC1-H929 cells follow ing treatment 

with PBOX-15 was evaluated at a number o f  time points. N o cleavage o f  caspase-8 was 

observed after up to 6hrs o f  treatment with 1 |iM  PB O X -15 (Fig 5.8, lane 4), but was
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clearly detected after 18hrs o f  treatment (Fig 5.8, lane 5). The specificity o f  z-IETD- 

fmk to inhibit caspase-8 activation was also confirmed by the absence o f  cleaved  

caspase-8 fragments on Western blot analysis o f  NC1-H929 cells pre-treated with z- 

lETD-fm k prior to treatment with PBOX-15 (Fig 5.9, lane 4).

Caspase-8
Cleaved Caspase-8 ^
(p43/41)

Cleaved Caspase-8 —»
(pi 8)

P-actin

Lane:

Figure 5.7 PBOX-15 induces caspase-8 cleavage in NCI-H929 cells

2.5x1 (f' NCI-H929cells were treated as shown for 24hrs, after which they were lysed as described in 

section 2.9.1. Equal amounts o f  protein were electrophoresed on a 12% gel, transferred to PVDF, and 

probed fo r  expression o f caspase-8 and fi-actin, as described in section 2.9. Results are representative o f  

3 independent experiments.

Caspase-8 
Cleaved Caspase-8 -4  
(p43/41)

Cleaved Caspase-8
(p18)

NT 1hr 3his 6his 18his 24his 48his

Figure 5.8 PBOX-15-intluced cleavage o f  caspase-8 in NCI-H929 is time-dependent

2.5xl(f’ NCI-H929cells were treated with IjuM PBOX-15 for the times indicated, after which they were 

lysed as described in section 2.9.1. NT control shown is for 24hrs. Equal amounts o f  protein were 

electrophoresed on a 12% gel. transferred to PVDF, and probed fo r  expression o f  caspase-8 and fi-actin, 

as described in section 2.9. Results are representative o f 3 separate experiments.

non-specific
bands

ElOH 1jiM 10mMPBOX-6
PBOX-15
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Caspase-8
Cleaved Caspase-8 
(p43/41)

Cleaved Caspase-8 
(pi 8) EtOH 1 |jM 1 |jM PBOX-15 

PBOX-15 +z-IETD-lhik

Figure S. 9 PBOX-15 induced cleavage o f  caspase-8 in NCI-H929 cells is prevented by z-lETD-fmk

2.5x1 ( t NCI-H929cells were treated as shown for 24hrs, after which they were lysed as described in 

section 2.9.1. Equal amounts o f  protein were electrophoresed on a 12%gel, transferred to PVDF, and 

probed fo r  expression o f caspase-8 and fi-actin, as described in section 2.9. Results are representative o f  

3 independent experiments.

Following its activation, caspase-8 can directly process and activate caspase-3. 

Therefore, although pre-treatment of NCI-H929 cells with the specific caspase-3 

inhibitor Ac-DMQD-CHO only partially prevented PBOX-15-induced apoptosis (Fig 

5.6), caspase-3 may be involved in the apoptotic signalling pathway downstream from 

caspase-8. Therefore, its activation of caspase-3 in NCI-H929 cells following treatment 

with PBOX compounds was assessed by flow cytometry. A slight activation of 

caspase-3 was observed in cells treated for 24hrs with either IO|j M PBOX-6 or I 

PBOX-15, as evidenced by a shift in the fluorescence signal to the right along the FL2 

axis (Fig 5.10a). The levels of active caspase-3 were increased after 48hrs (Fig 5.9b) 

and 72hrs (Fig 5.10c), with a greater increase observed in cells treated with IO|iM 

PBOX-6, compared to l^iM PBOX-15.
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Figure 5.10 Caspase-3 is activated in PBOX-treated NCI-H929 cells

l x l ( f  NCI-H929 cells were treated for a) 24hrs, b> 48hrs, and c) '^2hrs, with |  no treatment control,

(— ) lOf^M PBOX-6, or I juM PBOX-l 5 ( —). after which they were fixed, permeahilised, stained fi)r with 

PE-conjugated anti-active caspase-3, and analysed hy flow cytometry’, as described in section 2.13. 

Results are representative o f  3 independent experiments.

5.6 The Intrinsic Apoptotic Pathway is Activated in PBOX-15-Treated NCI-H929 

Cells

The m echanism  by which caspase-8 mediates apoptosis may also involve initiation o f  

the intrinsic apoptotic pathway via cleavage o f  pro-apoptotic Bid. Expression o f  Bid 

w as found to be downregulated  in N C I-H 929 cells after 24hr o f  treatment with I )iIVl 

P B O X -15 (Fig 5.11, lane 4). Although no cleaved Bid fragments were detected, this 

decrease in expression w as prevented in cells pre-treated with z - lE T D -fm k (Fig 5.11, 

lane 5) suggesting Bid as a downstream  substrate o f  caspase-8 in this system.

Bid

NT EtOH O.SuM 1uM 1(j M P B 0 X - 1 5
PBO X-15 +z-IETD-fmk

(3-actin

Lane: 1 2  3 4 5

Figure 5.11 Bid expression is downregulated in PBOX-1 S-treated NCI-H929 cells and prevented by 

caspase-8 inhibition

2.5x1 (/’ NCI-H929cells were treated as indicated for 24hrs, afler which they were lysed as described in 

section 2.9.1. Equal amounts o f  protein were elect rophoresed on a 12% gel, transferred to PVDF, and 

probed for expression o f Bid and P-actin, as described in section 2.9. Results are representative o f 3 

independent experiments.
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Loss o f  mitochondrial inner membrane (M IM ) integrity and release o f  

cytochrome c from the mitochondrial inner membrane space are key events in the 

intrinsic apoptotic pathway, and may be mediated by cleaved Bid. Flow cytometry 

analysis o f  JC-1 stained cells demonstrated that loss o f  MIM integrity in PBO X-15- 

treated N C I-H 929 cells occurs in a tim e- and dose-dependent manner. This was found 

to be an early event, with an increase in the number o f  cells with depolarised MIM first 

seen after 2hrs o f  treatment with 1 |iM  PB O X -15 (Fig 5.12, panel a). Pre-treatment o f  

the cells with z-IETD-fm k did not prevent PBO X-15-induced loss o f  MIM integrity in 

the N C I-H 929 cells (Fig 5.13).

a) b)

50i

40

i2 i2 30

4  o 205? Q.
& 10

0
1 2 6 

Time (hrs) ’ •1® t o '  10^ 10’ lO’
R.1+1

1»jM PBOX-15

Figure 5.12 The mitochondrial inner membrane is depolarised in PBOX-15-treated NCI-H929 cells

a> IxICf’ NCI-H929cells were treated with [] no treatment control o/"| 1 ftM  PBOX-15 for the times 

indicated, after which they were stained with JC-1 as described in section 2 .11.1, and analysed by flow 

cytometfy. *** p<0.001, ANOVA, n=3.

b) Example o f CellQuest output o f  JC-1 stained cells analysed by flow  cytometry following treatment as 

shown fo r  IShrs. As described in section 2.11.1, cells with high inner mitochondrial membrane potential 

i.e. whose membrane are intact, fluoresce red due to aggregation o f the concentrated JC-1 dye. These 

cells are those in the top right quadrant o f the CellQuest output. In contrast, following depolarisation o f 

mitochondrial inner membrane integrity, these cells are indicated by the green fluorescence o f  JC-1 

monomers, and are those in the lower right quadrant.
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Figure 5.13 Pre-treatment o f  NCI-H929 cells with the caspase-8 inhibitor z-IETD-fmk does not 

prevent PBOX-15-induced depolarisation o f the mitochondrial inner membrane

IxlO'' NCI-H929cells were treated as shown for I8hrs, after which they were stained with JC-I as 

described in section 2.11.1, and analysed by flow cytometry. n=3.

Using flow cytom etry analysis, release o f  cytochrom e c from the m itochondria  o f  NCI- 

H929 cells treated with I |j M PBO X - 15 w as detected after 6hr o f  treatment (Fig 5.14, 

panel b), as evidenced by a shift to the left o f  the fluorescent signal along the F L 1 axis. 

This release was partially prevented in cells pre-treated with z-IETD -fm k by caspase-8 

inhibition (Fig 5.14, panel d).

141



Chanter 5 PBOX-15 Activates Extrinsic and Intrinsic Apoptotic Patb -'nv'
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Figure 5.14 P BOX-15-induced release o f  cytochrome cfrom  the mitochondrion is partially prevented 

hy inhibition o f  caspase-8

Ixiff' NCI-H929 cells were treated for the times indicated with |  no treatment control, (—) I fjM 

PBOX-15, or (— ) 50/jM z-/ETD-fmk + t jjM PBOX-15, after which they were assayed for release of 

cytochrome cfrom the mitochondria by flow cytometry using anti-cytochrome c and FlTC-conjugated 

anti-lgG as described in section 2.11.2. Results are representative o f 3 independent experiments.

5.7 Discussion

In section 3.1, the role o f  growth and survival factors in the response o f 

myeloma cells to treatm ent with cytotoxic agents was outlined. O f these factors, lL-6 is 

the best characterized, and in this chapter its role in regulating the response o f myeloma 

cells to treatment with PBOX-15 was investigated. lL-6 has previously been found to 

protect m yeloma cells from apoptosis following treatm ent with dexamethasone, serum 

starvation, and Fas ligation (Lichtenstein et a!., 1995; Chauhan et al., 1997b; Dai et al., 

2002). In contrast, apoptosis induced by doxorubicin, etoposide, and a variety o f novel 

agents, is not prevented by IL-6 (Lichtenstein et al., 1995; Grand et al., 2004; Hamasaki 

et al., 2005; Yasui et al., 2005). However, IL-6 has been reported to increase Taxol-
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induced apoptosis o f U266 cells (Aoyama et al., 1998). In Chapter 4, U266 cells were 

shown to express high levels o f lL-6 mRNA. Taken together with the finding in 

Chapter 3 that these cells are less sensitive to PBOX-15-induced apoptosis, compared 

to NCI-H929 cells, this observation suggests that lL-6 may have a protective role 

against PBOX-15-induced apoptosis. To investigate this, NC1-H929 cells were co

treated with lL -6 and PBOX-15. This had no effect on the induction o f apoptosis (Fig 

5.2). This suggests that lL-6 alone does not influence the response o f U266 cells to 

treatment with PBOX-15, and supports the proposal o f PBOX-15 as a novel anti

myeloma agent. However, it is important to remember that lL-6 is just one o f a myriad 

o f factors which may contribute to the response o f myeloma cells to drug-induced 

apoptosis in vivo.

The efficacy o f PBOX-15, in combination with TRAIL against myeloma cells 

was also investigated in this chapter. The death ligand TRAIL is a member o f the TNF 

superfamily whose physiological role is associated with immune surveillance and 

haematopoiesis (Cretney et al., 2002; Zauli and Secchiero, 2006). However, induction 

o f cell death, via ligation o f the death receptors DR4 and DR5 and subsequent 

activation o f the caspase cascade, is the best characterised function o f TRAIL. A 

variety o f cancer cell types have been shown to undergo apoptosis in response to 

treatment with TRAIL, whereas it is relatively non-toxic to normal cells (Kelley and 

Ashkenazi, 2004). A potential role for TR AIL in the treatment o f myeloma is 

demonstrated by its ability to induce apoptosis o f myeloma cells, and to exhibit anti

myeloma activity in a mouse model, (Mitsiades et al., 2001). In addition, co-treatment 

o f myeloma cells with TRAIL and a variety o f cytotoxic agents has been reported to 

synergistically enhance the induction o f apoptosis (Mitsiades et al., 2002a; Fandy et al., 

2005; Fandy et al., 2007; Romagnoli et al., 2007). Accordingly, the inclusion o f TRAIL 

in combination chemotherapy protocols for the treatment o f myeloma may prove 

useful.

Although TRAIL-induced apoptosis may result from ligation o f the death 

receptors DR4 or DR5, TRAIL-induced apoptotic signalling in cancer cells has been
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found to proceed prim arily v ia  D R 5 (K elley  et al., 2 0 0 5 ). In Chapter 4 , exp ression  o f  

TNFRSFIOB,  the gen e for D R 5, w as found to be expressed  at sign ifican tly  greater 

leve ls  in N C I-H 929  ce lls  com pared to U 2 6 6  ce lls . In addition, exp ression  o f  

TNFRSFIOB  w as found to be sign ifican tly  upregulated in both N C I-H 929  and U 26 6  

ce lls  fo llo w in g  treatm ent w ith  P B O X -15 . U pregulation o f  D R 5, at both the m R N A  and 

protein level, has p reviously  been reported in m yelom a ce lls  treated w ith a variety o f  

agents, and is associated  w ith the ab ility  o f  these agents to sen sitise  the c e lls  to T R A IL - 

induced apoptosis (Jazirehi et al., 2001 ; M itsiades et al., 2001; Liu et al., 2003; Ito et 

al., 2 0 0 5 ). In addition to upregulation o f  D R 5 m R N A , the exp ression  o f  D R 5 protein  

w as found to be increased by 4 .8 -fo ld  in N C I-H 929  ce lls  treated w ith  P B O X -15  (F ig  

5.3). In U 26 6  ce lls , expression  o f  D R 5 protein w as a lso  found to be upregulated, albeit 

by a lesser extent com pared to that seen in N C I-H 929  ce lls , w ith a 2 .9 -fo ld  increase  

m easured in U 26 6  ce lls  treated w ith l |iM  P B O X -15 (F ig  5 .3 ). T his is in agreem ent 

with the find ing in Chapter 4  that upregulation o f  TNFRSFIOB  exp ression  is greater in 

PB O X -15-treated  N C 1-H 929 ce lls  com pared to U 266  ce lls . U pregulation o f  D R 5 in 

response to cy to to x ic  agents w as initially  reported to be p53-dependent (W u et al., 

1997). H ow ever, subsequent reports dem onstrated that treatm ent o f  cancer ce lls  lacking  

p53 function w ith a variety o f  g en o to x ic  agents results in upregulation o f  D R 5, and 

enhancem ent o f  T R A lL -in d u ced  apoptosis (Sheikh  et al., 1998; W en et al., 2 0 0 0 ). In 

addition, treatm ent o f  m yelom a ce lls  exp ressin g  mutant p53 with AS2 O 3 has been found  

to result in upregulation o f  D R 5 (K ircelli et al., 2 007). Therefore, the m utated p53  

status o f  U 266  ce lls  (G ong and A lm asan , 1999) m ay not account for the low er level o f  

D R 5 upregulation observed in these ce lls , com pared to N C I-H 929  ce lls , fo llo w in g  

treatm ent w ith P B O X -15 . Instead, th is again dem onstrates that d ifferent resp on ses are 

induced in these tw o m yelom a cell lines fo llo w in g  treatm ent w ith P B O X -15 .

U pregulation o f  D R 5 in response to P B O X -15 su ggests that the com bination  o f  

P B O X -15 and TR A IL m ay be an e ffec tiv e  anti-m yelom a strategy. T he e ffec t o f  TRAIL  

in com bination  w ith M T A s on m yelom a ce lls  has not previously  been reported. In this 

chapter, treatm ent o f  N C I-H 929  c e lls  w ith sub-optim al d o ses  o f  T R A IL  and P B O X -15  

w as found to result in enhanced cy to to x ic ity , com pared to the m axim um  tested
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concentration o f  either agent alone (Fig 5.4). This effect w as also observed in U266 

cells (Fig 5.5), which have previously been shown to be less sensitive to PBO X -15- 

induced apoptosis (see Chapter  3). Although co-treatm ent o f  both U266 and N C I-H 929  

cells with PBOX-15 and TRAIL was found to result in a synergistic increase in 

apoptosis  in both cell lines (Table 5.2), overall the effects were more potent in the latter 

cell line. This is in agreem ent with previous studies in which NC1-H929 cells have been 

found to be more sensitive to TRAIL-induced apoptosis, compared with U266 cells 

(G om ez-B enito  et al., 2007). Interestingly, co-treatment o f  U266 cells with PBO X -15 

and TR A IL  was found to predominantly increase the percentage o f  cells undergoing 

early apoptosis  (Fig 5.5). In contrast, the populations o f  early and late apoptotic cells 

m easured in NC1-F1929 cells treated with PBO X-15 and TR A IL  were com parable (Fig 

5.4). it m ay be suggested that these different responses o f  NCI-FI929 and U266 cells to 

co-treatm ent with PBO X -15 and TRA IL is the result o f  the difference in levels o f  DR5 

expression between the cells (Fig 5.3). Alternatively, the greater sensitivity o f  N C l- 

H929 cells to treatment with both PBOX-15 and TRA IL may result in a m ore rapid 

apoptotic response, with the transition early to late apoptosis occurring at a faster pace 

com pared to that observed in U266 cells.

Sensitisation to TR A IL  via DR5 upregulation has previously been reported in a 

variety o f  tum our types treated with M TAs. For example, the tubulin depolym erising 

agent m ethoxyestradiol (2-M eO E2) and Epothilone B, which induces tubulin 

polym erisation, have been found to sensitise breast and ovarian cancer cells, 

respectively, to TR A IL-induced  apoptosis via upregulation o f  DR5 (Griffin et al., 2003; 

LaVallee et al., 2003). How ever the sulfamoylated 2-M eO E2 derivative, 2- 

M ethoxyoestrad io l-3 ,17 -b is-0 ,0 -su lpham ate ,  which is a more potent inhibitor o f  

tubulin polymerisation com pared  to 2-M eO E 2 and which also sensitises breast cancer 

cells to TRA IL-induced  apoptosis, is not associated with upregulation o f  DR5 (W ood et 

al., 2004). In addition, paclitaxel-induced sensitisation o f  prostate and lung cancer cells 

is not associated with DR5 upregulation (Nim m anapalli  et al., 2001; Fluisman et al., 

2002; O doux  et al., 2002). Therefore, although upregulation o f  DR5 may not represent
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a general strategy by which MTAs sensitise cancer cells to TRAlL-induced apoptosis, 

this effect may be relevant in specific cell types and with particular drug combinations.

In addition to conferring TRAIL sensitivity, upregulation o f  DR5 also has been 

found to be directly required for apoptotic signalling via the extrinsic pathway o f  

apoptosis in lung, prostate, and breast cancer cells following treatment with a variety of 

anti-cancer agents (Huang et al., 2001; Liu et al., 2003; Horinaka et al., 2005; Liu et al., 

2007; Pistritto et al., 2007; Sun et al., 2007; Lu et al., 2008; Yu et al., 2008). In this 

chapter, prominent upregulation o f  DR5 was found to occur in NCI-H929 following 

treatment with PBOX-15. This suggests that activation o f  the extrinsic apoptotic 

pathway may be involved in PB O X -I5 induced apoptosis in this cell line. In addition, 

DR5 upregulation in PBOX-I 5-treated NC1-H929 cells may prime the cells for 

activation o f  this apoptotic pathway by endogenous TRAIL. Supporting this hypothesis 

is the observation that, in Chapter 4, TRAIL mRNA was found to be expressed at 

significantly higher levels in this cell line compared to U266 cells.

Caspases play a central role in the extrinsic apoptotic pathway, and have 

previously been shown to be required for PBOX-6-induced apoptosis in some cell types 

(Zisterer et al., 2000; McGee et al., 2 0 0 1).The activation o f  caspases in PBOX-15- 

induced apoptosis o f  NCI-H929 cells was therefore examined in order to establish if 

they play a role in the apoptotic pathway induced by this drug. PBOX-I5-induced 

apoptosis o f  NC1-H929 cells was completely inhibited in cells which were pre-treated 

with the pan-caspase inhibitor z-VAD-fmk, thereby indicating a requirement for 

caspase activity in this process (Fig 5.6). Likewise, the broad spectrum caspase 

inhibitor z-DEVD-fmk (which inhibits caspase-3, -6, -7, -8, and -10) prevented 

PBOX-I 5-induced apoptosis o f  these cells.

The mechanism by which a variety o f  compounds induce apoptosis o f  NCl- 

H929 cells has been shown to involve activation o f  caspase-3 (Park et al., 2000; Park et 

al., 2003; Meinhardt et al., 2003; Bajenova et al., 2004; Gaul et al., 2008). An increase 

in active caspase-3 was measured in NCI-H929 cells treated with both PBOX-6 and
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PBOX-15 (Fig 5.10). Aitinough a time-dependent increase in activity was observed, the 

activation o f  caspase-3 was minimal after 24hrs o f  treatment (Fig 5.10). However, this 

is consistent with the finding that pre-treatment o f  the NC1-H929 cells with the specific 

caspase-3 inhibitor Ac-DM QD-CHO only partially inhibited PB 0X -l5-induced 

apoptosis after 24hrs (Fig 5.6). Together, these results indicate that caspase-3 is not 

central to the execution o f  PB O X -15-induced apoptosis in NCI-H929 cells. PBOX-15- 

induced apoptosis was subsequently found to be almost completely inhibited in NCI- 

H929 cells pre-treated with the specific caspase-8 inhibitor z-lETD-fmk, thereby 

identifying caspase-8 as a key mediator o f  PB O X -15-induced apoptosis in this cell line 

(Fig 5.6). In contrast, inhibition o f  either caspase-9 or Granzyme B has no effect on 

PB O X -15-induced apoptosis o f  NCI-H929 cells after 24hrs.

I'he requirement for caspase-8 in PBOX-15-induced apoptosis ofN CI-H 929 

cells was supported by detection o f  the cleaved (active) forms o f  caspase-8 in the 

lysates o f  cells treated for 18hrs (Fig 5.8). The specificity o f  z-lETD-fmk as an 

inhibitor o f  caspase-8, and to inhibit PB O X -15-induced apoptosis, was verified by the 

absence o f  cleaved caspase-8 proteins in NC1-H929 cells treated with this inhibitor 

prior to PBOX-15 treatment (Fig 5.9). The activation o f  caspase-8 during the induction 

ofapoptosis in myeloma cells is not unusual, and has been shown to be involved in the 

mechanism o f  action o f  established anti-myeloma agents such as Bortezomib, 

thalidomide, and Lenalidomide (Mitsiades et al., 2002a; Hideshima et al., 2003; 

Anderson, 2005). In addition, apoptosis o f  myeloma ceils in vitro induced by novel 

agents has been shown to be caspase-8-dependent (Evens et al., 2004; Miller et al., 

2007). Unlike PBOX-15, treatment o f  NCI-H929 cells with lOjaM PBOX-6 for 24hrs 

did not result in activation o f  caspase-8 (Fig 5.7). Although this lack o f  activation may 

simply be due to the lower potency o f  PBOX-6 compared to PBOX-15, the finding that 

PBOX-6 treatment resulted in a greater increase o f  caspase-3 activity in NCI-H929 

cells (Fig 5.10) argues that the two compounds may function via different mechanisms 

o f  action.
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As discussed earlier, the mechanism by which caspase-8-dependent apoptosis 

proceeds may involve direct activation o f caspase-3 and/or activation o f the intrinsic 

apoptotic pathway. The mechanism by which this latter pathway proceeds involves 

cleavage o f Bid, with downstream activation o f caspase-3 occurring following release 

o f cytochrome c from the mitochondrion. In PBOX-15-treated NCI-H929 ceils, the late 

activation o f caspase-3 (Fig 5.10) suggests that it is not directly activated by caspase-8. 

Therefore, the role o f the intrinsic pathway was next investigated. The mechanism by 

which tBid facilitates the progression o f apoptosis may involve activation o f Bax or 

Bak. or may occur via antagonism o f anti-apoptotic Bcl-2 proteins (Wang et al., 1996). 

In either instance, the result is loss o f MIM integrity, followed by release o f apoptosis- 

related mitochondrial proteins such as cytochrome c and Smac/DIABLO. 

Mitochondrial-mediated apoptosis has been shown to be involved in PBOX-6-induced 

apoptosis o f K562 cells, with depolarisation o f the MIM detected after I5min o f 

treatment (McGrath et al., 2006). The caspase-8-dependent decrease in the expression 

of Bid in PBOX-15-treated NC1-F1929 cells (Fig 5.11) suggested that apoptosis in these 

cells might proceed by this pathway.

Loss o f MIM integrity was found to occur in a time-dependent manner in 

PBOX-15-treated NC1-H929 cells, and was shown to be an early event, occurring after 

2hrs o f treatment with I |aM PBOX-15 (Fig 5.12). Also, release o f cytochrome c from 

the mitochondria o f these cells was detected after 6hr o f treatment (Fig 5.14).

However, inhibition o f caspase-8 did not prevent MIM depolarisation (Fig 5.12), and 

only partially prevented cytochrome c release (Fig 5.13). This suggests more than one 

apoptotic pathway is initiated in PBOX-15-treated F1929 cells i.e. the intrinsic pathway 

via loss of MIM integrity and release o f cytochrome c, and the extrinsic apoptotic 

pathway via activation o f caspase-8. It is likely that these pathways function together to 

coordinate and amplify the apoptotic response in NCI-H929 cells treated with PBOX- 

15.

As already stated, upregulation o f DR5 and subsequent sensitisation to TRAIL- 

induced apoptosis has been reported in myeloma cells treated with a variety o f agents.
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However, the effect o f  TRAIL in combination with MTAs on myeloma cells has not 

previously been reported. In this chapter, co-treatment o f  both NCI-H929 and U266 

cells with TRAIL and PBOX-15 was found to result in a synergistic increase in 

apoptosis. compared to either agent alone. This demonstrates the potential o f  targeting 

tubulin as a strategy to optimise the response o f  myeloma cells to TRAlL-induced 

apoptosis, and identifies a potential role for PBOX-15 as a chemosensitiser in the 

treatment o f  myeloma. As has been previously discussed, successful combination 

chemotherapy regimens are those in which the constituent drugs differ in their 

mechanisms o f  action. Therefore, elucidation o f  the mechanism by which PBOX-15 

induced apoptosis in myeloma cells will aid in the rational selection and development 

o f  novel combination chemotherapies.

In this chapter, the mechanism by which PBOX-15 induces apoptosis o f  NCl- 

H929 myeloma cells was shown to be caspase-8-dependent, and to involve the 

independent activation o f  the intrinsic and extrinsic apoptotic signalling pathways. The 

activation o f  multiple cell death pathways has been reported in myeloma cells in 

response to treatment with a variety o f  chemotherapeutic agents (Kuhn et al., 2007; 

Kuroda et al., 2008; Wen et al., 2008), and given the complex growth and survival 

mechanisms o f  myeloma cells, this is likely to be required to effectively treat the 

disease and overcome the development o f  drug-resistance. As described in Chapter I 

(section 1.6.3), the Bcl-2 family o f  proteins are key mediators o f  the intrinsic apoptotic 

pathway, and their regulation has been associated with the induction o f  apoptosis in 

myeloma cells following treatment with a range o f  cytotoxic agents. The role o f  these 

proteins in PBOX-15-induced apoptosis in NC1-H929 cells is therefore next 

investigated in Chapter 6.
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Chapter 6

The Role o f  Bcl-2 Proteins in 

PBOX-15-Induced Apoptosis
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Chapter ^ Tht- Role :=f Bci-2 Proteins in PBOX-15-Induced Ap;:ptosis

6.1 Introduction

In Chapter 5, the mechanism by which PBOX-15-induced apoptosis ofN C l-H 929  cells 

proceeds was shown to be caspase-8 -dependent, and to involve the activation o f  

intrinsic and extrinsic apoptotic pathways. The Bcl-2 family o f  proteins are key 

regulators o f  the intrinsic apoptotic pathway, and as described in section 1.6.3, the 

relative expression o f  pro- and anti-apoptotic members o f  this family may influence the 

response o f  a cell to cytotoxic stimuli. For example, upregulation o f  the pro-apoptotic 

proteins Bax, Bim, Noxa, and Puma, is associated with myeloma cell apoptosis induced 

by AS2 O 3 and Bortezomib (Gomez-Bougie et al., 2007; Morales et al., 2008). In 

comparison, overexpression o f  anti-apoptotic Bcl-2 in myeloma cells is associated with 

resistance to dexamethasone- and Taxol-induced apoptosis (Gazitt et al., 1998, 1998a; 

Tu et al., 1998). Although Bcl-2 has been found to be overexpressed in myeloma cell 

lines and patient samples (Pettersson et al., 1992; Niesvizky et al., 1993), Mcl-l has 

been found to be a more important regulator o f  myeloma cell survival, compared to 

Bcl-2 or Bcl-xi (Derenne et al., 2002).

As well as its anti-apoptotic function, Mcl-l has been found to play a key 

regulatory role in the survival and terminal differentiation o f  B-cells (Lomo et al.,

1996; Altmeyer et al., 1997; Opferman et al 2003). In addition, regulation o f  its 

expression by cytokines such as lL - 6  and VEGF, make it is central to the mechanism 

by which these factors promote myeloma cell growth and survival (Puthier et al., 1999; 

Jourdan et al., 2003; Le Gouill et al., 2004). Overexpression o f  Mcl-l has been 

associated with poor prognosis in myeloma patients (Wuilleme-Toumi et al., 2005) and 

the development o f  resistance to chemotherapeutic agents in vitro (Li et al., 2008). 

Interestingly, Mcl-l has been found to be required for Bortezomib-induced apoptosis o f  

myeloma cells, and this is dependent on the cleavage o f  Mcl-l to a pro-apoptotic form 

(Podar et al., 2008). However, the mechanism by which Mcl-l regulates survival of 

myeloma cells has primarily been attributed to its association with pro-apoptotic Bim, 

an interaction which when disrupted, results in the induction o f  apoptosis in these cells 

(Gomez-Bougie et al., 2004). Bim is a member o f  the BH3-only subset o f  Bcl-2
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pro te ins ,  w h ich  a re  invo lved  in the  ex ecu t io n  o f  a p o p to s is  v ia  in te rac tion  a n d  regu la t ion  

o f  an t i -apop to tic  p ro te in s  (see sec tion  1.6.3). B im  has  a lso  been  fo u n d  to  be requ ired  

for em b ry o g e n e s is ,  leu k o cy te  h o m eo s ta s is ,  cell cy c le  regu la t ion , an d  p ro te c t io n  ag a in s t  

au to - im m u n i ty  (B o u il le t  e t al., 2000 ,  200 2 ;  O l iv e r  et al., 200 4 ;  C ra x to n  et al.,  2005 , 

2007).

T h e re  are  th ree  m a jo r  i so fo rm s  o f  B im : BimEL, BimL, and B im s. A ll iso fo rm s  

are  c a p ab le  o f  in d u c in g  a p o p to s is ,  bu t d if fe r  in the ir  po ten cy ,  w ith  B im s  b e in g  the m o s t  

po ten t  ( O ’C o n n o r  e t  al., 1998). All iso fo rm s  h av e  been  found  to  be e x p re s se d  in 

m y e lo m a  cells ,  and  a re  neg a t iv e ly  regu la ted  in re sp o n se  to  cell su rv iva l  s ig n a ls  such  as 

lL - 6  (G o m e z -B o u g ie  e t al., 2 004) .  L ike  o th e r  B H 3 -o n ly  p ro te ins ,  B im  can  be  regu la ted  

by both  transc r ip t io n a l  and  p o s t- trans la t iona l  m e c h a n is m s  (W ill is  and  A d a m s ,  20 0 5 ;  

F e rn a n d e z -L u n a ,  2 008) .  In add it ion ,  the  p ro -ap o p to t ic  ac t iv i ty  o f  B im  can  be  regu la ted  

v ia  its a s soc ia t ion  w ith  an ti-ap o p to t ic  p ro te in s  (Z h u  et a!., 20 0 4 ;  G o m e z -B o u g ie  e t  al., 

2005) .  A s  m e n tio n e d  p rev io u s ly ,  the  in te rac tion  o f  B im  w ith  M c l- l  is an im p o r tan t  

m e c h a n ism  by  w h ich  m y e lo m a  cell su rv iva l is regu la ted . D is rup tion  o f  th is  in terac tion  

m ay  result, d ue  to  c h a n g e s  in the  e x p re ss io n  o f  B im  an d /o r  M c l - l ,  an d  is a s so c ia ted  

w ith  ap o p to s is  induced  by AS2 O 3 , M e lp h a lan ,  and  B o r tezo m ib  (G o m e z -B o u g ie  e t al., 

2 0 0 5 ,  20 0 7 ;  M o ra le s  e t  al., 2 008) .  In te rac tion  w ith  c o m p o n e n ts  o f  th e  cy to sk e le to n  is 

a lso  an im p o r tan t  m e c h a n ism  by  w h ich  B im  ac tiv i ty  is regula ted . U n d e r  n o rm al 

co n d it ions ,  the  m ajo r i ty  o f  e n d o g e n o u s  BimeL and  Bimt, a re  b o u n d  to  L C 8 , a 

c o m p o n e n t  o f  the  m ic ro tu b u le -a sso c ia ted  d y n e in  m o to r  co m p le x ,  th e re b y  p h y s ica l ly  

p rev en t in g  in te rac t ion  w ith ,  and  neu tra l isa t ion  of, an ti-ap o p to t ic  B cl-2  pro te ins .  

H o w ev e r ,  in re sp o n se  to  ap o p to t ic  s tim uli  such  as g e n o to x ic  stress  o r  t r e a tm e n t  w ith  the 

M T A s  T axo l and  P a tup ilone ,  B im  is re leased  from  th e  m ic ro tu b u le s ,  and  t r an s lo ca te s  to 

the  m ito ch o n d r ia ,  w h e re  it can  p ro m o te  ac tiva t ion  o f  th e  in trinsic  a p o p to t ic  p a th w a y  

(P u th a lak a th  e t al., 1999; Lei and  D avis , 20 0 3 ;  T o n g  et al., 2005 ; K h a w a ja  e t al., 2008).

A s  a lready  d iscu ssed ,  regu la t ion  o f  th e  in tr insic  ap o p to tic  p a th w a y  is m ed ia ted  

by the  B cl-2  fam ily  o f  p ro te in s ,  w h ich  in te rac t to  con tro l  re lease  o f  c y to c h ro m e  c, and 

o th e r  ap o p to t ic  p ro te ins ,  from  th e  m i to c h o n d r io n  (A d a m s  and  C o ry ,  2 001) .  In C h a p te r
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5, this pathway w as shown to be activated in PBO X-15-treated NC1-H929 cells. Here, 

the involvement o f  this pathway in PBO X -induced apoptosis is further investigated by 

examining the effect o f  P B O X -15 treatment on the expression o f  Bcl-2 proteins in N C l-  

H929 cells.

6.2 Bcl-2 Proteins are Downregulated in PBOX-15-Treated NCI-H929 Cells

PBO X com pounds have been shown to differentially affect the expression o f  anti- 

apoptotic Bcl-2 in different cell types. In the case o f  P B O X -15, treatment o f  K562 cells 

results in phosphorylation o f  Bcl-2 and B c 1-x l , whereas it has no effect on Bcl-2 in 

CLL cells (McElligott et al., manuscript submitted). Therefore, the expression o f  Bcl-2 

in N CI-H 929 cells was first examined. This w as found to remain unchanged after 24hrs 

(Fig 6.1, ianes 3and 4), with down-regulation following treatment with PBO X -6 or -15 

found to be a late event, occurring only after 48hrs o f  treatment (Fig 6.1, lanes 8, 9, and 

10). BcI-2 phosphorylation was not detected following treatment with either com pound, 

as determined by the absence o f  a slower migrating band. In com parison, M cl-l was 

found to be downregulated PBO X-15-treated NC1-H929 cells after 24hrs (Fig 6.1, lanes 

3 and 4), with expression completely abolished after 48hrs o f  treatment (Fig 6.1, lanes 

9 and 10). Interestingly, PBO X-6-treatm ent resulted in a greater decrease in M cl-l 

expression, compared to P B O X -15, after 24hrs o f  treatment (Fig 6.1, lane 5).
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24hrs 48hrs

Bcl-2

M c M - 4

NT EtOH 0.5uM 1uM 1 0 |jM NT EtOH O.SuM 1mM 10 |jM 
PBOX-15 PBOX-6 PBOX-15 PBOX-6

3-actin
Lane: 6 7 10

Figure 6.1 Effect o f  PBOX-treatment on expression o f Bcl-2 and M cl-l in NCI-H929 cells

2.5x1 (/' NCI-H929 cells were treated as shown, after which they were lysed as described in section 2.9. /.  

Equal amounts o f  protein were electrophoresed on a 12% gel, transferred to PVDF, and  probed fo r  

expression o f  Bcl-2, M cl-l, and P-actin, as described in section 2.9. Results are representative o f  3 

independent experiments.

In NC1-H929 cells, only the BiniEL isoform was detected by immunoblotting, 

thus hereafter Bim refers to this isoform. Following treatment for 24hrs with PBOX-15, 

expression o f  Bim w as found to be decreased in N C I-H 929  cells (Fig 6.2). However, 

unlike Bcl-2 and M c l- l ,  this w as initially detected as early as after 6hrs o f  treatment 

(Fig 6.2, lanes 8 and 9). In com parison, no change in Bim expression was detected in 

PBOX-6-treated N C I-H 929  cells. A discrete faster migrating band was detected in the 

untreated and EtOH control N C I-H 929  cells at 18hrs and 24hrs, and w as completely  

abolished after treatment with P B O X -15 or -6 (Fig 6.2, lanes 11-14, 16-19). Pre

treatment o f  N C I-H 929  cells with the caspase-8 inhibitor z-IETD -fm k prevented 

PBO X -15-induced  dow nregulation  o f  Bim (Fig 6.3, lane 5).
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BirriEL^  

(3-actin -n

Lane:

Ohrs 6hrs

NT EtOH O.SuM 1uM 10|jM FJT Ei6h 0.5uM ~ Uilvl
PBOX-15 PBOX-6 PBOX-15 PBOX-6

2 3 4 5 6 7 9 10

Bim EL

|3-actin'

18hrs 24hrs

NT EtOH O.SuM luM  lOuM NT EtOH O.SuM 1uM lOuM 
PBOX-15 PBOX-6 PBOX-15 PBOX-6

Lane:  II  12 13 14 18 19 20

Figure 6.2 Effect o f  PBOX-treatment on expression o f Bim in NCI-H929 cells

2.5x10'’ NCI-H929 cells were treated as shown, after which they were lysedas described in section 2.9.1. 

Equal amounts o f protein were electrophoresed on a 12% gel, transferred to PVDF, and probed fo r  

expression o f Bim and fi-actin. as described in section 2.9. Results are representative o f 3 independent 

experiments.

NT EtOH 0.5uM 1uM IpM PBOX-15
PBOX-15 +z-IETD-fnik

P-actin

Lane:  1 2  3 4 5

Figure 6.3 PBOX-]5-induced downregulation o f  Bim is caspase-8-dependent

2.5x10^ NCI-H929 cells were treated as shown fo r  6hrs, after which they were lysed as described in 

section 2.9.1. Equal amounts o f protein were electrophoresed on a 12%i gel, transferred to PVDF, and 

probed fo r  expression o f Bim and fl-actin, as described in section 2.9. Results are representative o f 3 

independent experiments.
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The expression o fB im  in U266 cells was also assessed, and similar to the NCl- 

H929 cells, only the BiniEL isoform was detected. However, no change was detected in 

cells treated with PBOX-15 for 24hrs (Fig 6.4, lanes 3 and 4). However, the presence o f  

a discrete slower migrating band, which may represent a phosphorylated form o f  Bim, 

suggests that the majority o f  Bim expressed in U266 cells is unphosphorylated. In 

comparison, this band predominates in NCI-H929 cells, suggesting that the majority o f  

Bim expressed in this cell line is phosphorylated (Fig 6.2 and 6.3)

B irriEL  ^

p-actin —♦

Lane: 1 2  3 4 5

Figure 6.4 Effect o f  PBOX-treatment on expression o f Bim in U266 cells

2.5x1 (f’ U266 cells were treated as shown fo r  6hrs, after which they were lysed as described in section 

2.9.1. Equal amounts o f  protein were electrophoresed on a 12% gel, transferred to PVDF. and probed  

fo r  expression o f  Bim and fi-actin, as described in section 2.9. Results are representative o f  3 

independent experiments.

6.3 Bim is Required for PBOX-15-Induced Apoptosis of NCI-H929 Cells

6.3.1 PBOX-15 Does Not Affect Transcription o f  Bim

In order to determine o f  the decrease in Bim expression detected in P B O X -15- 

treated NC1-H929 cells is due to transcriptional downregulation, Bim mRNA levels 

were next assessed by RQ-PCR. After 12hrs o f  treatment with 0.25|iM PBOX-15, a 

slight increase in Bim mRNA was detected, however the fold-difference in expression 

compared to controls was not significant i.e. RQ < 2 (Fig 6.5). This suggests that the 

decrease in Bim expression detected in NCI-H929 cells by Western blotting (Fig 6.2) is 

not due to inhibitory effects o f  PBOX-15 treatment on transcription on this gene. In

EtOH O.SuM 1|iM 10mM 
PBOX-15 PBOX-6
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addition, this is in agreement with the finding that inhibition o f  caspase-8 prevents 

PBO X -15-induced decrease o f  Bim expression (Fig 6.3).

(D
1.5

^  ^  1.0
(D LLI nj

. >  o . t i
JO (1) 4_
0) r n

Figure 6.5 Effect o f  PBOX-15 on expression o f Bim mRNA in NCI-H929 cells as determined hy RQ- 

PCR

mRNA was extracted from l x l ( t  NCI-H929 cells treated with 0 . 2 5 f or  !2hrs, and untreated control 

cells, and converted to cDNA as described in section 2.8. TaqMan" a.ssays were set up, in triplicate, as 

described in section 2.8.2, using lOOng DNA and analysed on a 7500HT Real-Time PCR system, as per 

the manufacturer’s instructions. RQ values were calculated using expression levels in untreated NCl- 

H929 cells as the calibrator and GAPDH as the endogenous control.

6.3.2 Optimisation o f  Transfection Reactions

To further investigate the role o f  Bim in the apoptotic pathway initiated by 

P B O X -15, SLO-m ediated transfection o f  s iRN A was used to dow nregulate  expression 

o f  this gene in N C I-H 929 cells. The ability o f  SLO to reversibly permeabilise NCT- 

H929 cells without com prom ising cell viability was first assessed by m easuring uptake 

o f  PI. This method was also used to determ ine the activity o f  each batch o f  SLO, in 

order to select the optimum concentration for use in further experiments. The 

percentage o f  cells staining positive for PI w as found to increase with SLO 

concentration, indicating that the m em branes o f  these cells had been successfully
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permeabilised (Fig 6.6). The viability o f the cells was assessed by counterstaining with 

fluorescein diacetate (FDA), a non-fluorescent which is converted to a fluorescent 

derivative, fluorescein, and retained by cells with intact membranes. Flow cytometry 

analysis demonstrated that the viability o f the cells was not affected following SLO 

treatment, with only a slight decrease in FDA positive cells detected using SLO 

concentrations o f 30U/10^ ceils (Fig 6.6d). The number o f cells staining positive for 

both PI and FDA i.e. those whose membranes has successfully opened and resealed, 

was also found to increase with SLO concentration. However, a decrease in this 

population o f cells was seen with high concentrations o f SLO i.e. >25-30U/10^ cells 

(Fig 6.6d). Therefore, for subsequent experiments, the concentration o f each SLO batch 

used was chosen to be greater than that at which optimal uptake was first detected, but 

lower than that which decreased cell viability. This varied at between 14-30U SLO/10^ 

cells per batch o f SLO.

io‘
FL1-H

10̂
FL1-H

10̂
FL1-H

10“
FL1+^

Figure 6.6 SLO mediates P I uptake in N C I-H 929 cells at non-cytotoxic concentrations

2 x l ( f  NCI-H929 cells were incubated w ith P I and a) OU SLO, b) 5U  SLO, c) 15U SLO, or d) SOU 

S L O /I( f cells fo r lOmins, w ith mixing. Cells were then stained w ith FDA, and P I uptake and cell 

viab ility  assessed by flow  cytometry as described in section 2.12.1. Results are representative o f  3 

independent experiments.
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Using the optimum  concentration o f  SLO determ ined for each batch, NC1-H929 

cells were transfected with Bim target-specific siRNA duplex, or scrambled siRNA 

duplex as a negative control. The specificity o f  using SLO-m ediated  transfection to 

silence Bim expression in NC1-H929 cells was confirmed by Western blotting. 

Expression o f  Bim was found to be significantly dow nregulated  in cells transfected 

with lOnM and 30nM  Bim siRNA (Fig 6.7a. lanes 3 and 4), but not with higher 

concentrations o f  siRN A (Fig 6.7a, lanes 5 and 6). No decrease in Bim expression was 

detected in mock-transfected cells (Fig 6.7a, lane 2), or those transfected with a 

negative control, consisting o f  scrambled siRN A duplex (Fig 6.7b, lanes 9-12), thereby 

confirm ing the specificity o f  the siRNA used. 30nM  Bim siRN A w as chosen as the 

optim um  concentration for use in subsequent experiments.

Bm siRNA

(3-actin ^

Lane: 1

scrambled siRNA

Lane: 7 8 9 10 11 12

Figure 6. 7  siRNA-m ediated knockdown o f  Bint expression in NCI-H929 cells

2 x l( f  NCI-H929 cells were transfected with varying concentrations o f  a) Bim siRNA or h) scrambled  

siRNA, as described in section 2.12.2. Transfected cells were lysed, and equal amounts o f  protein were 

electrophoresed on a 12% gel. transferred to PVDF, and probed fo r  expression o f  Bim and P-actin, as 

described in .section 2.9. Results are representative o f  3 independent experiments.
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6.3.3 PBOX-15-Induced Apoptosis is Decreased in NCI-H929 Cells Transfected with 

Bim siRNA

Flow cytometry analysis o f  AnnexinV/Pl stained cells was used to assess the 

effect o f Bim gene silencing on PB O X -15-induced apoptosis. PB O X -15-induced 

apoptosis o f NCI-H929 ceils was found to be potentiated by SLO treatm ent, with an 

increase in apoptosis from 21% ±3.85%  to 26% ±3.65%  measured. However, apoptosis 

in cells transfected with Bim siRNA was decreased compared to mock-transfected 

cells, with apoptosis measured reduced to 22.64% ±2.58% . Although this decrease was 

not found to be significant, this inhibitory effect was not observed in cells transfected 

with scrambled siRNA (27.59% ±3.68%  apoptosis measured) (Fig 6.8).

JO

■©
o
o

Cl

S 20Q .
(0

« 10

+ 0.5^M PBOX-15
Figure 6.8 siRNA-mediated knockdown o f  Bim expression in NCI-H929 cells decreases PBOX-I5- 

induced apoptosis

2x10^ NCI-H929 cells were transfected and treated fo r  18hrs as shown, after which they were stained 

with AnnexinV/PI, and the percentage o f apoptosis measured by flow cytometry as described in section 

2.7.3. n=3. Results o f  individual experiments are included in Appendix II.
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6.4 Discussion

In this chapter, the role o f  Bcl-2 proteins in PBOX-15-induced apoptosis o f  NC1-H929 

cells is investigated. The mechanism by which PBOX-6 induces apoptosis o f  K562 

cells has been shown to involve the time- and dose-dependent inactivation, via 

phosphorylation, o f  the anti-apoptotic protein Bcl-2 (McGee et al.. 2004). Regulation o f  

the activity o f  Bcl-2 in this manner is characteristic o f  many tubulin-targeting drugs 

(Blagosklonny et al., 1997; Yamamoto et al., 1999; Fan et al., 2000; Park et al., 2001; 

Pathan et al., 2001), and is associated with arrest o f  the cell cycle in the M phase (Ling 

et al., 1998). However, it should be noted that the role o f  phosphorylated Bcl-2 in 

apoptosis has not been definitively determined, and a number o f  studies have reported a 

role for phospho-Bcl-2 in the suppression o f  apoptosis (Ito et al., 1997; Ruvolo et al, 

1998; Mai et al., 2003). In multiple myeloma cells, phosphorylation o f  Bcl-2 has also 

been associated with apoptosis induced by non-MTAs (Kiziltepe et al., 2007; Wang et 

al., 2007), and in addition, has been shown to be an important event by which Taxol 

sensitises myeloma cells to dexamethasone-induced apoptosis (Kroning and 

Lichtenstein, 1998).

Similar to the regulation o f  caspase activity in PBOX-treated cells, the effect o f  

PBOX-15 on Bcl-2 has been found to be cell-type specific, with phosphorylation 

induced in PBOX-15-treated K562 cells, but not in ex vivo CLL cells (McElligott et al., 

manuscript submitted). In this study, no evidence o f  Bcl-2 phosphorylation was 

detected in PBOX-15-treated NC1-H929 cells (Fig 6.1) suggesting an alternative 

mechanism o f  apoptosis regulation in these cells. In addition, Bcl-2 expression levels 

remained relatively stable, with only a slight downregulation detected after 48hrs o f  

treatment (Fig 6.1). The half-life o f  Bcl-2 protein has been shown to be > lOhrs, and in 

some malignant cell lines, may be extended up to 38hrs (Reed, 1996). As such, it is 

possible that PBOX-15-induced alterations in Bcl-2 expression may be more evident at 

time points later than 48hrs. However, as PBOX-15 has been shown to potently induce 

apoptosis o f  NCI-H929 cells after 24hrs o f  treatment (see Chapter 3), it is suggested 

that this decrease in Bcl-2 expression is a result of, rather than a cause of, PBOX-15-
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induced apoptosis in these cells. The apparent lack o f involvement o f Bcl-2 in PBOX- 

15-mediated apoptosis o f NCI-H929 is not unexpected, as this protein is not thought to 

play a central a role in the pathogenesis o f myeloma compared to other Bcl-2 family 

members.

In contrast to Bcl-2, downregulation o f anti-apoptotic M cl-I was detected in 

NCI-H929 cells following 24hrs o f treatment with PBOX-15 and was completely 

abolished after 48hrs o f treatment (Fig 6 .1). This is in agreement with previous studies 

in which M cl-I has been found to be a more important regulator o f myeloma cell 

survival (Derenne et al., 2002), having been shown to be rapidly and transiently 

downregulated under apoptotic conditions in which Bcl-2 levels remain constant 

(Gomez-Bougie et al., 2004). Interestingly, PBOX-6-treatment was found to induce a 

greater decrease in M cl-I expression, compared to PBOX-15 after 24hrs o f treatment. 

This again suggests a difference in the mechanism o f action o f PBOX-6 and PBOX-15. 

As previously discussed, the mechanism by which M cl-l regulates apoptosis o f 

myeloma cells is pre-dominantly attributed to its interaction with pro-apoptotic Bim 

(Gomez-Bougie et al., 2004, 2005, 2007; Wuilleme-Toumi et al., 2007; Morales et al., 

2008). Disruption o f this interaction can result following upregulation o f expression o f 

all Bim isoforms. This has been reported to occur concurrently with M cl-I 

downregulation, or following cleavage o f M c l-I. Both the release from M cl-I and/or 

increased expression o f Bim permit it to exert its pro-apoptotic role.

In comparison to the relatively late down-regulation o f M cl-I in NC1-H929 

cells treated with PBOX-15 for 24hrs, expression o f Bim was found to be decreased in 

these cells after 6hrs o f treatment (Fig 6.2). As a pro-apoptotic protein, downregulation 

o f Bim expression is associated with cell survival and anti-apoptotic signals (Craxton et 

al., 2005; Quadros et al., 2006). In addition, loss o f Bim has been found to prevent 

Taxol-induced apoptosis (Bouillet et al., 1999; Li et al., 2006). Conversely, an increase 

in Bim expression is associated with apoptosis o f myeloma cells induced by a variety 

o f agents (Fandy et al., 2005; Fandy and Srivastava, 2006; Baysan et al., 2007; Gomez- 

Benito et al., 2007; Pei et al., 2007; Morales et al., 2008; Sharma and Lichtenstein,
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2008). The importance o f  Bim in the response o f  myeloma cells to apoptotic stimuli is 

highlighted by the findings that levels o f  Bim are reduced in melphalan-resistant 

myeloma cells (Hazlehurst et al., 2003), and that Bim-deficient mouse fibroblasts are 

resistant to Bortezomib-induced cytotoxicity (Nikrad et al., 2005). However, a decrease 

in Bim expression has been demonstrated in apoptotic Jurkat cells following treatment 

with TNFa, staurospaurine, or UV irradiation. This has been shown to the result of  

caspase-dependent cleavage o f  Bim, and functions to amplify the apoptotic response in 

these cells. This is due to the cleaved form o f  Bim possessing high affinity for Bcl-2, 

thereby neutralizing the anti-apoptotic activity o f  the latter (Chen and Zhou, 2004). 

Regulation o f  Bim in this manner has also been demonstrated in myeloma cells 

following melphalan treatment, with a similar role in the amplification o f  apoptosis 

suggested for the cleaved form o f  Bim (Gomez-Bougie et al., 2005).

In this chapter, PBOX-15-induced decrease o f  Bim expression was found to be 

prevented in NC1-H929 cells pre-treated with the caspase-8 inhibitor (Fig 6.3). This 

suggests that Bim is cleaved downstream o f  caspase-8 activation in these cells. 

Although cleaved Bim fragments were not detected in this study, it is possible that the 

anti-Bim antibody used is unable to detect these fragments. Similarly, other 

commercially available Bim antibodies are unable to detected cleaved Bim fragments 

(Chen and Zhou, 2004). Although caspase-3 has been shown to cleave Bim in vitro, it 

is possible that in vivo, other caspases are required, either to directly cleave Bim, or 

activate upstream pathways resulting in activation o f  caspase-3 (Chen and Zhou, 2004). 

In PB O X -15-treated NC1-H929 cells, this is proposed to be caspase-8. These results 

also identify a link between caspase-8 and Bim in the apoptotic cascade initiated in 

PBOX-15-treated NC1-H929 cells, and suggests a role for cleaved Bim in the 

amplification o f  apoptosis in these cells.

In contrast to the prominent down-regulation o f  Bim observed in PB O X -15- 

treated NC1-H929 cells, no changes in Bim expression were detected in U266 cells 

treated for 24hrs (Fig 6.4). This prompted further investigation o f  the possible role for 

Bim in PBOX-15-induced apoptosis o f  myeloma cells. Analysis o f  mRNA expression
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by R Q -PC R  showed no significant alteration in Bim m R N A  levels in PBO X-15-treated 

N C I-H 929  cells (Fig 6.5) thereby dem onstrating that PBO X -15 treatm ent does not 

affect transcription o f  Bim. Instead, this data supports the previous suggestion that the 

decrease in Bim expression in these cells detected by Western blotting (Fig 6.2) is the 

result o f  caspase cleavage. To further investigate the proposed role for cleaved Bim in 

the potentiation o f  PBO X -15-induced  apoptosis in NC1-H929 cells, an siRNA approach 

was used. A lthough a slight decrease in apoptosis in NC1-H929 cells transfected with 

Bim siRN A  was observed, no significant change was detected (Fig 6.8).

The introduction o f  siRN A into m yelom a cells, in particular the NC1-H929 cell 

line, has previously been reported to be difficult, with considerable  cytotoxicity (>50% ) 

induced by electroporation (Zhu et al., 2005; G om ez-B enito  et al., 2007). In 

comparison, the SLO -m ediated  transfection approach selected for use in this study has 

been dem onstrated  to m ediate transfection o f  NC1-H929 cells with > 70%  efficiency, 

with minimal effect on cell viability or the cell cycle (M acC allum  et al., 2005; Brito et 

al., 2008), and therefore has been suggested as the method o f  choice for successful 

delivery o f  s iRN A into m yelom a cell lines (Brito et al., 2008). However, it is important 

to note here the difficulties encountered using this method in this study. A lthough SLO 

was similarly found to be m inim ally  cytotoxic to NC1-H929 cells in this study and 

successfully facilitated s iRN A-m ediated  knockdow n o f  BimEL expression, it was found 

to potentiate PBO X -15-induced  apoptosis (Fig 6.8). Therefore, it is possible that the 

true effects o f  Bim knockdow n on PBO X -15-induced apoptosis  in N C I-H 929  cells may 

be m asked  by this potentiation.

As discussed in section 6.1, in addition to regulation by M cl- l ,  the pro- 

apoptotic activity o f  Bim m ay be regulated by sequestration to the cytoskeleton 

(Puthalakath et al., 1999). Thus, in addition to drugs which affect M cl-l expression, 

Bim-mediated apoptosis m ay also be induced by those drugs w hich  disrupt the tubulin 

com ponent o f  the cytoskeleton. This latter m echanism  has been described for apoptosis 

o f  Jurkat cells induced by Tat, a regulatory protein o f  the hum an im munodeficiency 

virus type 1 (Chen et al., 2002). The release o f  Bim from m icrotubules has been shown
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to be dependent on its phosphorylation status. Specifically, unphosphorylated Bim has 

been shown to remain sequestered by microtubules, whereas the phosphorylated form 

is release, thereby making it available for cleavage by caspases (Chen and Zhou. 2004). 

As previously mentioned, the expression o f  Bim was unchanged in PBOX-treated 

U266 cells (Fig 6.4). However, the prevalence o f  unphosphorylated Bim observed in 

U266 cells, compared to NC1-H929 cells, may therefore be o f  relevance as it suggests 

that the differential responses o f  these cell lines to PBOX-15 treatment may relate to 

the phosphorylation status o f  Bim i.e. following PB 0X -l5-induced  tubulin 

depolymerisation in NC1-H929 cells, phosphorylated Bim may be released, thereby 

making it available for further processing and amplification o f  apoptosis. in 

comparison, in PBOX-15-treatment o f  U266 cells, unphosphorylated Bim remains 

sequestered to tubulin.

Interestingly, although in contrast to previous reports (Gomez-Bougie et al., 

2005; Gomez-Benito et al., 2007), only the Bimet isoform was detected in NC1-H929 

and U266 cells in this chapter. However, as only the Bimnu and Bimi isoforms have 

been found to contain a dynein light chain I (D L C I) interacting domain, which 

facilitates their binding to tubulin in viable cells (Puthalakath et al, 1999; Lei and 

Davis, 2003), this does not oppose the suggestion that Bim may be sequestered by 

tubulin in these cell lines. It is therefore proposed that following PBOX-15 treatment of 

NCI-H929 cells, Bim is released from tubulin, and then cleaved by caspase-8, or other 

downstream caspases, to potentiate the apoptotic process. Post-translational regulation 

o f  Bim activity in this manner has also been suggested to occur during the apoptotic 

process initiated in chronic lymphocytic leukaemia (CLL) cells by the tubulin 

depolymeriser nocodazole (Beswick et al., 2006). In Chapter 7, the effect o f  PBOX-15 

on ex vivo CLL cells investigated. In particular, the role o f  caspases and Bim in the 

response o f  these cells to PBOX-15 is examined, and compared to the apoptotic 

signalling pathway activated in PB 0X -l5-treated  myeloma cells.
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Chapter 7

PBOX-15 Induces Apoptosis o f  Ex Vivo CLL Cells
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7.1 Introduction

Chronic lymphocytic leukaemia (CLL), as described in section 1.5, is the most 

frequently diagnosed haematological malignancy in the Western world (Kalil and 

Cheson, 1999). Clinically, CLL is a heterogenous disease, and treatment is only 

recommended for those patients presenting with aggressive disease or poor prognostic 

factors (Hallek et al., 2008). The pharmacological treatment o f  CLL involves the 

administration o f steroids, alkylating agents, and purine analogs, with fludarabine the 

most effective frontline drug (Rai et al., 2000). However, a major disadvantage o f  these 

conventional agents is their association with potentially fatal side effects such as 

increased risk o f  infection, myelosuppression, and haematologic toxicity (Hallek et al., 

2008). in addition, many CLL patients develop resistance to currently available 

pharmacological treatments, including fludarabine (Leporrier, 2004). Therefore, the 

development o f  novel agents and combination chemotherapy protocols which may 

provide effective, alternative treatments for the treatment o f  CLL is pertinent.

A number o f  MTAs have similarly been reported to induce apoptosis in CLL 

cells (Bernabei et al., 1999; Vilpo et al., 2000; Moon and Lerner, 2002; Zhou et al., 

2003; Beswick et al., 2006). In general, MTA-induced apoptosis is associated with cell 

cycle arrest in the G2 /M phase, which results from interference with microtubule 

dynamics during mitosis. Thus, the sensitivity o f  cancer cells to MTAs has been 

attributed to their high mitotic frequency which confers increased opportunity for 

interference with microtubule assembly or disassembly (Mollinedo and Gajate, 2003). 

However, CLL cells are characteristically non-cycling, and are arrested in the Gq/Gi 

phase o f  the cell cycle (Andreef et al., 1980). Therefore, cell cycle arrest alone cannot 

account for the induction o f  apoptosis in MTA-treated CLL cells. Consistent with this, 

PBOX-15-induced apoptosis o f  ex vivo CLL is not associated with G2 /M cell cycle 

arrest (McElligott et al., manuscript submitted). Interestingly, the microtubule 

polymerising drug Taxol does not induce apoptosis o f  CLL cells (Beswick et al., 2006). 

This suggests a specific mechanism by which tubulin depolymerising agents such as 

PBOX-15 induce apoptosis o f CLL cells, in addition to furthering clinical
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development, elucidation o f the mechanism by which PBOX-15-induced apoptosis of 

CLL cells proceeds may provide important insight into the biology o f this disease. 

Therefore, the aims o f this chapter are to investigate the mechanism by which PBOX- 

15 induces apoptosis o f ex vivo CLL cells. Specifically, the role of caspases and Bim, 

which in Chapters 5 and 6 were shown to be involved in PBOX-15-induced apoptosis 

o f NC1-H929 myeloma cells, are investigated.

7.2 PBOX-15 is a Potent Inducer o f Apoptosis in E x Vivo CLL Cells

Ex vivo CLL cells were isolated from peripheral blood obtained from treatment naive 

patients (n=9). This was carried out concurrently with another study, in which FISH 

analysis and determination o f CD38 expression levels for each sample (see Table 7.1) 

was performed (Hayat et al., 2006). The ability o f PBOX-15 to induce apoptosis o f ex 

vivo CLL cells from these patients was evaluated by flow cytometry analysis of 

AnnexinV/PI stained cells (Fig 7.1). Background, or spontaneous apoptosis, o f the 

samples varied over a range o f 7.5-29.58%, with a mean o f 22.44% ± 2.9%. Treatment 

for 24hrs with either lO^M PBOX-6 or O.SuM PBOX-15 did not increase the apoptotic 

population o f the ceils. In contrast, following treatment for 24hrs with I |aM PBOX-15, 

apoptosis was significantly induced in all samples with a range o f 22.39-89.74%, and a 

mean value o f 56% ± 7.14%. The range by which apoptosis increased in these cells, 

from background levels, was 11-62%, with a mean increase o f 33.9% ± 5.75%.
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Figure 7.1 PBOX-IS induces apoptosis o f ex vivo CLL cells

l x l ( f  ex vivo CLL cells were treated as shown fo r  24hrs, after which they were stained with 

AnnexinV/P/, and the percentage o f  apoptosis measured by flow cytometry as described in section 2.7.3. 

* **p< O.OOl, ANO^A. n=9.

The activity ofPB O X -15 was compared to tludarabine in a subset o f  CLL 

samples (n=3). Treatment o f  CLL cells from Patients UPN2 and UPN4 with l |iM  

PBOX-15 for 24hr increased the apoptotic populations by 26% and 48%, respectively. 

No apoptotic response was induced in these cells following treatment with 50|iM 

tludarabine. in comparison, CLL cells from Patient UPN6 were found to be 

comparatively sensitive to treatment with both 1 |iM PBOX-15 and 50^M  fludarabine, 

with increases o f  27% and 20%, respectively, in apoptosis measured after 24hrs o f  

treatment.

167



CInipler 7 P B O X -I5  Induces A poptosis  o f  E x Vivo i V//v

Figure 7.2 PBOX-I5 is a more potent inducer o f  apoptosis o f  ex vivo CLL cells compared to 

fludarahine

Ix l( f  ex vivo CLL cells were treated with [J NT, |  EtOH, 1 1fiM PBOX-l5, or |  50fjM fludarahine 

for 24hrs, after which they were stained with AnnexinV/Pl, and the percentage o f apoptosis measured by 

flow cytometry as described in section 2.7.3. Due to limited availability o f patient samples, it was not 

possible to cany out replicates for each experiment.

7.3 PBOX-15-Induced Apoptosis of Ex Vivo CLL Cells is Caspase-Dependent

In Chapter 5, P B O X -l 5-induced apoptosis o f  the NC1-H929 multiple m yelom a cell line 

was found to be caspase-8-dependent. In order to investigate the role o f  caspases in 

PB O X -l 5-induced apoptosis o f  CLL cells, a panel o f  caspase inhibitors w as again 

used. Pre-treatment o f  C LL cells with the pan-caspase inhibitor z -V A D -fm k or the 

broad spectrum caspase inhibitor z-D E V D -fm k (inhibits caspase-3, -6, -7, -8, and -10) 

was found to significantly inhibit P B O X -l 5-induced apoptosis in samples from all 

patients (Fig 7.3, co lum ns A and B). Neither the specific caspase-3 inhibitor Ac- 

D M Q D -C H O  (Fig 7.3, colum n C), nor the specific caspase-9 inhibitor A c-L E H D -C M K  

(Fig 7.3, colum n E) had an inhibitory effect on P B O X -l 5-induced apoptosis o f  these 

cells. In comparison, P B O X -l 5-induced apoptosis w as significantly inhibited in CLL
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cells pre-treated with the specific caspase-8 inhibitor z-lETD-fm k (Fig 7.3, column D). 

The extent by which caspase-8 inhibition prevented PBO X-15-induced apoptosis varied 

between samples over a range o f  0% in Patient H, to a maximum o f  91.47%% in 

Patient B, with a mean value o f  47.37%  ± 11.28% calculated. The percentage o f  

PBOX-15-induced apoptosis which was found to be caspase-8-dependent for each 

patient is shown in Table 8.1.

h **
H

100

' 8
" S .o

80

60

40

2 0

0

■--------------------------------------+ 1nM PBOX-15

Figure 7.3 Effect o f  caspase inhibition on PBOX-15-induced apoptosis o f  ex vivo CLL cells

I x l ( f  ex vivo CLL cells were treated as shown for 24hrs, after which they were stained with 

AnnexinV/Pl, and the percentage o f apoptosis measured by flow  cytometry as described in section 2.7.3. 

Where appropriate, cells were incubated fo r  I hr with the caspase inhibitors listed below, prior to 

addition o f PBOX-15. **p= 0.0026, ***p=0.001, paired t-test, n=9.

A = l00juMz-VAD-fmk, pan-caspase inhibitor;

B=100/jM z-DEVD-fmk, inhibitor o f caspase-3, -6, -7, -8. a n d -10;

C=100iuM Ac-DMQD-CHO. inhibitor o f caspase-3;

D=50pM z-IETD-fmk, inhibitor o f caspase-8:

E=50pM Ac-LEHD-CMK, inhibitor ofcaspase-9.
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Table 7.1 Clinical and biological characteristics o f CLL patients and apoptotic response to PBOX-tS

Patient 1 Age ' 

(yrs)

Sex FISH :%CD38^i CD38

Pattern NT

UPNl 66 M normal 3 uni 28.22%

UPN2 62 M normal 88 bi 8.85%

UPN3 64 M normal 7 bi 19.1%

UPN4 62 F dell3q 1 uni 24.56%

UPN5 48 M 27.08%

UPN6 61 M normal 16 bi 29.51%

UPN7 64 F del 13q 2 uni 25.09%

UPN8 57 M normal 1 uni 29.58%

UPN9 57 F normal 4 uni 7.5%

Apoptosis Induced By; %  PBOX-15-Induced

1 1 PB O X -15 1 fiM PBOX- Apoptosis Determined

PB O X -15 + z-VAD-fmk 15 to be Caspase-8-

+ z-IETD-fmk Dependent

56.21% 21.17% 33.6% 80.78%

34.54% 17.26% 11.04% 91.47%

55.27% 21.83% 30.22% 69.26%

72.66% 25.42% 49.73% 47.67%

89.74% 37.13% 75% 38.14%

56.48% 17.75% - -

76.67% 40.58% 56.77% 38.58%

40.64% 18.57% 41.09% 0%

22.39% 14.08% 20.45% 42.16%
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7.4 Effect of PBQX-15 on Bim Expression in Ex Vivo CLL Cells

In Chapter 6, a decrease in expression o f  the pro-apoptotic protein Bim was found to be 

an early event in NC1-H929 cells following treatment with PB O X -15. Therefore, the 

expression o f  Bim in PBOX-15-treated ex vivo CLL cells was next examined. 

Expression o f  Bimei. was detected in 8/9 samples, and expression levels were 

normalized compared to P-actin expression. A decrease in BimEt expression was 

detected in samples from 6/8 patients (Fig 7.4, patients UPNl and UPN3; Fig 7.5, 

patients UPN4 and UPN5; and Fig 7.6, patients UPN7 and UPN9) following treatment 

withl^^/I PBOX-15 for 24hrs, and an increase in BimEi, levels was observed in 2/8 

samples (Fig 7.5, patient UPN6; Fig 7.6, patient UPN8). The expression o f  Bimi was 

detected in 7/9 samples, and normalised compared with expression o f  P-actin. 

Expression o f  Bimi was found to be decreased in 5/7 samples following treatment for 

24hrs with 1 PB O X -15 (Fig 7.4, patient UPN3; Fig 7.5, patients UPN4 and UPN5; 

Fig 7.6, patients UPN8 and UPN9). An increase in Bimi expression was observed in 

2/7 patient samples (Fig 7.4, patient UPNl ;  Fig 7.6, patient UPN7). Bims expression 

was only detected in 1/9 sample (Fig 7.6, patient UPN8), and was found to be 

decreased following treatment o f  the cells with l|aM PB O X -15 for 24hrs. No 

expression o f  Bim was detected in 1/9 sample (Fig 7.4, patient UPN2).
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Figure 7.4 Effect o f  PBOX-IS treatment on expression o f Bint in ex vivo CLL cells

lx l ( f  ex vivo CLL cells were treated as shown for 24hrs. after which they were lysed as described in 

section 2.9.L Equal amounts o f protein were electrophoresed on a 12% gel, transferred to PVDF, and 

probed for expression o f Bim and P-actin, as described in section 2.9. The relative expression o f Bim 

isoforms between CLL cells treated for 24hrs with |  EtOH a n d ^  I /iM PBOX-15 is represented by 

arbitrary values in the histogram plots.
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Figure 7.5 Effect o f  PBOX-15 treatment on expression o f Bim in ex vivo CLL cells

Ix U f ex vivo CLL cells were treated as shown fo r  24hrs, after which they were lysed as described in 

section 2.9. L Equal amounts o f protein were electrophoresed on a 12% gel, transferred to PVDF, and 

probed fo r  expression o f Bim and P-actin, as described in section 2.9. The relative expression o f Bim 

isoforms between CLL cells treated for 24hrs with |  EtOH and |  / fiM PBOX-15 is represented by 

arbitrary values in the histogram plots.
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Figure 7.6 Effect o f  PBOX-I5 treatment on expression o f Bim in ex vivo CLL cells

lxl(f' ex vivo CLL cells were treated as shown for 24hrs, after which they were lysed as described in 

section 2.9.1. Equal amounts o f protein were electrophoresed on a 12% gel, transferred to PVDF, and 

probed for expression o f Bim and fi-actin, as described in section 2.9. The relative expression o f Bim 

isqforms between CLL cells treated for 24hrs with |  EtOH a n d ^  I juM P BOX-15 is represented by 

arbitrary values in the histogram plots.

The effect o f  PBOX-15 treatm ent on BiniEL expression was correlated with the 

dependence o f  PBOX-15-induced apoptosis on caspase-8 in each CLL sample (Fig 

7.7a). Patients were broadly classified into two groups based on the extent by which 

pre-treatment with z-IETD-fm k prevented PBOX-15-induced apoptosis. in samples 

from Patients UPN5, UPN7, UPN8, and UPN9, the percentage o f  PBOX-15-induced 

apoptosis determined to be caspase-8-dependent was less than the mean value 

calculated i.e. < 47.37%  ± 11.28%. in these samples, PBOX-15-induced changes in 

expression o f Bim et were measured at a low level i.e. < 1.5-fold difference compared 

with EtOH-treated controls. In contrast, in samples from Patients U P N l, UPN3, and 

UPN4, the percentage o f  PBOX-15-induced apoptosis determined to be caspase-8-
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dependent was greater than the mean i.e. > 47.37% ± 11.28%, and P B O X -15-induced 

changes in BimEi. were measured at > 1.5-fold difference compared with EtOH-treated 

control cells. PBOX-15-induced changes in Bimi expression were not found to be 

similarly associated with the dependency o f  PBOX-15-induced apoptosis on caspase-8  

(Fig 7.7b).
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Figure 7.7 Association o f  the dependence o f PBOX-IS-induced apoptosis o f  ex vivo CLL cells on 

caspase-8 with the induction o f changes in expression o f a) Binti;i and h) Bint/

I x l f f  ex viva CLL cells were treated with IjuM PBOX-15 fo r  24hrs, after which they were lysed as 

described in section 2.9. L Equal amounts o f protein were electrophoresed on a 12% gel, transferred to 

PVDF, and probed fo r  expression o f Bim and fi-actin, as described in section 2.9. The relative 

expression o f a) Bimm and h) Bim/ was determined in comparison to expression in EtOH-treated cells 

(as shown in Figs 7.4-1.6). For determination o f dependence o f  PBOX-15-induced apoptosis on 

caspase-8, Ix l ( f  ex vivo CLL cells were treated 50^M z-IETD-fmkfor Ihr prior to addition o f 1 juM 

PBOX-I5 fo r  24hrs. after which they were stained with AnnexinV/Pi, and the percentage o f  apoptosis 

measured by flow cytometry as described in section 2.7.3.
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7.5 Discussion

In this chapter, PBOX-15 was demonstrated to be a potent inducer o f  apoptosis in ex 

vivo CLL cells from treatment naive patients (n=9), with a mean increase in apoptosis 

o f  31% ± 4.58%, compared to background levels, measured following treatment for 

24hrs with l |iM  PBOX-15 (Fig 7.1). Importantly, P B 0 X -I5  was shown to induce a 

greater apoptotic response in these cells compared to fludarabine, the current frontline 

treatment for CLL (Fig 7.2). This identifies PBOX-15 as a promising novel alternative 

treatment option for patients whose disease is resistant to treatment with fludarabine.

As discussed in section 7.1, due to the predominantly quiescent nature o f  CLL cells, the 

induction o f  apoptosis following treatment with MTAs such as PBOX-15 cannot be 

accounted for by the induction o f  mitotic arrest alone. Therefore, signalling pathways 

leading to directly to apoptosis must also be initiated in PBOX-15-treated CLL cells.

In Chapter 5, PBOX-15-induced apoptosis ofN C l-H 929  multiple myeloma 

cells was shown to be caspase-8-dependent. Therefore, the role o f  caspases in PBOX- 

15-induced apoptosis o f  ex vivo CLL cells was evaluated in order to establish if they 

play a common role in the apoptotic pathway induced by this drug in these cell types. 

PBOX-15-induced apoptosis was completely inhibited in ex vivo CLL cells pre-treated 

with the pan-caspase inhibitor z-VAD-fmk (Fig 7.3). In addition, apoptosis was 

significantly inhibited in cells pre-treated with the broad spectrum inhibitor z-DEVD- 

fmk (which inhibits caspase-3, -6, -7, -8, and -10). These results indicate a requirement 

for caspase activity in PBOX-15-induced apoptosis o f  ex vivo CLL cells. Like PBOX- 

15, the mechanism by which the tubulin depolymerising agent nocodazole induces 

apoptosis o f  ex vivo CLL cells has been shown to be caspase-dependent. with caspase-9 

suggested as the pre-dominant caspase required (Beswick et al., 2006). Similarly, the 

majority o f  the currently available CLL treatments, including fludarabine, induce 

apoptosis via activation o f  caspase-9 and the intrinsic apoptotic pathway (Genini et al., 

2000, 2000a; Byrd et al., 2002). in this chapter, the specific caspase-9 inhibitor had no 

effect on PBOX-15-induced apoptosis o f  ex vivo CLL cells. Instead, pre-treatment o f  

the cells with the specific caspase-8 inhibitor z-IETD-fmk was found to significantly
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inhibit PBOX-15-induced apoptosis. The extent by which caspase-8 inhibition 

prevented PBOX-15-induced apoptosis o f  each patient sample was found to be variable 

(Table 7.1), ranging from 0% in Patient H to 91.47% in Patient UPN2. Interestingly, 

caspase-8 inhibition has no effect on PBOX-15-induced apoptosis o f  ex vivo CLL cells 

from Patient UPN8. This variability in response may reflect the heterogenous nature of 

CLL, and highlights the importance o f  using combination chemotherapies to target 

multiple apoptotic pathways to effectively treat the disease. Nonetheless, with a mean 

decrease o f  54.13% ± 10.42% in PBOX-15-induced apoptosis measured in CLL cells 

pre-treated with z-IETD-fmk, an important role for caspase-8 in the mechanism by 

which PBOX-15 induces apoptosis o f  ex vivo CLL cells is indicated.

In addition to regulation o f  the anti-apoptotic Bcl-2 proteins, MTAs can also 

regulate the activity o f  pro-apoptotic Bim. In CLL cells, the activity o f  Bim can be 

suppressed due to sequestration by anti-apoptotic Bcl-2 and Mcl-I (Del Gaizo Moore et 

al., 2007; Hallaert et al., 2007; Perez-Galan et al., 2008). Under non-apoptotic 

conditions, Bim may also be bound to LC8, a component o f  the microtubule-associated 

dynein motor complex. In response to apoptotic stimuli such as genotoxic stress or 

treatment with MTAs, Bim may be released from the microtubules and following 

translocation to the mitochondrion, promotes activation o f  the intrinsic apoptotic 

pathway (Puthalakath et al., 1999; Lei and Davis, 2003; Tong et al., 2005; Khawaja et 

al., 2008). In Chapter 6, this mechanism was proposed to be involved in PBOX-15- 

induced apoptosis ofN CI-H 929 myeloma cells. Therefore, the effect o f  PB O X -15 on 

the expression o f  Bim in ex vivo CLL cells was examined. O f the 9 samples analysed in 

this chapter, expression o f  BimEi. was detected in 8, Bimi in 7, while Bims was only 

detected in 1 sample. No expression o f  Bim was detected in I sample. It has previously 

been reported that ex vivo CLL cells uniformly express all three Bim isoforms (Del 

Gazio Moore et al., 2007). Therefore, the variability in expression o f  Bim isoforms 

between the samples analysed in this chapter was interesting. Differential expression o f  

Bim isoforms in B-cells has been shown to be regulated via B-cell receptor (BCR)- 

mediated signalling, with sequential activation o f  pathways leading to both protein 

degradation and cie novo synthesis (Mouhamad et al., 2004). Therefore, variability in

177



Chapter 7 P K O \-l>  Induces Apoptosis o f  Ex  7r - ? VA

Bim isoform expression patterns may be that due to the activation o f heterogenous 

BCR-slgnalllng pathways which have been reported in CLL patient subsets (Muzio et 

al., 2008).

Consistent with its pro-apoptotic role, upregulatlon of Bim has been reported in 

CLL cells following the induction of apoptosis by a variety o f agents (Iglesias-Serret et 

al., 2006; Inoue et a!., 2007; Gowda et al., 2008; Romano et al., 2008). However, in this 

chapter, following treatment with 1 PBOX-15 for 24hrs, an increase in expression 

of BimEL was only detected in Patients UPN6 and UPN8, and Bimi was only found to 

be increased in Patients IJPN 1 and UPN7. in contrast, a decrease in the expression of 

Bimei, was observed in 6 samples (Fig 7.4, patients UPNl and UPN3; Fig 7.5, patients 

UPN4 and UPN5; and Fig 7.6, patients UPN7 and UPN9), and Bimi expression was 

downregulated in 5 samples (Fig 7.4, patient UPN3; Fig 7.5, patients UPN4 and UPN5; 

Fig 7.6, patients UPN8 and UPN9). in addition, expression o f Bims in the sample from 

Patient UPN8 was downregulated following treatment with PBOX-15. A similar 

decrease in expression o f Bimei, and Bimi has been reported in nocodazole-treated 

CLL cells (Beswick et al. 2006). O f interest. PBOX-15-induced changes in expression 

of BimEL were found to occur to a lesser extent in samples in which caspase-8 

inhibition did not prevent, or had a lower level effect, on PBOX-15-induced apoptosis 

(Patients E, G, H and I) (Fig 7.7). This suggests that, similar to the mechanism 

proposed in Chapter 6 for PBOX-15-induced apoptosis o f NC1-H929 cells, activation 

of caspase-8 and cleavage o f Bim are linked in the apoptotic pathway activated in 

PBOX-15-treated CLL cells.

In this chapter, the potential o f PBOX-15 as a novel agent for the treatment of 

CLL was demonstrated by its ability to potently induce apoptosis o f ex vivo CLL cells 

with greater efficacy compared with fludarabine. The mechanism by which this 

proceeds was found to be caspase-dependent, with an involvement o f caspase-8 

identified. The activation o f a caspase-8-dependent apoptotic pathway in PBOX-15- 

treated CLL cells is o f particular importance, as the majority o f established CLL 

chemotherapeutic agents induce apoptosis via activation o f caspase-9. Hence, the
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activation o f caspase-8 by PBOX-15 may represent a novel strategy to overcome 

resistance to currently available CLL chemotherapeutics. The results o f this chapter 

also suggest a link between caspase-8 activity and Bim in the signalling pathway 

activated in CLL cells following PBOX-15 treatment.
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CItapier H General Discussion

8.1 Introduction

Although considerable advances in the treatment o f  m yelom a and CLL have been 

achieved in recent years, these B-ceil malignancies remain incurable, with median life 

expectancies following diagnosis o f  not more that 5 and lOyrs, respectively (Montillo 

et al., 2005; Kyle and Rajkumar, 2008). In addition, a major draw back  to the use o f  

existing chemotherapeutic agents is the eventual developm ent o f  resistance. O f  

particular concern is the em ergence o f  resistance to the relatively new agents 

Bortezomib and Lenalidomide, which has been reported in m yelom a patients (Politou 

et al., 2006; Schm idm aier et al., 2007; Sonneveld et al., 2008). Accordingly, the 

investigation and developm ent o f  novel alternative treatment options for both m yelom a 

and CLL is pertinent. A lthough this area o f  research is attracting increased attention, no 

experimental therapy developed to date represents a definitive cure, or replacem ent for 

current standard chem otherapy regimens. Thus, there is a requirement for the continued 

investigation o f  novel agents.

8.2 PBOX-15 is a Potential Novel Agent for the Treatm ent o f M ultiple M yeloma 

and CLL

PBO X com pounds are a series o f  novel tubulin depolym erising agents which have 

demonstrated anti-cancer activity against a variety o f  hum an m alignant cells, including 

leukaemia, breast, and prostate (Zisterer et al., 2000; Greene et al., 2005; Mulligan et 

al., 2006). Importantly, PBO X  com pounds display minimal toxicity against normal 

blood and bone m arrow  cells, and are non-toxic to both healthy and tum our-bearing 

m ice (Greene et al., 2005; M cG ee et al., 2005; McElligott et al., m anuscript submitted). 

As such, they may represent a new  class o f  specific anti-cancer agents with broad 

spectrum activity, in this thesis, the potential o f  P B O X -15 as a novel agent for the 

treatment o f  m yelom a w as demonstrated by its ability to potently induce apoptosis o f  

the NCI-H 929 m yelom a cell line. P B 0 X -l5 - in d u c e d  apoptosis o fN C l-H 9 2 9  cells was 

found to be com parable to, or higher than that induced by vincristine or
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dexamethasone, both o f  which have demonstrated clinical efficacy in the treatment o f  

myeloma. In addition, the ability o f  PBO X-15 to synergistically induce apoptosis in 

TRAIL-treated N C I-H 929 cells demonstrates its potential application in the 

developm ent o f  novel combination chemotherapy regimens. The effect o f  TRAIL in 

combination with M TAs has not previously been reported.

Similar to its effects in NC1-H929 m yelom a cells, PBOX-15 was found to 

potently induce apoptosis o f  ex vivo  CLL cells with greater efficacy compared to 

Fludarabine, the current frontline agent for the treatment o f  CLL. The clinical potential 

o f  novel agents with greater anti-cancer activity compared to established  

chemotherapeutic agents is obvious. However, novel agents that induce apoptosis via 

alternative pathways to established chemotherapeutics are preferable in terms o f  

providing alternative treatment options for patients w hose disease is, or has becom e, 

resistant to conventional agents. Additionally, the developm ent o f  successful novel 

combination chemotherapy protocols will require agents which selectively induce cell 

death via different mechanisms. The activation o f  multiple cell death pathways is 

particularly important for the treatment o f  m yelom a, as the com plex growth and 

survival mechanisms o f  the tumour cells make it likely that targeting o f  multiple 

pathways or proteins will be required to effectively treat the disease. Thus, a key stage 

in the developm ent o f  PBO X-15 for clinical application is elucidation o f  its mechanism  

o f  action.

8.3 MTA-Induced-Apoptosis of Cells with Low Proliferative Capacity

The apoptotic activity o f  PBOX compounds has been associated with their ability to 

induce tubulin depolymerisation (M ulligan et al., 2006). Conventionally, the sensitivity  

o f  cancer cells to the induction o f  apoptosis by M TAs is attributed to their high mitotic 

rates, which provide increased opportunity for interference with microtubule dynamics, 

leading to G2/M  phase cell cycle arrest and subsequent apoptosis (Jordan and W ilson, 

2004). However, in the case o f  non-cycling CLL cells (A ndreef et al., 1980), the potent
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induction  o f  ap o p to s is  by P B O X -1 5 can n o t  be a c c o u n te d  for by  the  induc tion  o f  cell 

cyc le  a rres t  a lone . S im ila rly ,  the  low  p ro life ra t ive  index  o f  m y e lo m a  ce lls  (K ueh l and 

B ergsage l ,  2005)  su g g es ts  tha t in addition  to  m ito tic  arrest,  o th e r  p a th w a y s  lead ing  to 

the  induc tion  o f  ap o p to s is  are s im u ltan eo u s ly  ac t iva ted  in P B O X -1 5 -trea ted  N C I-H 9 2 9  

m y e lo m a  cells. T h e  spec if ic  ac t iva t ion  o f  th e se  p a th w a y s  in ca n c e r  ce lls  m a y  a c co u n t  

for the  lack  o f  cy to tox ic i ty  o f  P B O X -1 5 to w a rd s  no rm a l  ce lls  (G reen e  et al., 2005 ; 

M c G e e  et al., 2005).

A lth o u g h  it m a y  no t d irec t ly  acco u n t  for  the  induc tion  o f  ap op tos is ,  P B O X -1 5 

trea tm en t  o f  N C I-H 9 2 9  ce lls  w as  found  to  induce  cell cyc le  a rres t  in the G 2 /M  phase. 

S im ila rly ,  P B O X -1 5 w as  found  to  induce  G 2 /M  a rres t  in the  U 2 6 6  m y e lo m a  cell line. 

H o w ev er ,  in con tras t  to  the  su b seq u en t  po ten t  in duc tion  o f  ap o p to s is  in N C 1-H 929  

cells, P B O X -1 5 - trea ted  U 266  ce lls  w e re  found  to  u n d e rg o  sus ta ined  cell cyc le  arrest, 

w ith  o n ly  a low  level o f  cell dea th  induced . U 2 6 6  ce lls  w e re  a lso  found  to  be less 

sensitive ,  c o m p a re d  w ith  the N C I-H 9 2 9  cell line, to  a p o p to s is  induced  by 

d ex am e th aso n e ,  the  p ro tea so m e  inh ib ito r  M G -2 6 2 ,  and  th e  M T A s  v inc r is t ine  and 

nocodazo le .  T h is  su g g es ts  tha t the  p a th w ay (s )  requ ired  for d ru g - in d u ced  a p o p to s is  in 

N C 1-H 929  cells, are ab sen t  o r  d e fec t iv e  in the  U 2 6 6  cell line. T here fo re ,  

cha rac te r isa t ion  o f  the fac to rs  un d e r ly in g  the  lo w er  sensi t iv i ty  o f  U 266  ce lls  m ay  

p rov ide  im por tan t  c lues  reg a rd in g  the  m ec h a n ism  by w h ich  ag en ts  such as P B O X -1 5 

induce  a p o p to s is  in sens i t ive  cells.

8.4 PBOX-15-Sensitive Cells are More Susceptible to Apoptosis Induced via the 

Extrinsic Pathway

C o n s is ten t  w ith  the  sugges t ion  th a t  the  d iffe ren tia l  r e sp o n se s  o f  N C I -H 9 2 9  and  U 266  

ce lls  to  P B O X -1 5 - t re a tm e n t  resu lts  from  inh eren t  d if fe ren ces  in th e  apop to t ic  

m a ch in e ry  o f  th e  cells, L D A -b a se d  gene  e x p re ss io n  p ro f i l in g  iden tif ied  a n u m b e r  o f  

ap o p tos is - re la ted  g en es  w ith  d iffe ren tia l  ex p re ss io n  b e tw een  the  cell lines. O f  par t icu la r  

interest, the  g en es  for th e  death  recep to rs  T N F - R I ,  D R 3 , D R 5 , and  D R 6 , w e re  found  to
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be expressed at significantly greater levels in NCI-H929 cells. This suggests a greater 

sensitivity o f  this cell line to activation o f  the extrinsic apoptotic pathway. In addition, 

the greater expression in U266 cells o f  the genes B1RC3, B1RC6, BIRC7, and B1RC8, 

the protein products o f  which (clAP2, Livin, Survivin, and XIAP, respectively) are 

associated with protection against DR-mediated apoptosis via antagonism o f  caspase 

activity (Hunter et al., 2007), suggests an inherent pro-survival genotype in U266 cells. 

In agreement with these results, NCI-H929 cells were found to be more sensitive, 

compared with U266 cells, to apoptosis induced by the DR5 ligand TRAIL. 

Interestingly, an increase in expression o f  DR5 was detected in both NCI-H929 and 

U266 cells in response to PBOX-15 treatment, and may account for the synergistic 

increase in apoptosis observed in both cell lines following co-treatment with TRAIL 

and PBOX-15.

The role o f  DR5 upregulation in sensitising cancer cells to the apoptotic effects 

o f  TRAIL has been shown to be cell-type and drug-specific, and in myeloma cells is 

associated with doxorubicin and AS2 O 3 treatment (Jazirehi et al., 2001; Mitsiades et al., 

2 0 0 1; Liu et al., 2003). Although this mechanism o f  inducing TRAIL sensitivity has 

previously been reported in MTA-treated breast and ovarian cancer cells (Griffin et al., 

2003; LaVallee et al., 2003), the results o f  this thesis are the first report o f  MTA- 

treatment inducing TRAIL-sensitivity in myeloma cells via upregulation o f  DR5. 

Upregulation o f  DR5 may also be directly involved in mediating PBOX-15-induced 

apoptosis o f  NCI-H929 cells via activation o f  the extrinsic apoptotic pathway. A 

similar role for DR5 has been demonstrated in lung, prostate, and breast cancer cells 

following treatment with a variety o f  anti-cancer agents (Huang et al., 2001; Liu et al., 

2004; Horinaka et al., 2005; Liu et al., 2007; Pistritto et al., 2007; Sun et al., 2007; Lu 

et al., 2008; Yu et al., 2008). Consistent with activation o f  the extrinsic pathway, 

PBOX-15-induced apoptosis o fN C I-H 929 cells was found to be caspase-8 -activation- 

dependent.
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8.5 The Mechanism of Action of PBOX-15

A key objective o f  this thesis was elucidation o f  the mechanism by which PBOX-15 

induces apoptosis o f  the chronic B-cell malignancies, multiple myeloma and CLL. 

Using the NC1-H929 myeloma cell line, the mechanism by which PBOX-15-induced 

apoptosis in these cells proceeds was found to be caspase-8-dependent, and to involve 

activation o f  both extrinsic and intrinsic apoptotic signalling pathways (Fig 8.1). 

Similarly, a role for caspase-8 in PBOX-15-induced apoptosis o f  ex vivo CLL cells was 

identified. The activation o f  caspase-8 during apoptosis is triggered by ligation and 

oligomerization o f  the DRs, with subsequent DISC assembly facilitating auto

activation o f  pro-caspase-8 molecules. Activation o f  caspase-8 has also been reported 

to occur independent o f  DR ligation, with DISC assembly induced in response to DR 

upregulation or clustering in the cell membrane (Huang et al., 2 0 0 1; Mollinedo and 

Gajate, 2006; Scheel-Toellner et al., 2004). Thus, it may be suggested that the 

upregulation o f  DR5 observed in PB 0X -l5-treated  NCI-H929 cells, leads to DISC 

formation with subsequent activation o f  caspase-8 (Fig 8.1a). It will therefore be o f  

interest to further investigate if  DISC formation is induced in PB 0X -l5-treated  cells.

It is well established that following its activation, caspase-8 may directly 

activate caspase-3 and/or the intrinsic apoptotic pathway via cleavage o f  Bid. In 

PB 0X -l5-treated  NC1-H929 cells, the caspase-8-dependent decrease in Bid expression 

observed suggested that apoptosis may proceed via this latter pathway. The mechanism 

by which tBid mediates apoptosis has been shown to involve activation o f  Bax/Bak or 

antagonism o f  Bcl-2. In either case, the result is loss o f  MIM integrity and release o f  

pro-apoptotic regulators from the MIM space into the cytoplasm (Wang et al., 1996). 

Inactivation o f  Bcl-2 and B cI-xl via phosphorylation has been shown to be required for 

PBOX-6-induced apoptosis o f  K562 cells, in which loss o f  MIM integrity has been 

reported to be an early event (McGee et al., 2004; McGrath et al., 2006). Similarly, 

phosphorylation o f  Bcl-2 has been reported in K562 cells following treatment with 

PBOX-15 (McElligott et al., manuscript submitted). However, no effect on Bcl-2 

expression was observed in PBOX-15-treated NCI-H929 cells, suggesting that the
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m echanism  by which the intrinsic pathway is activated in PBOX-treated ceils m ay be 

cell-type specific. Therefore it will be o f  interest to next investigate the role o f  Bax and 

Bak in PB O X -15-induced apoptosis o fN C I-H 9 2 9  cells. Nonetheless, both a decrease in 

M IM  integrity and release o f  cy tochrom e c from the mitochondrion in PBO X-15- 

treated NC1-H929 cells is consistent with activation o f  the intrinsic apoptotic pathway 

in these cells. H owever, these were found to be early events, occurring after 2hrs and 

6hrs o f  PBO X -15 treatment, respectively, w hereas activation o f  caspase-8 was not 

detected until after 6 -1 8hrs o f  treatment. In addition, inhibition o f  caspase-8 did not 

prevent M IM  depolarisation, and only partially prevented cy tochrom e c release. These 

results are not consistent with an upstream role for caspase-8 in initiation o f  the 

intrinsic apoptotic pathway, and instead suggest independent activation o f  the intrinsic 

apoptotic pathw ay in PBO X-15-treated N C I-H 929  cells (Fig 8.1b). However, the 

finding that caspase-9 inhibition does not prevent PBO X -15-induced apoptosis o f  N CI- 

H 929 cells suggests that the role o f  the intrinsic pathway is in amplification, rather than 

direct execution, o f  apoptosis in these cells.

The results o f  this thesis also suggest a novel role for Bim in the apoptotic 

response o f  NC1-H929 cells to PBO X -15. The interaction o f  Bim with m icrotubules has 

been shown to be an important m echanism  by which its pro-apoptotic activity is 

regulated. Specifically, sequestration o f  Bim to LC8, a com ponent o f  the m icrotubule- 

associated dynein m otor com plex, physically prevents its interaction with, and 

neutralisation of, anti-apoptotic Bcl-2 proteins (Puthalakath et al., 1999). Accordingly, 

disruption o f  the cytoskeleton network may result in release o f  Bim, which m ay then 

translocate to the m itochondrion where it can prom ote activation o f  the intrinsic 

apoptotic pathway. Thus, Bim-mediated apoptosis m ay be induced by drugs which 

disrupt the cytoskeleton, such as PBOX-15.

Similar to tBid, the m echanism  by which Bim induces apoptosis m ay involve 

activation o f  the pro-apoptotic proteins Bax or Bak, as has previously been shown in 

m yelom a cells (Letai et al., 2002). In addition, cleaved Bim has previously been shown 

to amplify  apoptosis by virtue o f  its high affinity for anti-apoptotic Bcl-2 (Chen and
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Zhou, 2004). Regulation o f  Bim in this manner has been demonstrated in myeloma 

ceils following melphalan treatment, with a role in the amplification o f  apoptosis 

suggested for the cleaved form o f  Bim (Gomez-Bougie et al., 2005). However, a role 

for cleaved Bim in potentiating apoptosis in MTA-treated myeloma cells has not 

previously been reported. In this thesis, regulation o f  Bim activity via this mechanism 

was suggested by the finding that in NCI-H929 cells, PBOX-15-induced decrease o f  

Bim was caspase-8-dependent. Therefore, it is suggested that in NCI-H929 myeloma 

cells, following PBOX-15-induced disruption o f  the cytoskeleton, Bim is released, 

thereby making it available for cleavage by caspase-8, or other downstream caspase 

(Fig 8.1c).

Using siRNA to inhibit gene expression, a role for Bim in amplifying the 

apoptotic response o f  NCI-H929 cells to PBOX-15 was identified. However, it is 

important to reiterate the limitations encountered with this technique. SLO has been 

suggested as the method o f  choice for delivery o f  siRNA into myeloma cells due to its 

minimal effects on cell viability and cell cycle (Brito et al., 2008), and in agreement 

with this, was found to be minimally cytotoxic to NCT-H929 cells. However, SLO 

treatment was found to potentiate the apoptotic effects o f  PBOX-15, and thus, may 

mask the true effects o f  Bim knockdown on PBOX-15-induced apoptosis in NCI-H929 

cells.

Similar to its mechanism in NCI-H929 myeloma cells, PBOX-15-induced 

apoptosis o f  vivo CLL cells was found to be caspase-8-dependent. Caspase-8- 

associated cleavage o f  Bim was also suggested to occur in PB 0X -l5-treated  CLL cells. 

Although the effect on PBOX-15 treatment on expression o f  Bim in these cells was 

variable, PBOX-15-induced changes in expression o f  BimEi. were found to occur to a 

lesser extent in samples in which caspase-8 inhibition did not prevent, or had a lower 

level effect, on PBOX-15-induced apoptosis. This suggests that, similar to the 

mechanism suggested in NC1-H929 myeloma cells, cleaved Bim may amplify 

PBOX-15-induced apoptosis in CLL cells.
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In agreement with the data o f  other studies regarding the mechanism o f  action 

o f  PBOX compounds, the results o f  this thesis show that the pathway by which PBOX- 

15-induced apoptosis proceeds is cell-type specific (Table 8.1). This emphasises the 

importance o f  determining precisely how these agents function in order to select 

specific diseases and patient sub-groups who will respond with maximum therapeutic 

effectiveness. However, it is o f  interest to find that PB O X -15 appears to activate a 

common mechanism o f  apoptosis in chronic B-cell malignancies.

Table 8.1 Summary o f  mechanism o f action o f  PBOX-15-induced apoptosis o f  a variety o f  cancer cells

K562

(CML cells)

E x vivo CLL cells NCI-H929

(myeloma cells)

Bcl-2 phosphorylated’ no change* no change

Caspuse n/s caspase-8-dependent 

(variable with patient)

caspase-8-dependent

.INK n/s partially dependent’ n/s

Cytochrome c n/s n/s released

Bim n/s caspase-dependent 

decrease 

(variable with patient)

caspase-dependent

decrease

n/s = effect o f PBOX-15 on these mechanisms has not been studied.
♦

( McElligott et a i, manuscript submitted). Pink shaded fields are residts from this thesis.

An important finding o f  this thesis is the central role o f  caspase-8 in PB O X -15- 

induced apoptosis o f  both NCI-H929 and CLL cells. The activation o f  caspase-8 has 

been shown to be involved in the mechanism o f  action o f  a number o f  anti-myeloma 

agents, including those with established clinical efficacy such as Bortezomib, 

thalidomide, and Lenalidomide (Mitsiades et al., 2002a; Hideshima et al., 2003; 

Anderson, 2005). In contrast, caspase-9 is central to the mechanism by which the 

majority o f  currently available CLL treatments induce apoptosis (Genini et al., 2000a, 

2000b; Byrd et al., 2002). Thus, the activation o f  a caspase-8-mediated apoptotic 

pathway may provide a useful strategy with which to treat CLL patients whose disease 

is resistant or refractory to currently available chemotherapeutic agents. In addition, the
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activation o f  caspase-8 may also be useful in circumventing aberrant survival signals, 

for example P13-kinase, which has been shown to be constitutively active in CLL cells, 

and to promote cell survival by preventing activation o f  caspase-8 (Ringhausen et al., 

2001; Plate, 2004). The activation o f  caspase-8 in PBOX-15-treated cells may also be 

important in the developm ent o f  novel chemotherapy protocols due to its potential to 

sensitise cells to, or potentiate the effects of, other chemotherapeutic agents. In 

particular, although CLL cells have been found to be resistant to TRAIL, activation o f 

caspase-8 has been associated with sensitisation to TRAIL-induced apoptosis (Kang et 

al., 2003; Inoue et al., 2004; Lagneaux et al., 2007). Therefore, it will be o f  interest to 

investigate whether, sim ilar to the synergistic increase in apoptosis induced in myeloma 

cells, co-treatm ent o f  ex vivo CLL cells with PBOX-15 and TRAIL results in enhanced 

cell death.

8.6 Future Directions

Overall, the results o f  this thesis have considerably increased the data available 

regarding the mechanism o f  action o f  PBOX-15, with particular reference to B-cell 

malignancies. However, a num ber o f  questions remain unanswered and will be the 

subject o f  future studies.

8.6.1 Initiation o f  PBO X-15-Induced Apoptosis

Although the mechanism by which PBOX-15 induces apoptosis o f  m alignant B- 

cells has been partially elucidated in this thesis, the initiating events remain unclear. 

However, the central role o f  caspase-8 in this process suggests that upstream elements 

o f  the extrinsic apoptotic pathway are likely to be important. In this thesis, it is 

suggested that activation o f  caspase-8 may result from upregulation o f DR5 and 

subsequent DISC assembly. Therefore, in addition to investigating the formation o f 

DISC structures within PBOX-15-treated cells, it will be o f interest to investigate the 

pathway leading to DR5 upregulation. A num ber o f  transcription factors, including p53 

and N FkB, have been shown to mediate signalling pathways leading to upregulation o f
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DR5 (Takimoto and El-Deiry, 2000; Shetty et al., 2002). In addition, upregulation o f  

DR5 has been shown to be JNK-dependent in a number o f  cancer types (Higuchi et al., 

2004; Zou et al., 2004; Zhu et al.. 2005; Chen et al., 2006; Malhi et al., 2007; You et 

al., 2008; Hetschko et al., 2008; Kuo et al., 2008; Zou et al., 2008). This is o f  interest as 

the activation o f  a JNK signalling pathway has previously been identified as an 

important component o f  the mechanism by which PBOX - 6  induces apoptosis (McGee 

et al., 2002b). Also, PBOX-15-induced apoptosis o f  ex vivo  CLL cells has been shown 

to be partially JNK-dependent (McElligott et al., manuscript submitted). Therefore, it 

will be o f  interest to investigate whether JNK, or other transcription factor, plays a role 

in the upregulation o f  DR5 in PBOX-15-treated myeloma cells.

8.6.2 The Role o f  the Intrinsic Pathway in P BO X-15-lnduced Apoptosis

In this thesis, PBOX-15 was shown to independently activate both the intrinsic 

and extrinsic apoptotic pathways. However, the requirement o f  caspase - 8  for PBOX- 

15-induced apoptosis in both NC1-H929 myeloma cells and ex vivo CLL cells identities 

the latter as the primary pathway leading to cell death. Therefore, an important question 

regarding the mechanism o f  PBOX-15-induced apoptosis remains the role o f  the 

intrinsic pathway in this process. Presumably, interaction between the two pathways 

functions in coordination and amplification o f  the apoptotic process. However, the 

sequence in which this occurs is not yet clear. One protein which may function to link 

the pathways is Bim, the cleavage o f  which is suggested to be a common element o f  the 

apoptotic pathways activated in NC1-H929 and CLL cells following PBOX-15 

treatment, and which may function to promote loss o f  MIM integrity. Interestingly,

Bim has been shown to physically interact with DR5 in myeloma cells undergoing 

apoptosis in response to treatment with AS2 O 3 and a MEK inhibitor. Although the 

molecular consequence o f  this interaction is unclear, loss o f  Bim is found to inhibit 

activation o f  both the intrinsic and extrinsic pathways (Lunghi et al., 2008). In addition, 

a link between TRAIL signalling and Bim-mediated loss o f  MIM integrity has also 

been demonstrated in solid tumour cells (Han et al., 2006).
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Activation of caspase-8 downstream of the mitochondrion has also been 

reported to generate a positive feedback loop resulting in amplification o f the apoptotic 

response (Tang et al., 2000; Engels et al., 2000; Ryu et al., 2005; Sohn et al., 2005; de 

Vries et al., 2007). This has been shown to be mediated by the caspase-6-dependent 

activation o f caspase-3 (Cowling and Downward, 2002). However, in NCI-H929 cells, 

activation o f caspase-3 was found to be a late event, occurring after 24-48hrs of 

treatment with PBOX-15. In addition, inhibition of caspase-3 only partially prevented 

PBOX-15-induced apoptosis. Therefore, the activation of caspase-8 in PBOX-15- 

treated NC1-H929 cells, which was detected after 6-18hrs of treatment, cannot be 

completely dependent on this pathway. Nonetheless, a role for caspase-8 as a 

downstream executioner o f the intrinsic apoptotic pathway may be important in the 

amplifying the apoptotic response in PBOX-15-treated NCI-H929 cells.

8.6.3 The Role o f  Bim in PBOX-15-lnduced Apoptosis

An interesting result o f this study is the proposal o f a novel role for Bim in 

amplification o f apoptosis in myeloma cells in response to treatment with an MTA. In 

NCI-H929 cells, PB0X -l5-induced decrease in Bim expression was found to be 

caspase-8-dependent. Previous studies have shown that Bim may be cleaved in vitro by 

caspase-3 (Chen and Zhou, 2006). Identification o f the mechanism by which PBOX- 

15-induced decrease o f Bim occurs, i.e. by direct cleavage by caspase-8 or via 

activation o f caspase-3 or other intermediary, will be useful in determining the 

mechanism by which Bim potentiates PBOX-15-induced apoptosis. Interestingly, using 

the GrabCas caspase-cleavage site predictor (Backes et al., 2005), one putative caspase- 

8 cleavage site, FDTD, is identified in Bim (Fig 8.2).

MAKQPSDVSSECDREGRQLQPAERPPQLRPGAPTSLQTEPQGNPEGNHGGEGDSCPHGSPQGPLAPPASP
gpfatrsplfifmrrssllsrsssgyfs|5]8rspapmscdkstqtpsppcqafnhylsamasmrqaepa
DMRPEIWIAQELRRIGDEFNAYYARRVFLNNYQAAEDHPRMVILRLLRYIVRLVWRMH 

Figure 8.2 Protein sequence o f  Bim

One putative caspase-8 cleavage site. FDTD (highlighted in green) is identified within the Bim protein  

sequence.
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E x p ress io n  o f B i m  has a lso  been  a sso c ia ted  w itii the su sce p t ib i l i ty  o f  B - c e l l s  to 

und ergo  a p o p to s is  fo l lo w in g  l igation  o f  the B -ce l l  receptor (B C R ) .  A lth o u g h  the  

prec ise  m e c h a n ism  by w h ic h  this  occurs  is uncertain , B C R -l ig a t io n  has b een  sh o w n  to  

in du ce  translocat ion  o f  B im  to  the m ito ch o n d rio n  (E n ders  et al. , 2 0 0 3 ) .  T h is  m a y  be o f  

r e le v a n c e  as  B C R -s ig n a l l in g  p a th w a y s  are reported to  be co n s t itu t iv e ly  ac t iv e ,  a lbeit  in 

a d ysregu la ted  state, in both m y e lo m a  and C L L  ( l l i c  et al. , 2 0 0 7 ;  M u z io  et al. , 2 0 0 8 ) ,  

and m a y  therefore prim e the c e l l s  for act ivat ion  o f  ap o p to t ic  p a th w a y s  in v o lv in g  B im .  

In addit ion , d ysregu la t ion  o f  B C R -s ig n a l l in g  p a th w a y s  m a y  result in the aberrant  

activat ion  o f  B C R -m e d ia te d  survival s ig n a ll in g ,  and/or the  inhib it ion  o f  ap optotic  

s ig n a ll in g  in re sp o n se  to B C R -a ct iv a t io n .  M icr o tu b u le s  h a v e  a lso  b een  sh o w n  to  be 

in v o lv e d  in B C R -s ig n a l l in g ,  fu n c t io n in g  to p rov id e  a sc a f fo ld  to w h ich  a num ber o f  

s ig n a ll in g  m o le c u le s  can a sso c ia te ,  w ith  the resu lt ing  p ro x im ity  o f  th e se  m o le c u le s  

perm itt ing  their transactivation  (F ern an d ez  et al. , 1999) .  A c c o r d in g ly ,  d isruption  o f  the  

m icro tu b u le  n etw ork  f o l lo w in g  treatm ent by M T A s  such  as P B O X - 1 5  cou ld  

theore tica lly  disrupt B C R -m e d ia te d  s ig n a l l in g  c o m p le x e s  in both m y e lo m a  and C L L  

ce l ls ,  thereby inhib it ing  survival s ign a ll in g .

4. Mechanisms Underlyins the Differential Sensitivity o f  NCI-H929 and U266 Cells to 

PBOX-15

F o l lo w in g  P B O X -1 5 -tr ea tm e n t ,  both N C 1 -H 9 2 9  and U 2 6 6  m y e lo m a  c e l l s  w er e  

found  to u nd ergo  c e l l  c y c l e  arrest in the G 2 /M  phase .  H o w e v e r ,  in contrast to the  

su b se q u en t  potent induction  o f  a p o p to s is  in N C 1 -H 9 2 9  ce l ls ,  U 2 6 6  c e l l s  w e r e  foun d  to 

und ergo  susta ined  ce ll  c y c l e  arrest. T h e  duration o f  G 2 /M  arrest in du ced  b y  M T A s  has  

been  found to be a sso c ia ted  w ith  the  leve l  o f  e x p r e ss io n  o f  the m ito t ic  sp in d le  

ch e c k p o in t  protein B u b R l  (L ogh ar in o  et al. , 2 0 0 4 ) .  E n d o g e n o u s  B u b R l  le v e ls  h ave  

p rev io u s ly  b een  sh o w n  to  be in f lu e n c e  ce ll  re sp o n se  to  P B O X  treatm ent, and 

d o w n re g u la t io n  o f  e x p r e ss io n  has b een  sh o w n  to corre late  w ith  the indu ction  o f  

a p o p to s is  (G re en e  et al. , 2 0 0 8 ) .  A c c o r d in g ly ,  a s se s sm e n t  o f  the e x p r e ss io n  o f  B u b R l  

and other c e l l  c y c le  ch ec k p o in t  p roteins in U 2 6 6  and N C 1 -H 9 2 9  c e l l s  w o u ld  be o f  

interest.
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The results o f this thesis have identified caspase-8 as a central mediator of 

PBOX-15-induced apoptosis in NC1-H929 myeloma cells and ex vivo CLL cells. 

However, preliminary work has demonstrated that caspase-8 is not activated in PBOX- 

15-treated U266 cells. Therefore, it is likely that the reasons for this will be important 

in understanding the decreased apoptotic response in these cells. In PBOX-15-treated 

NC1-H929 cells, the upregulation o f DR5 is suggested to result in caspase-8 activation. 

In support o f this, PBOX-15-induced upregulation o f DR5 occurred to a much lesser 

extent in U266 cells. Therefore, it can be suggested that due to the absence o f DR5 

complexes, DISC assembly and subsequent caspase-8 activation cannot occur. 

Alternatively, a number o f mechanisms have been shown to inhibit activation of 

caspase-8, including overexpression o f c-FLIP, and phosphorylation o f FADD, and 

decreased expression o f caspase-8 (Kim et al., 2001; Curtin and Cotter, 2003), and it 

will be o f interest to investigate these targets in U266 cells.

A role for Bim in the differential sensitivity o f NCI-H929 and U266 cells to 

PBOX-15 may also be suggested. In contrast to its effects on NCI-H929 cells, 

treatment with PBOX-15 has no effect on the expression of Bim in U266 cells. 

Although this may be due to the lack of activation o f caspase-8, or a downstream 

intermediary, in PBOX-15-treated U266 cells, it is o f interest to note that the 

phosphorylation status o f Bim differs between NC1-H929 and U266 cells. The 

availability o f Bim for caspase-cleavage has been associated with its release from 

binding to microtubules, which in turn is dependent on the phosphorylation status of 

Bim (Chen and Zhou, 2004). Therefore, it is suggested that in NCI-H929 myeloma 

cells, following PBOX-15-induced disruption o f the cytoskeleton, phosphorylated Bim, 

which was shown to be predominantly expressed in these cells, is released, thereby 

making it available for cleavage by caspase-8, or other downstream caspase. In 

contrast, unphosphorylated Bim was found to be predominantly expressed in U266 

cells, and therefore may prevent its release from the cytoskeleton and limit its 

availability for further processing and potentiation o f PBOX-15-induced apoptosis of 

this cell line. To investigate this further, it may be useful to employ
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immunoprecipitation approach to assess the role o f  tubulin-binding in regulating the 

contribution o f  Bim to the execution o f  PB O X -15-induced apoptosis in myeloma cells.

5. Co-Culture M odels

in this thesis, the ability o f  PB O X -15 to induce apoptosis o f  myeloma cell lines 

and ex vivo CLL cells identifies it potential as a novel agent for the treatment o f  these 

malignancies. However, it is important to remember that the response elicited by a 

cytotoxic agent in vitro may not always be replicated in vivo. This has largely been 

attributed to the influence o f  growth and survival factors which are encountered by 

tumour cells in situ, in particular, integrin-mediated interaction o f  both myeloma and 

CLL cells with those o f  the bone marrow microenvironment has been shown to be 

associated with the development o f  drug resistance (de la Fuente et al., 1998; Lagneaux 

et al., 1998; Damiano et al., 1999; de la Fuente et al., 2002). Accordingly, it will be o f  

value to employ co-culture models to assess the protective role, if any, o f  such cell-cell 

interactions against PB O X -15-induced apoptosis o f  myeloma and CLL cells. In 

addition, a number o f  mouse models o f  myeloma and CLL have been developed (Alici 

et al., 2004; Vanderkerken et al., 2005; Tassone et al., 2005; Johnson et al., 2006), and 

may also be useful in further assessing the potential in vivo activity o f  PB O X -15.

8.7 Final Thoughts

The development o f  a novel anti-cancer agent typically requires elucidation o f  the 

mechanism o f  action o f  that agent. Initially, such studies are performed using in vitro 

cell line models. The major advantage o f  this approach is that the constant, and readily 

accessible, supply o f  cells allows for detailed mechanistic studies o f  novel agents. 

However, it is important to remember that cell lines may not be accurate replicates of 

the in situ  tumour. Accordingly, different responses may be elicited by the same drug in 

vitro and in vivo. Nonetheless, in order to maximise the information obtained from 

studies using primary patient samples and animal models, the availability o f  which are 

limited, it is useful to have a starting point from which to prioritise analysis o f  specific
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proteins or pathways. This may be identified from cell line studies in which the 

mechanism by which a novel agent functions is shown to be dependent on a particular 

protein or pathway. The merit o f  this approach is illustrated in this thesis, with the 

identification o f  caspase-8 and Bim as important mediators o f  the apoptotic pathway 

activated in the PBOX-15-treated NC1-H929 myeloma cell line, prompting the 

investigation o f  the role o f  these proteins in PBOX-15-induced apoptosis o f  ex vivo 

CLL cells.

The ability o f  PB O X -15 to induce apoptosis o f  myeloma and CLL cells 

highlights it potential as a novel agent for the treatment o f  these currently incurable 

malignancies. The activation o f  a common apoptotic pathway in both cell types is o f  

particular interest as previously, the mechanism o f  action o f  PBOX compounds has 

been shown to be cell-type specific. Therefore, in addition to furthering clinical 

development, elucidation o f  the mechanism by which P B 0X -l5 - induces  apoptosis may 

provide important insight regarding the relationship between myeloma and CLL, and 

also further our understanding o f  the biology o f  these diseases.
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|_

GARD9 NFKBIZ BCL2L14 BIRC7 CAEOM
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BCL2L10 BCL2L11 BBC3 PYCARD DIABLO BIRC6 GAPDH ACTB CHUK
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BEL TNERSF

lA r ipe :2

MCLl NFEBl NFEB2 PMAIPl TtFT« TNERSF TOB t̂SF CAKD4 NAIPl CASP14NFEBIB NFKIUH IB lOA

BIRCS DEDD2 APAFl BDKCS BIRC4 BKC5 FAS FASLG BAD BAX BCL2 BCL2A1

KEIA TOF IKKKCw ffiA lS TRADD RIPKl HKK

i

TOFSF
10 FADD TOFRSF

lOB CFLAR DEDD

"

BCAP31 lA - BID BN1P3 CASP4 LTA
TNPRjni CRADD BCLIO CASPSAP2IKBEE NFKTgT 25

M ap o f  TaqMan  ® LDA Apoptosis Pane!
TaqMan" assays fo r  93 apoptosis-related genes and 3 house-keeping genes ( I8S, GAPDH, ACTB) are pre-formatted, in quadruplicate, on a micro-fluidic card.
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Apoptosis-related genes with significantly higher expression in NCI-H929 cells compared to V266 cells

Gene Protein RQ Fold-Greater 
Expression in 

H929 cells

Gene Protein RQ Fold-Greater 
Expression in 

H929 cells
H929 U266 H929 U266

BIRC4 XIAP 1 0.2636 3.793382 CASP7 caspase-7 1 0.3872 2.582431

BIRCl NIAP 1 0.4975 2.010078 H IPl Hip-1 1 0.0007 1501.501000

BN1P3L BNIP3L 1 0.2311 4.327992 M C Ll M cl-l 1 0.345 2.898971

SNIPS BNIP3 1 0.2234 4.476576 TA-NFkBH TA-NFkBH 1 0.3411 2.931485

CASP 10 caspase-10 1 0.2478 4.035789 TNFRSFIOB DR5 1 0.2107 4.746918

BOK Bok 1 0.0101 96.880450 TNFRSFIA TNF-Rl 1 0.0215 46.570110

BBC3 Puma 1 0.3484 2.870660 TNFRSFIB TNF-R2 1 0.0341 29.309180

BCL2A1 Bcl-2 A1 1 0.0224 44.704730 TNFRSF21 DR6 1 0.0056 179.759100

BAX Bax 1 0.4926 2.030098 TNFRSF25 DR3 1 0.4737 2.110889

BIR C l IA Pl/2 1 0.2373 4.213365 TNFSFIO TRAIL 1 0.3798 2.263268

CASP14 caspase-14 1 0.1111 9.004628 TRADD TRADD 1 0.3024 3.306911

CASP4 caspase-4 1 0.0012 861.326400

mRNA was extracted from  IxIO^ NCI-H929 and U266 cells, and converted to cDNA. lOOng DNA was loaded into each port ofTaqM an®  LDA Human Apoptosis panel 
cards (I card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in NCI-H929 cells as the 
calibrator and I8S  as the endogenous control



Apoptosis-related genes with significantly higher expression in U266 cells compared to NC1-H929 cells

Gene Protein RQ Fold-Greater 
Expression 

in U266 cells

Gene Protein RQ Fold-Greater 
Expression 

in U266 cellsH929 U266 H929 U266

FASLG FasL 1 3.265 3.264982 ICEBERG ICEBERG 1 2.1922 2.192218

BIRC8 X-IAP 1 4.1719 4.171880 IkBKE IkBKe 1 2.0323 2.032332

CARD15 N 0D 2 1 8.7549 8.754923 LTA LTA 1 115.21 115.205700

DIABLO DIABLO 1 2.1722 2.172214 LTB LTB 1 251.50 251.504400

BCL2 Bcl-2 1 2.5050 2.505035 NFkB2 NFkB-B2 1 2.6996 2.699634

BIRC6 BIRC6 1 2.4329 2.432854 NFkBIA NFkBIo 1 2.2651 2.265109

CASPl caspase-1 n/e 3.8656 n/c NFkBIE NFkBIe 1 7.1735 7.173523

BCL2L1 Bcl-X | 1 10.569 10.569370 PM AIPl PMAIPl 1 10.765 10.764540

BIRC3 IA Pl/2 1 40.589 40.588700 RIPK2 RIPK2 1 2.4307 2.430864

BIRC7 DIAPl n/e 130.28 n/c TNF TNF n/e 30.319 n/c

FAS Fas 1 3.0339 3.033868

mRNA was extracted fro m  ! x l ( f  NCI-H 929 and U266 cells, and  converted to cDNA. lOOng DNA was loaded into each port o fT aqM an®  LDA Human Apoptosis panel 
cards (I card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in NCI-H 929 cells as the 
calibrator and  18S as the endogenous control.
n/e  =  gene not expressed, or level o f  expression was too low to be detected; n/c = could not he calculated.



Apoptosis-related genes with no significant difference in expression between NCI-H929 and V266 cells

Gene Protein Ri? Gene Protein R\2 Gene Protein R Q
H929 U266 H929 U266 H929 U266

ACTB P-actin 1 0.9244 BIRC5 survivin 1 1.3755 D APKl DAPKl 1 0.8991
AP AFl Apafl 1 0.7447 CARD4 NODI 1 1.5882 1 DEDD DEDD 1 0.5188

BAD Bad 1 1.7435 CARD6 CARD6 1 1.5823 DEDD2 DEDD2 1 0.5539

BAKl Bakl 1 0.6132 CARD9 CARD9 1 1.0112 ESRRBLl ESRRBLl 1 0.7794

BCAP3I BCAP21 1 0.7808 CASP2 caspase-2 1 1.4697 FADD FADD 1 0.6882

BCLIO B el-10 1 1.2508 CASP3 caspase-3 1 0.5443 GAPDH GAPDH 1 0.7478

BCL2L10 Boo/DIVA 1 0.6758 CASP5 caspase-5 1 0.8395 HRK Harikiri 1 1.3526

BCL2L1I Bim 1 1.8088 CASP6 caspase-6 1 0.9941 HTRA2 HtrA2 1 0.6717

BCL2L13 Bcl-2L13 1 0.9809 CASP8 caspase-8 1 0.6381 IkBKB IkBKP 1 0.6116

BCL2L14 Bcl-X| n/e n/e CASP8AP2 FLASH 1 1.967 IkBKG IkBKy 1 1.0285

BCL2L2 Bcl-w 1 1.8512 CASP9 caspase-9 1 1.1332 LRDD LRDD 1 1.2648

BCL3 Bcl-3 1 0.5561 CFLAR CFLAR 1 0.8776 N ALPl NALPl 1 0.7218

BID Bid 1 0.8858 CHUK CHUK 1 1.9902 N FkBl NFkB p IOS 1 1.1547

BIK Bik 1 0.6408 CRADD CRADD 1 0.6237 NFkBIB NFkBIP 1 1.9714

mRNA was extracted fro m  1x10^’ NC1-H929 and  U266 cells, and converted to cDNA. lOOng DNA was loaded into each port o fT aqM an®  LDA Human Apoptosis panel 
cards (1 card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in NCI-H 929 cells as the 
calibrator and  I8 S  as the endogenous control.
n/e  =  gene not expressed, or level o f  expression was too low to he detected: n/c  =  could  not he calculated.



ppendiit''^

Contd: Apoptosis-related genes with no significant difference in expression between NCI-H929 
and U266 cells

Gene Protein RQ

H929 U266

NFkBIZ NFkBIC 1 1.5243

PEA 15 PEA 15 1 1.7365

PYCARD PYCARD n/e n/e

REL c-Rel 1 0.8692

RELA RelA 1 0.9361

RELB RelB 1 1.2200

TBKl TBKl 1 1.6335

TNFRSFIOA DR4 1 0.8075

TRADD TRADD 1 0.7207

mRNA was extracted from  l x l ( f  NCI-H929 and U266 cells, and converted to cDNA. lOOng DNA 
was loaded into each port ofTaqM an® LDA Human Apoptosis panel cards (I card per cell 
line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated 
using expression levels in NC1-H929 cells as the calibrator and I8S as the endogenous control

Apoptosis-related genes whose expression was significantly downreguiated in NCI-H929 cells 
following treatment with 0.25fiM PBOX-15 fo r  I2hrs_____________________________________

Gene Protein RQ Fold-Decrease in 
Expression in PBOX- 

15-Treated CellsNT 0.25juM PBOX-15

ACTB (3-actin 1 0.4828235 2.071

B1RC5 survivin 1 0.3851 118 2.5966

BN1P3 BNIP3 1 0.2209944 4.525

BNIP3L BNIP3L 1 0.4964566 2.0143

CASPl caspase-1 1 0.4773839 2.09475

CASP14 caspase-14 1 0.1201216 8.3249

GAPDH GAPDH 1 0.4484555 2.23

REL c-Rel 1 0.3437961 2.9087

TNFRSFIB TNF-R2 1 0.3031202 3.299

TNFRSF25 DR3 1 0.4402599 2.2714

TNFSFIO TRAIL 1 0.2766079 3.6152

mRNA was extracted from  1x10^’ NCI-H929 treated with 0.25 fiM  PBOX-15 fo r  I2hrs and 
untreated control cells, and converted to cDNA. lOOng DNA was loaded into each port o f  
TaqMan® LDA Human Apoptosis panel cards (I card per cell line), which were analysed on a 
7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in 
untreated NCI-H929 cells as the calibrator and 18S as the endogenous control.



Apoptosis-related genes whose expression was significantly upreguiated in NCI-H929 cells following treatment with 0.25fiM PB O X -I5for 12hrs

Gene Protein RQ Fold-Greater 
Expression in 

PBOX-15- 
Treated Cells

Gene Protein RQ Fold-Greater 
Expression in 

PBOX-15-Treated 
Cells

NT 0.25 fiM  
PBOX-15

NT 0.25 fiM  
PBOX-15

APAFl Apafl 1 2.090661 2.090661 ICEBERG ICEBERG 1 4.619611 4.619611

BBC3 Puma 1 12.34462 12.344620 PEA 15 PEA15 1 8.965831 8.965831

BCL2L1 B c l-X | , 1 2.413986 2.413986 NFkBIZ n f k BÎ ; 1 4.712704 4.712704

B1RC7 DIAPl n/e 16.24742 n/c NFkB2 NFkB p49/pl00 1 3.096025 3.096025

BOK Bok 1 5.460394 5.460394 RELB RelB 1 3.042399 3.042399

CARD4 NODI 1 2.522790 2.522790 TNFRSFIOB DR5 1 10.12881 10.128810

CARD6 CARD6 1 5.319031 5.319031 TNFRSFIA TNF-Rl 1 3.286293 3.286293

CASP7 Caspase-7 1 4.987888 4.987888 PMAIPI PMAIPI 1 27.18653 27.186530

DEDD DEDD 1 2.153743 2.153743 NFkBIA NFicBIa I 3.452270 3.452270

FAS Fas 1 2.477481 2.477481 LTA LTA 1 2.255448 2.255448

HRK Harikiri 1 2.629928 2.629928

mRNA was extracted from  IxIO^ NCI-H929 treated with 0.25fuM P BOX-15 fo r  I2hrs and untreated control cells, and converted to cDNA. lOOng DNA was loaded into 
each port ofTaqM an® LDA Human Apoptosis panel cards (1 card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were 
calculated using expression levels in untreated NCI-H929 cells as the calibrator and I8S as the endogenous control, 
n/e = gene not expressed, or level o f  expression too low to be detected; n/c = could not be calculated.



Apoptosis-relaled genes whose expression was not significantly changed in NCI-H929 celts following treatment with 0.25fiM PBOX-15 fo r  I2hrs

Gene Protein RQ Gene Protein RQ Gene Protein RQ
N T 0.25 n M  

PBOX-15
N T 0.25 n M  

PBOX-15
N T 0.25 fiM  

PBOX-15
BAD Bad 1 1.366384 BIK Bik 1 1.587969 CASP6 Caspase-6 1 0.907888

BAK l Bak 1 0.619344 BIRCI NIAP 1 1.767552 CASP8 caspase-8 1 1.201035

BAX Bax 1 1.840759 BIRC2 IA Pl/2 1 1.332827 CASP8AP2 FLASH 1 0.684757

BCAP31 BCAP31 1 0.856638 B1RC3 IA Pl/2 1 1.901120 CASP9 caspase-9 1 0.688629

BCLIO Bcl-10 1 0.675677 BIRC4 XIAP 1 1.200181 CFLAR CFLAR 1 0.633680

BCL2 Bcl-2 1 1.483513 BIRC6 B1RC6 1 1.063169 CHUK CHUK 1 1.342834

BCL2A1 Bcl-2A1 1 0.943056 B1RC8 X-IAP 1 1.635461 CR.4DD CRADD 1 1.175363

BCL2L10 Boo/DIVA 1 0.737210 CARDI5 N 0D 2 1 1.154761 D APKl DAPKl 1 1.624323

BCL2LJ1 Bim 1 0.669439 CARD9 CARD9 1 0.663871 DEDD2 DEDD2 1 1.586211

BCL2L13 Bcl-2L13 1 1.442983 CASPIO Caspase-10 1 0.558549 DIABLO DIABLO 1 0.99853

BCL2L14 Bcl-xi n/e n/e CASP2 caspase-2 1 1.195867 ESRRBLl ESRRBLl 1 1.907762

BCL2L2 Bcl-w 1 1.659593 CASP3 Caspase-3 1 0.748546 FADD FADD 1 1.341754

BCL3 Bcl-3 1 0.573566 CASP4 Caspase-4 1 0.749459 FASLG FasL 1 1.622177

BID Bid 1 0.780953 CASP5 caspase-5 1 0.735605 H IPl Hip-1 1 0.553236

mRNA was extracted from  IxIO^' NCI-H929 treated with 0.25/j M  PBOX-15 fo r  I2hrs and untreated control cells, and converted to cDNA. lOOng DNA was loaded into 
each port o f  TaqMan® LDA Human Apoptosis panel cards (1 card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ valuesw ere  
calculated using expression levels in untreated NCI-H929 cells as the calibrator and 18S as the endogenous control. 
nJe = gene not expressed, or level o f  expression too low to be detected: nJc = could not be calculated.



App^'iidu !'s

Contd: Apoptosis-related genes whose expression was not significantly changed in NCI-H929 
ceils following treatment with 0.25/iM PBOX-15 fo r  !2hrs

Gene Protein RQ

N T 0.25
PBOX-15

HTRA2 HtrA2 1 L474742

IkBKB IkBKP 1 L706213

IkBKE IkBKs 1 L045659

IkBKG iKBKy 1 1.666860

LRDD LRDD 1 1.324445

LTB LTB 1 L291831

MCLJ Mcl-l 1 L768525

NALPl NALPl 1 L467498

NFkBl NFkB p 105 1 L691564

NFkBIB NFkBIP 1 L 6 19477

NFkBIE NFkBI8 1 1.762742

PYCARD PYCARD n/e n/e

RELA RelA 1 1.716236

RIPKI RIPKI 1 1.044363

RIPK2 RIPK2 1 1.591721

TA-NFkBH TA-NFkBH 1 1.502025

TBKI TBKI 1 0.7870388

TNF TNF n/e n/e

TNFRSFIOA DR4 1 0.9700435

TNFRSF21 DR6 1 0.7947733

TRADD TRADD 1 1.360547

mRNA was extracted from l x l ( f  NCI-H929 treated with 0.25/iM PBOX-15 fo r  I2hrs and
untreated control cells, and converted to cDNA. lOOng DNA was loaded into each port o f
TaqMan® LDA Human Apoptosis panel cards (I card per cell line), which were analysed on a
7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in
untreated NC1-H929 cells as the calibrator and 18S as the endogenous control.
n/e  =  gene not expressed, or level o f  expression too low to be detected: n/c  =  could not be
calculated.



-ppi'n dice'

Apoptosis-related genes whose expression was significantly downregulated in U266 cells following  
treatment with 0.25fiM PBOX-15 fo r  I2hrs

Gene Protein RQ F old-D ecrease in 
Expression in 

PB O X-15-Treated  
Cells

NT 0.25 nM  
PBOX-15

BCL2A1 Bcl-2A1 1 0.2652331 3.77

BCL2L11 Bim 1 0.3745423 2.66992

BCL3 Bcl-3 1 0.3803554 2.629

BIRC3 IAPl/2 1 0.3911877 2.5563

FASLG FasL 1 0.233872 4.276

LTB LTB 1 0.3736737 2.6761

TNFRSF25 DR3 1 0.4825261 2.07243

mRNA was extracted from  l x l ( f  U266 treated with 0.25 fiM  PBOX-15 fo r  I2hrs and untreated 
control cells, and converted to cDNA. lOOng DNA was loaded into each port ofTaqMan% LDA 
Human Apoptosis panel cards (I card per cell line), which were analysed on a 7900HT Fast 
Real-Time PCR system, as per the manufacturer's instructions. RQ values were calculated using 
expression levels in untreated NCI-H929 cells as the calibrator and 18S as the endogenous 
control.
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Apoptosis-related genes whose expression was significantly upregulated in U266 cells following 
treatment with 0.25ftM PBOX-l5for I2hrs

Gene Protein RQ Fold-Greater 
Expression in 

PBOX-15-Treated 
Cells

N T 0.25/uM 
PBOX-15

BBC3 Puma 1 8.611433 8.611433

BCL2 Bcl-2 1 2.182813 2.182813

BOK Bok 1 18.821060 18.821060

CARD15 N 0D 2 1 3.932707 3.932707

CASP7 Caspase-7 1 3.610009 3.610009

FADD FADD 1 2.631762 2.631762

FAS Fas 1 2.059341 2.059341

HIPI Hip-1 1 2.596096 2.596096

HRK Harikari 1 12.198010 12.198010

NFkB2 NFkB p49/pl00 1 2.018354 2.018354

NFkBIZ NFicBIi; 1 2.745230 2.745230

PEA 15 PEA 15 1 4.986585 4.986585

PM AIPl PM AIPl 1 3.484370 3.484370

RELA RelA 1 2.112375 2.112375

RELB RelB 1 2.897953 2.897953

TNF TNF 1 2.708468 2.708468

TNFRSFIOB DR5 1 17.454040 17.454040

TNFRSFIA TNF-Rl 1 7.906580 7.906580

TNFRSF21 DR6 1 3.855114 3.8551 14

TRADD TRADD 1 2.314094 2.314094

mRNA was extracted from 1x10^ U266 treated with 0.25 fiM PBOX-15 for I2hrs and untreated 
control cells, and converted to cDNA. lOOng DNA was loaded into each port ofTaqMan® LDA 
Human Apoptosis panel cards (1 card per cell line), which were analysed on a 7900HT Fast 
Real-Time PCR system, as per the manufacturer’s instructions. RQ values were calculated using 
expression levels in untreated NCI-H929 cells as the calibrator and 18S as the endogenous 
control.



Apoptosis-related genes whose expression was not significantly changed in U266 cells following treatment with 0.25/iM PBOX-15 for I2hrs
Gene Protein RQ Gene Protein m Gene Protein RQ.....

N T 0.25/uM
PBOX-15

N T 0.2 5 n M  
PBOX-15

N T 0.25iiM
PBOX-15

ACTB p-actin 1 1.048716 BIRC l NIAP 1 0.69761 CASP 10 caspase-10 1 1.844935

AP AFl Apafl 1 0.644805 BIRC4 XIAP 1 0.941948 C A SP I4 caspase-14 1 1.012491

BAD Bad 1 0.772404 B1RC5 survivin 1 1.879573 CASP5 caspase-5 1 0.656494

BAKI Bak 1 1.522352 BIRC6 BIRC6 1 1.433997 CASP6 caspase-6 1 0.749279

BAX Bax 1 0.587504 B1RC7 DIAPl 1 1.359258 CASP8 caspase-8 1 1.481843

BCAP3I BCAP31 1 1.150167 BIRC8 X-IAP 1 0.980556 CASP8AP2 FLASH 1 1.519979

BCLIO Bcl-10 1 0.800809 BNJP3 BNIP3 1 1.258986 CASP9 caspase-8 1 0.844173

BCL2LI Bcl-xi 1 0.547852 BN1P3L BNIP3L 1 1.019519 CFLAR CFLAR 1 1.077052

BCL2L10 Boo/Diva 1 0.526995 CARD4 NODI 1 0.643981 CHUK CHUK 1 0.957797

BCL2L13 Bcl-2L13 1 0.510195 CARD6 CARD6 1 0.754215 CRADD CRADD 1 0.689152

BCL2LI4 Bcl-xi n/e n/e CARD9 CARD9 1 1.640438 D APKl DAPKl 1 1.397697

BCL2L2 Bcl-w 1 0.90699 CASPI caspase-1 1 1.0805 DEDD DEDD 1 0.590656

BID Bid 1 1.008853 CASP2 caspase-2 1 1.011007 DEDD2 DEDD2 1 0.881617

BIK Bik 1 0.682382 CASP3 caspase-3 1 1.52085 DIABLO DIABLO 1 1.013852

BIRC2 IA Pl/2 1 0.987601 CASP4 Caspase-4 1 0.673006 ESRRBLl ESRRBLl 1 0.753404

mRNA was extracted from  IxIO'’ U266 treated with 0.25/uM PBOX-15 fo r  I2hrs and untreated control cells, and converted to cDNA. lOOng DNA was loaded into each port 
ofTaqM an® LDA Human Apoptosis panel cards (1 card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system, as per the manufacturer’s 
instructions. RQ values were calculated using expression levels in untreated NCI-H929 cells as the calibrator and 18S as the endogenous control, 
n/e = gene not expressed, or level o f  expression was too low to be detected.
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Contd: Apoptosis-related genes whose expression was not significantly changed in U266 cells 
following treatment with 0.25nM PBOX-I5 for I2hrs

Gene Protein RQ

N T 0.25/jM
PBOX-15

G APDH GAPDH 1 1.552758

HTRAI HtrAl 1 0.680494

ICEBERG ICEBERG 1 0.669751

IkBKB IkBK P 1 0.503478

IkBKE IkBK 1 1.257119

IkBKG IkBKy 1 0.665648

LRDD LRDD 1 1.208324

LTA LTA 1 1.313367

M CLl Mcl-l 1 0.788307

NALPl NALPl 1 0.627977

NFkBI NFK B pl05 1 0.553902

NFkBIA NFkBIo 1 0.509404

NFkBIB N F kBIP 1 0.760456

NFkBlE NFkBIe 1 1.116497

PYCARD PYCARD n/e n/e

REL c-Rel 1 1.972279

RIPKl RIPKl 1 0.878703

RIPK2 RIPK2 1 0.517069

TA-NFkBH TA-NFkBH 1 1.084742

TBKl TBKl 1 1.028509

TNFRSFIOA DR4 1 1.058037

TNFRSFIB TNF-R2 1 0.725728

TNFSFIO TRAIL 1 0.983671

mRNA was extracted from  1x1 O'’ U266 treated with 0.25/iM PBOX-15 fo r  12hrs and untreated 
control cells, and converted to cDNA. lOOng DMA was loaded into each port ofTaqM an®  LDA 
Human Apoptosis panel cards (1 card per cell line), which were analysed on a 7900HT Fast 
Real-Time PCR system, as per the manufacturer’s instructions. RQ values were calculated using 
expression levels in untreated NCI-H929 cells as the calibrator and 18S as the endogenous 
control.
n/e = gene not expressed, or level o f  expression too low to be detected.



ILIA ILIB 1L2 IL3 UA I L 5 I L 6 I L 7  1 L 8 I L 9  18S ILIO

0CR5 CCR7 CXCR3 CXCLIO CXCLll CSFl CSF2 CSF3 STAT3 NFKB2 IKSKB CD3E

CCMOLG HIA-DRA HlA-DKBl TBX21 INFRSFIS ICOS N0S2A BCL2 BCL2L1 BAX ICAMl SELF

GNLY FAS FASLG TGFBl SMAD3 SMAD7 SKI FNl CQL4A5 C3 TNF LTA

IL12A IL12B ILI3 IL15 IL17 ILI8 OCU CCL19 CCL2 CCE^ (XK2 CCEM

CD4 CDXA CDI9 1L2KA CD2S CD38 CD40 PTPRC CDfiS CD80 CDS6 CTLA4

SFTP- HMGKl FTGS2 KEN 1JEP2 MYHili KFT5L C¥P1A2 CYF7A1 IFNG FRFI GZMB

ACE VEXff CD34 AGIRI AGTR2 EDNl ECEl GAPDH ACTB IFRC GUSB PGKl

M ap o f  TaqMan  ® LDA Im m une Pane!
TaqMan^ assays fo r  93 immune-related genes and 3 house-keeping genes (I8S, GAPDH, ACTB) are pre-formatted. in quadruplicate, on a micro-fluidic card.

ippendices



Immunes-related genes with significantly higher expression in NCI-H929 celts compared to V266 cells

Gene Protein RQ Fold-Greater 
Expression in 

H929 cells

Gene Protein RQ Fold-Greater 
Expression in 

H929 cells
H929 U266 H929 U266

ACE ACE 1 0.0242 41.394150 ICOS ICOS 1 0.0453 22.092120

CCL2 CCL2 1 0.0246 40.612430 RPL3L RPL3L 1 0.0197 50.851770

CD38 CD38 1 0.1554 6.436125 1L15 IL-15 1 0.04 25.001250

CD3E CD3E 1 0.0052 191.241100 IL12A IL-12A 1 0.0514 19.462830

CD4 CD4 1 0.0685 14.589810 PTGS2 PTGS2 1 0.1343 7.446848

CD40L CD40L 1 0.0206 48.588500 HM OXl hemeoxygenase 1 0.2431 4.113956

CD68 CD68 1 0.0163 61.462810 IL IB IL-IB 1 0.019 52.731490

COL4A5 collagen a-chain 1 0.0065 154.106900 IL7 IL-7 1 0.0061 163.212000

CSFI CSFI 1 0.001 1034.126000 IL8 IL-8 1 0.0131 76.563810

CSF2 CSF-3 1 0.0111 90.440440 ILI2B IL-12B 1 0.0108 92.302010

CXCR3 CXCR3 1 0.0411 24.356380 ILIO IL-10 1 0.0205 48.763840

F N l fibronectin 1 0.0134 74.438000 1L17 lL-17 1 0.3921 2.550409

ONLY granulysin 1 0.0501 19.974830 PG Kl PGKl 1 0.4253 2.351016

GZMB granzyme B 1 0.0234 42.722260 PRFI perforin 1 1 0.0095 105.820100

mRNA was extracted from 1x10^ NCI-H929 and U266 cells, and converted to cDNA. lOOng DNA was loaded into each port ofTaqM an® LDA Human Immune panel cards 
(I card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in NCI-H929 cells as the 
calibrator and 18S as the endogenous control



Appendices

Contd: Immunes-related genes with significantly higher expression in NCI-H929 cells compared 
to U266 cells

Gene Protein RQ Fold-G reater Expression  
in H929 cells

H929 U266

SELE E-selectin 1 0.0913 10.953620

SKI c-Ski 1 0.0661 15.136380

TBX2I TBX21 1 0.0896 11.160710

TGFBl TGF-pi 1 0.3369 2.967914

mRNA was extracted from  l x l ( f  NCI-H929 and U266 cells, and converted to cDNA. lOOng DNA 
was loaded into each port ofTaqM an®  LDA Human Immune panel cards (1 card per cell line), 
which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated using 
expression levels in NCI-H929 cells as the calibrator and 18S as the endogenous control



\ppen d i‘ I's

Immunes-related genes with significantly higher expression in U266 compared to NCI-H929 cells
Gene Protein RQ Fold-Greater Expression 

in U266 cellsH929 U266
BCL2 Bcl-2 1 2.6693 2.669343

BCL2LI Bcl-X|, 1 16.858 16.857620

CCL19 CCL19 n/e 7.3392 n/c

CCL3 CCL3 1 12.385 12.385150

CCR2 CCR2 n/e 3150.4 n/c

CCR4 CCR4 1 2.3627 2.362656

CCR5 CCR5 1 7.6598 7.659844

CCR7 CCR7 n/e 210.16 n/c

CD28 CD28 1 2.5841 2.584053

CD80 CD80 1 13.359 13.358830

CD86 CD86 1 3.3967 3.396708

CD8A CD8A 1 5.3461 5.346138

CYP1A2 cytochrome p450 n/e 28.51 n/c

EDNl endothelin-1 1 2.5551 2.555067

FAS Fas 1 2.3379 2.337883

FASLG FasL 1 3.2529 3.252862

HLADRA MHC-DRa 1 192.78 192.78380

HLADRBl MHC-DRpl 1 410.62 410.62310
IFNG IFN-y 1 8.6583 8.658257
1L13 IL-13 1 4.2148 4.214756

IL18 IL-18 n/e 13.106 n/c

ILIA IL -la n/e 90.88 n/c

IL6 IL-6 1 111.74 111.73800

LRP2 LDL-R2 n/e 29.303 n/c

LTA LTA 1 164.75 164.74790

NFkB2 NFkB p49/pl00 1 2.6971 2.697144

PTPRC PTPRC 1 4.478 4.477961

TNF TNF n/e 50.888 n/c

mRNA was extracted from  I x K f  NCI-H929 and U266 cells, and converted to cDNA. lOOng DNA 
was loaded into each port o f  TaqMan® LDA Human Immune panel cards (1 card per cell line), 
which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated 
using expression levels in NCI-H929 cells as the calibrator and 18S as the endogenous control, 
n/e  =  gene not expressed, or level o f  expression was too low to be detected: n/c  =  could not be 
calculated.



Immune-related genes with no significant difference in expression between NCI-H929 and U266 cells

Gene Protein RQ Gene Protein RQ Gene Protein RQ

H929 U266 H929 U266 H929 U266

ACTB (3-actin 1 0.8804 CTLA4 CTLA4 1 0.6982 IkBKB IkBKP 1 0.646

AG TRl AGTR-1 n/e n/e CYP7A1 cytochrome p450 n/e n/e MYH6 myosin heavy 
chain

n/e n/e

AGTR2 AGTR-2 n/e n/e EC El ECE-1 1 0.5318 NOS2A nitric oxide 
synthase

n/e n/e

BAX Bax 1 0.5778 GAPDH GAPDH 1 0.6901 REN renin n/e n/e

C3 C3 1 0.7901 ICAM l ICAM-1 1 1.0382 SELP E-selectin n/e a^e

CCL5 CCL5 1 0.5397 IL2 IL-2 n/e n/e SMAD3 SMAD-3 1 0.991

CD 19 CD19 n/e n/e IL2RA IL-2Ra n/e n/e STAT3 STAT3 1 1.546

CD34 CD34 n/e n/e IL3 IL-3 n/e n/e TNFRSFI8 TNFRSF18 1 1.900

CSF3 CSF-3 n/e n/e 1L4 IL-4 n/e n/e TRFC transferrin
receptor

1 1.387

CXCLIO CXCLIO 1 0.7646 IL5 IL-5 1 0.5955 VEGF VEGF 1 0.891

C X C LII C X C L ll 1 1.1613 IL9 IL-6 n/e n/e

mRNA was extracted from  IxIO^ NC I-H 929 and U266 cells, and  converted to cDNA. lOOngDNA was loaded into each port o f  Tac/Man® LDA Human Imm une panel 
cards (1 card p er  cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in NC I-H 929 cells as the 
calibrator and  18S as the endogenous control.
n/e  =  gene not expressed, or level o f  expression too low to be detected.



A p p en d ices

Immune-related genes whose expression was significantly downregulated in NCI-H929 cells 
following treatment with 0.25/iM PBOX-15 for I2hrs

Gene Protein RQ Fold-Decrease in 
Expression in 

PBOX-15- Treated 
Cells

NT 0.25 nM  
PBOX-15

ACTB p-actin 1 0.4317603 2.316

CCL2 CCL2 1 0.0304358 32.856

CCR5 CCR5 1 0.0608062 16.4457

CD38 CD38 1 0.3579086 2.7934

CD3E CD3E 1 0.2624777 3.8

CD4 CD4 1 0.0844447 11.842

CD40L CD40L 1 0.0253569 39.437

CD86 CD86 1 0.2903779 3.4438

CSF2 CSF-2 1 0.3059671 3.268

C XC Lll CXCLll 1 0.0065615 152.404

CXCR3 CXCR3 1 0.0156452 63.917

GAPDH GAPDH 1 0.4751609 2.1045

HLADRA MHC-DRa 1 0.3628365 2.756

IFNG IFN-y 1 0.0530821 18.8387

IL6 IL-6 1 0.234660 4.2615

IL7 IL-7 1 0.0075487 132.473

PGKI PGK-1 1 0.4072286 2.455623

SELE E-selectin 1 0.1124779 8.014

TRFC Transferrin receptor 1 0.2417433 4.1366

mRNA was extracted from  IxIO^ NCI-H929 treated with 0.25/jM  PBOX-15 fo r  12hrs and  
untreated control cells, and converted to cDNA. lOOng DMA was loaded into each port o f  
TaqMan® LDA Human Immune panel cards (I card per cell line), which were analysed on a 
7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in 
untreated NCI-H929 cells as the calibrator and 18S as the endogenous control.



Immune-related genes whose expression was significantly upregulated in NCI-H929 cells following treatment with 0.25fiM PBOX-15 fo r  I2hrs
Gene Protein RQ Fold-Greater I Gene 

Expression in 
PBOX-15- 

Trealed Cells |

Protein RQ Fold-Greater 
Expression in 

PBOX-15- 
Treated Cells

NT 0.25juM
PBOX-15

N T 0.25fjM
PBOX-15

BAX Bax 1 2.300200 2.300200 GZMB granzyme B 1 15.351760 15.351760

BCL2L1 B c 1-x l 1 3.064922 3.064922 1L12B IL-12P 1 5.578221 5.578221

C3 C3 1 3.512611 3.512611 1L17 IL-17 1 2.694653 2.694653

CCL3 CCL3 1 48.136260 48.136260 IL18 IL-18 n/e 13.065750 n/c

CCL5 CCL5 1 2.618867 2.618867 1L5 IL-5 1 2.237646 2.237646

CCR7 CCR7 n/e 98.854800 n/c IL8 IL-8 1 92.660960 92.660960

CD34 CD34 n/e 17.943530 n/c LRP2 LDL-R2 n/e 43.800200 n/c

CD80 CD80 1 27.052580 27.052580 NFkB2 NFkB p49/pl00 1 3.167437 3.167437

CD8A CD8A 1 3.919969 3.919969 NOS2A Nitric oxide synthase n/e 7.781389 n/c

CSFl CSFl 1 20.337730 20.337730 PTGS2 PTGS2 1 5.375430 5.375430

CYP1A2 cytochrome p450 n/e 7.484094 n/c PTPRC PTPRC 1 4.442662 4.442662

CYP7A1 cytochrome p450 n/e 34.280300 n/c SMAD3 SMAD3 1 2.281619 2.281619

ECEI ECE-1 1 3.757631 3.757631 TNF TNF n/e 42.643880 n/c

EDNI endotheUn-1 1 8.137339 8.137339 VEGF VEGF 1 2.566707 2.566707

FNI fibronectin-1 1 2.999263 2.999263

mRNA was extracted from  IxlCf’ NCI-H929 treated with 0.25 fiM  PBOX-15 fo r  I2hrs and untreated control cells, and converted to cDNA. lOOng DNA was loaded into 
each port ofTaqM an® LDA Human Immune panel cards (I card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were 
calculated using expression levels in untreated NCI-H929 cells as the calibrator and 18S as the endogenous control, 
n/e = gene not expressed, or level o f  expression too low to be detected; n/c = could not be calculated.



Immune-related genes whose expression was not signiflcantly changed in NCI-H929 cells following treatment with 0.25fiM PBOX-I5 fo r  I2hrs
Gene Protein RQ Gene Protein RQ Gene Protein RQ

N T 0.25 n M  
PBOX-15

N T 0.25 fiM  
PBOX-15

N T 0.25
PBOX-15

ACE ACE-1 1 1.104999 CXCLIO CXCLIO 1 1.211707 IL2RA lL-2Ra n/e n/e

AG TR l AGTR-1 n/e n/e CTLA4 CTLA4 1 1.135072 IL3 IL-3 n/e n/e

AGTR2 AGTR-2 n/e n/e FAS Fas 1 1.959516 IkBKB IkBKP 1 1.624226

BCL2 Bcl-2 1 1.674686 FASLG FasL 1 1.854212 ILIO IL-10 1 0.557591

CCL19 CCL19 n/e n/e GNLY Granulysin I 0.7654358 1L12A IL-12a 1 1.280281

CCR2 CCR2 n/e n/e GUSH Glucuronidase (3 1 1.520146 IL13 IL-13 1 1.690236

CCR4 CCR4 1 1.620334 H LADRBl MHC-DRp 1 1.152601 ILI5 IL-15 1 1.108437

CD 19 CD19 n/e n/e H M O Xl Hemeoxygenase 1 0.8478438 1L4 IL-4 n/e n/e

CD28 CD28 1 1.386573 IC AM l ICAM-1 1 1.000054 1L9 IL-9 n/e n/e

CD40 CD40 1 0.7541235 ICOS ICOS 1 1.478094 I T  A LTA 1 1.317581

CD68 CD68 1 0.7475709 ILIA IL -la n/e n/e PRFl Perforin 1 1 0.687897

COL4A5 Collagen 
a  chain

1 0.9328514 ILIB IL-1(3 1 1.831585 MYH6 Myosin 
heavy chain

n/e n/e

CSF3 CSF-3 n/e n/e IL2 IL-2 n/e n/e 1 REN Renin n/e n/e

mRNA was extracted from  I x l ( f  NCI-H929 treated with 0.25/jM  PBOX-15 fo r  12hrs and untreated control cells, and converted to cDNA. lOOng DNA was loaded into 
each port ofTaqM an® LDA Human Immune panel cards (I card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were 
calculated using expression levels in untreated NCI-H929 cells as the calibrator and 18S as the endogenous control, 
n/e = gene not expressed, or level o f  expression too low to be detected.



AjpendicL's

Contd: Immune-related genes whose expression was not significantly changed in NCI-H929 cells 
following treatment with 0.25pM PBOX-15 for I2hrs______________________________

Gene Protein RQ

N T 0.25 n M  PBOX-15

RPL3L RPL3L 1 1.931261

SKI c-Ski 1 1.007100

SMAD7 SM AD7 1 0.541356

SELF p-selectin n/e n/e

STATS STATS 1 1.770155

TGFBl TGF-pi 1 0.7819552

TBX21 TBX21 1 0.8294125

TNFRSFI8 TNFRSF18 1 1.684904

mRNA was extracted fro m  IxlO^ NCI-H 929 treated with 0 .25^M  PBO X-15 fo r  I2hrs and  
untreated control cells, and converted to cDNA. lOOng DNA was loaded  into each port o f  
TaqMan® LDA Human Immune panel cards (I card per cell line), which were analysed on a 
7900HT Fast Real-Time PCR system. RQ values were calculated using expression levels in 
untreated NCI-H929 cells as the calibrator and ISS  as the endogenous control, 
n/e  =  gene not expressed, or level o f  expression too low to be detected.

Immune-related genes whose expression was significantly downregulated in U266 cells following  
treatment with 0.2SpM PBOX-15 for I2hrs________________________ _________________________

Gene Protein RQ Fold-Decrease in 
Expression in PBOX- 

I5-Treated Cells
N T 0.25 fxM 

PBOX-15
CCR2 CCR2 1 0.2952965 3.38602

CCR5 CCR5 1 0.2850527 3.50812

CD38 CD28 1 0.3112445 3.21290

CD3E CD3E 1 0.4673934 2.129798

CXCLl I CXCLl 1 1 0.0058734 170.260

CXCR3 CXCR3 1 0.0163675 61.09672

FASLG FasL 1 0.3363844 2.972789

IFNG IFN-y 1 0.1505579 6.641963

ILIU IL-10 1 0.3563661 2.8061

ILIA IL-la 1 0.344129 2.9060

IL6 IL-6 1 0.4831472 2.0698

TRFC transferrin receptor 1 0.4371781 2.287398

mRNA was extracted from  IxlO^ V266 treated with 0.25pM  PBOX-15 fo r  I2hrs and  untreated  
control cells, and converted to cDNA. lOOng DNA was loaded into each p ort o fT aqM an®  LDA 
Human Immune panel cards (I card per cell line), which were analysed on a 7900HT Fast Real- 
Time PCR system. RQ values were calculated using expression levels in untreated N C I-H 929 cells 
as the calibrator and IHS as the endogenous control.



Immune-related genes whose expression was significantly upregulated in U266 cells following treatment with 0.25fiM PBOX-15 fo r  I2hrs

Gene Protein RQ Fold-Greater 
Expression in 

PBOX-15- Treated 
cells

Gene Protein RQ Fold-Greater 
Expression in 

PB OX-15-Treated 
cells

N T 0.25/xM
PBOX-15

N T 0.25 n M  
PBOX-15

BCL2 Bcl-2 1 2.442971 2.442971 FAS Fas 1 2.279680 2.279680

CCL5 CCL5 1 2.282378 2.282378 IL7 IL-7 1 116.765 116.765

CCR4 CCR4 1 3.740816 3.740816 1L8 IL-8 n/e 66.45892 n/c

CCR7 CCR7 1 5.436250 5.436250 LRP2 LDL-R2 1 5.698778 5.698778

CD40 CD40 1 2.778962 2.778962 NFkB2 NFkB p49/pl00 1 2.277585 2.277585

CD80 CD80 1 19.32563 19.325630 PTGS2 PTGS-2 1 2.494136 2.494136

CD8A CD8A 1 14.92454 14.924540 PTPRC PTPRC 1 3.472178 3.472178

COL4A5 collagen a  chain 1 27.40361 27.403610 F N l fibronectin-1 1 7.558955 7.558955

CSFl CSF-1 1 74.33506 74.335060 GZMB granzyme B 1 176.7832 176.783200

CSF2 CSF-2 1 2.181333 2.181333 HM OXl hemeoxygenase 1 2.767027 1.161Q21

CTLA4 CTLA4 1 2.318875 2.318875 ICOS ICOS 1 27.26743 27.267430

EC El ECE-1 1 2.661701 2.661701 ILIB IL -lp 1 39.22833 39.228330

EDNI endothelin-1 1 2.800943 2.800943 1L5 lL-5 1 6.182975 6.182975

mRNA was extracted from  IxICf’ U266 treated with 0.25 fiM  PBOX-15 fo r  I2hrs and untreated control cells, and converted to cDNA. lOOng DNA was loaded into each port 
ofTaqM an® LDA Human Immune panel cards ( I card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated using 
expression levels in untreated NCI-H929 cells as the calibrator and I8S as the endogenous control, 
n/e = gene not expressed, or level o f  expression was too low to be detected; n/c = could not he calculated.
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Contd: Immune-related genes whose expression was significantly upregulated in U266 cells 
following treatment with 0.25^M PBOX-I5 fo r  I2hrs

Gene Protein RQ Fold-Greater 
Expression in 

PBOX-15-Treated 
cells

NT 0.25 nM  
PBOX-15

ILI5 IL-15 1 6.777839 6.777839

IL17 IL-17 1 2.034293 2.034293

SKI c-Ski 1 2.249190 2.249190

TNF TNF 1 4.790726 4.790726

VEGF VEGF 1 7.292490 7.292490

mRNA was extracted from  IxlO^ U266 treated with 0.25fiM PBOX-15 fo r  I2hrs and untreated 
control cells, and converted to cDNA. lOOng DNA was loaded into each port ofTaqM an® LDA 
Human Immune panel cards (I card per cell line), which were analysed on a 7900HT Fast Real- 
Time PCR system. RQ values were calculated using expression levels in untreated NCI-H929 
cells as the calibrator and IHS as the endogenous control.



Immune-related genes whose expression was not significantly changed in U266 cells fi)llowing treatment with 0.25ftM PBOX-15 fi>r I2hrs

Gene Protein RQ Gene Protein RQ Gene Protein RQ

N T 0.25 n M  
PBOX-15

N T 0.25 n M  
PBOX-15

N T 0.25 n M  
PBOX-15

ACE ACE 1 0.780666 CD86 CD86 1 0.960177 1L2RA IL-2Ra n/e n/e

A C TS P-actin 1 0.863809 CXCLIO CXCLIO 1 0.846565 IL3 IL-3 n/e n/e

AG TRl AGTR-1 n/e n/e CYP7AI cytochrome p450 n/e n/e IL13 IL-13 1 0.92653

BAX Bax 1 0.589765 GAPDH GAPDH 1 1.170637 1L9 lL-9 n/e n/e

BCL2LI Bcl-xL 1 0.620454 GNLY granulysin 1 0.982003 LTA LTA 1 1.363922

C3 C3 1 0.845555 GUSB glucuronidase p 1 0.679314 PG K l PGK-1 1 0.663719

CCL19 CCL19 1 0.904692 HLADRA MHC-DRa 1 1.992666 PRFI perforin-1 1 0.798708

CCL2 CCL2 1 1.024469 HLADRBI MHC-DRp 1 0.999992 REN renin n/e n/e

CCL3 CCL3 1 0.537344 ICAM l lCAM-1 1 0.582697 RPL3L RPL2L 1 0.780664

CD28 CD28 1 1.779751 IkBKB IkBKP 1 0.540509 SELE e-selectin 1 0.780665

CD4 CD4 1 0.780666 IL12A IL-12a 1 1.267365 SELP p-selectin n/e n/e

CD40L CD40L 1 0.780665 1LI2B 1L-12P 1 0.780666 SMAD3 SMAD3 1 0.686536

CD68 CD68 1 1.065873 IL2 lL-2 n/e n/e SMAD7 SMAD7 1 1.203914

mRNA was extracted from  IxlO^ U266 treated with 0.25 fjM  PBOX-15 fo r  I2hrs and untreated control cells, and converted to cDNA. lOOng DNA was loaded into each
port o f  TaqMan<^) LDA Human Immune panel cards ( I card per cell line), which were analysed on a 7900HT Fast Real-Time PCR system. RQ values were calculated
using expression levels in untreated NCI-H929 cells as the calibrator and 18S as the endogenous control. 
n/e = gene not expressed, or level o f  expression too low to he detected.



Contd: Immune-related genes whose expression was not significantly changed in U266 cells 
following treatment with 0.25fiM PBOX-15 fo r  I2hrs

Gene Protein RQ

NT 0.25 fiM  
PBOX-15

MYH6 myosin heavy chain n/e n/e

N0S2A nitric oxide synthase n/e n/e

STATS STATS 1 0.730101

TNFRSF18 TNFRSF18 1 0.732082

TBX21 TBX21 1 0.923397

TGFBl TGF-(31 1 1.044588

mRNA was extracted from  IxIO^ U266 treated with OJSjuM P BOX-15 fo r  I2hrs and untreated 
control cells, and converted to cDNA. lOOng DNA was loaded into each port ofTaqM an® LDA 
Human Immune panel cards (I card per cell line), which were analysed on a 7900HT Fast Real- 
Time PCR system. RQ values were calculated using expression levels in untreated NCI-H929 
cells as the calibrator and I8S as the endogenous control.
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Appendix II; Effect of siRNA-mediated knockdown of Bim expression in NCI- 

H929 cells on PBOX-15-induced apoptosis

Experiment 1:

Experim ent 2:
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