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ABSTRACT 

Despite extensive research and significant advances, particularly over the past 

two decades, the treatment of mature B-cell malignancies remains a challenge. 

Drug resistance and disease relapse continue to occur and B-cell malignancies 

such as Chronic Lymphocytic Leukaemia (CLL), Follicular Lymphoma (FL) and 

Mantle Cell Lymphoma (MCL) largely remain incurable.  

 

This thesis focused on the application of a group of agents known as 

Thienopyridines in the treatment of mature B-cell malignancies. These novel 

molecules were developed by virtual screening followed by chemical synthesis at 

the University of Auckland, New Zealand. The ten compounds tested in this thesis 

are classed by their chemical structure into Cyclooctanes, Cycloheptanes and 

Cyclohexanones. The first experimental chapter explored the overall mode of 

effect of these compounds on the mature B-cell cell line, DAUDI, by identifying 

cytostatic and cytotoxic properties of the different compounds and relating the 

mode of action to the chemical structures. The effect of each of these compounds 

on the cell cycle was also investigated. After identifying that these compounds 

were inducing cell cycle arrest in the G2/M phase and inducing apoptosis, the 

second experimental chapter hypothesised, and demonstrated, that the G2/M 

arrest could be caused by effects on Tubulin polymerisation during spindle 

formation. The effect of these compounds on genes and proteins involved in (1) 

regulation of the Mitotic Checkpoint Complex (MCC) and Spindle Assembly 

Checkpoint, (2) mediators of the G2/M cell cycle checkpoint, and also (3) 

components of the B cell receptor signalling cascade was then specifically tested. 

The thesis was able to identify a group of the original ten Thienopyridines that 

show significant anti-neoplastic effects against the DAUDI cell line, mediated via 

tubulin destabilisation/stabilisation and activation of the SAC. 

As an aside, prior to any work investigating the effects of these compounds on 

gene regulation in this cell model, it was important to establish a robust set of 

reference genes for data normalisation. Chapter 5 reports on a systematic review 
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of the literature that revealed a distinct lack of robust published data concerning 

reference genes in B-cell models and therefore went on to design primers for a 

panel of candidate reference genes and test these candidates in the experimental 

conditions for which they are required, thereby providing new data on a set of 

stable reference genes for use in RT-qPCR data normalisation. Overall, the data 

presented here define the Thienopyridines as a novel class of compounds that 

induce B-cell cytostasis or apoptosis via perturbation of microtubule 

polymerization and could be further developed as a new class of drug for the 

treatment of mature B-cell malignancies.  

 

Keywords: B-cell malignancies; Thienopyridines; Mitosis; Cell Cycle; Spindle 

Assembly Checkpoint; Tubulin; DAUDI. 
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1 INTRODUCTION 

1.1 Mature B-cell Malignancies 

The category of mature B-cell malignancies is an umbrella term for a diverse group 

of B-cell neoplasms, which ranges from precursor conditions such as monoclonal B-

cell lymphocytosis (MBL) and monoclonal gammopathy of undetermined significance 

(MGUS) to more overtly malignant conditions such as chronic lymphocytic leukaemia 

(CLL), diffuse large B-cell lymphoma (DLBCL), mantle cell lymphoma (MCL) and 

plasma cell myeloma (PCM) (Swerdlow et al., 2016). 

They are categorised as mature B-cell malignancies due to the morphologic stage of 

development of the B-cell lymphocytes from which they have arisen, that is cells that 

have progressed from haematopoietic stem cells, through the stages of pro-B cells, 

pre-B cells and immature B cells in the bone marrow to lymphocyte release into the 

peripheral blood (Burger and Wiestner, 2018). Further development of B-cells takes 

place in the extramedullary organs of the lymph nodes (LN), particularly in the 

germinal centres of LN, and spleen, and the location of maturation informs what type 

of neoplasm develops (Swerdlow et al., 2016; Burger and Wiestner, 2018). 

The B-cell receptor (BCR) is essential to B-cell maturation, the role of the B-cell in 

immunological response to foreign antigens and also its interaction with the 

microenvironment of lymphatic tissues that is necessary for B-cell survival (Burger 

and Chiorazzi, 2013; Burger and Wiestner, 2018). The BCR is a transmembrane 

receptor, comprising an extracellular ligand binding moiety coupled to a signal 

transducer complex (CD79a and CD79b) (Burger and Chiorazzi, 2013). Activation of 

the BCR via antigen binding triggers a signalling kinase cascade involving Src family 

kinases (Lyn, Fyn and Blk) that in turn activate spleen tyrosine kinase (SYK), Bruton’s 

tyrosine kinase (BTK) and phosphoinositide 3-OH kinase (PI3K) and trigger numerous 

downstream signalling pathways including phospholipase C gamma 2 (PLCγ2), 

mitogen-activated protein kinases (MAPKs), RAS activation, AKT signalling and NF-κB 

signalling (Burger and Chiorazzi, 2013; Burger and Wiestner, 2018) see Figure 1-1. 

BCR signalling exists in two forms, tonic signalling, that is signalling in the absence of 

an antigen derived signal (also referred to as background signalling), and signalling in 
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response to the BCR antigen stimulation (Burger and Wiestner, 2018). Many of these 

pathways contribute to B-cell proliferation and survival, and as such mutations 

affecting the BCR can lead to malignancies including CLL, DLBCL, MCL and follicular 

lymphoma (FL) (Burger and Chiorazzi, 2013; Burger and Wiestner, 2018). It is vital 

that the events involved in BCR signalling are fully elucidated in order to continue to 

identify targets for therapy across a wide range of mature B-cell malignancies.  
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Figure 1-1: B-Cell Receptor Signalling and existing drug targets in B cell malignancies. Cell surface receptors and their associated intracellular signalling pathways allow 
for numerous routes for treatment of B cell leukaemias and lymphomas. Key pathways activated as a result of antigen binding include the Ras-MAPK pathway which 
results in cell survival, Rap-Raf signalling which is associated with actin cytoskeleton remodelling, PI3K-Akt signalling which offers further anti-apoptotic resistance and 
the Btk-PLCG2-Protein Kinase C pathway of calcium signalling.  

Traditional chemotherapeutics targeted DNA replication and microtubules often with global side effects in the patient. More targeted treatments specific for cell surface 
markers or signalling pathways specific for the cell of origin with anti-CD20 monoclonal antibodies, tyrosine kinase inhibitors, PI3K and BH3 mimetic drugs. Created with 
BioRender.com and based on information in (Routledge and Bloor, 2016; Burger and Wiestner, 2018; Dunleavy et al., 2018).  

Bax -Apoptosis regulator BAX, BCL-XL – BCL2 extra large, BCL2 - B-cell lymphoma 2, BCR – B cell receptor, BH3 – BH3 interacting-domain death agonist, Bim -Bcl-2 
Interacting Mediator of cell death, Btk – Bruton’s kinase, Ca2+ - Calcium, CD19 – B-lymphocyte antigen CD19, CD20 - B-lymphocyte antigen CD20, DAG -Diacylglycerol, 
ERK -  extracellular signal-regulated kinases, IP3 –Inositol trisphosphate -Lyn – Lyn tyrosine kinase, MEK - Mitogen-activated protein kinase kinase, PKC – protein kinase C, 
PIP2 – Phosphatidylinositol 4,5-bisphosphate, PIP3 - Phosphatidylinositol 3,4,5-triphosphate,  RAS – Ras GTPase, Raf – RAF kinase, Syk- Spleen tyrosine kinase.  
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1.2 Diffuse Large B-cell Lymphoma 

Classed as a mature B-cell malignancy, DLBCL is the most common form of non-

Hodgkin lymphoma (NHL), with an incidence of 3.8/100000/year in Europe and 

accounts for more than 30 % of all cases of NHL (Tilly et al., 2015; Chaganti et al., 

2016). It has been subdivided into two distinct subtypes via gene expression profiling 

(GEP) which identified the cell of origin that the malignancy has developed from; 

either germinal centre B-cells DLBCL (DLBCL GCB), activated B-cell DLBCL (DLBCL ABC) 

as well as those where the cell of origin cannot be determined classified as DLBCL, 

not otherwise specified (DLBCL NOS) (Tilly et al., 2015; Chaganti et al., 2016; 

Swerdlow et al., 2016). Each categorisation of DLBCL has an impact on the prognostic 

factors for the disease, with DLBCL ABC having a worse prognosis compared to DLBCL 

GCB, with 40 % compared to 75 % progression free survival (PFS) at 3 years (Chaganti 

et al., 2016). Other poor prognostic markers include gene rearrangements affecting 

MYC, BCL2 and BCL6, which lead to a median survival of < 12 months (Chaganti et al., 

2016). Treatment for DLBCL is stratified by Ann Arbor stage at presentation (Carbone 

et al., 1971; Lister et al., 1989) and international prognostic index score (Project, 

1993), with factors including age at presentation, fitness for treatment (number of 

comorbidities), baseline LDH levels and the number of involved lymph 

nodes/extramedullary lymphatic organs taken into consideration (Tilly et al., 2015). 

All treatment regimens include a version of the R-CHOP treatment regime (rituximab, 

cyclophosphamide, doxorubicin, vincristine and prednisolone) irrespective of 

staging, with modifications made to the number of cycles and the intensity of the 

treatment dose given (Chaganti et al., 2016). However, with relapse rates at 20-30 % 

post R-CHOP treatment, 10-15 % of patients being refractory to first line treatment 

and a survival rate of 10 % at 1-3 years for refractory patients following salvage 

therapy (Chaganti et al., 2016), there is a requirement for the development of 

alternative treatments for this disease.  
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1.3 Follicular Lymphoma 

Another mature B-cell malignancy, Follicular lymphoma is the most common low-

grade lymphoma is the United Kingdom and the second most common nodal 

lymphoid malignancy in Western Europe, with an incidence of 5/100000/year and a 

median age of onset between 60 and 65 years (McNamara et al., 2012; Dreyling et 

al., 2016). In line with DCLBL, FL is also staged using the Ann Arbor system (Carbone 

et al., 1971; Lister et al., 1989) while its prognosis is predicted using the Follicular 

Lymphoma International Staging Index (FLIPI) (Solal-Céligny et al., 2004). FL is a 

chronic, relapsing disorder, which is considered incurable, despite improvements in 

treatment leading to overall response rates of 85 % and overall survival at 10 years 

being 73 % (McNamara et al., 2012; Sorigue and Sancho, 2018). FL is characterised 

by the presence of translocation between chromosome 14 and 18, leading to gene 

rearrangement and the overexpression of BCL2 protein, which provides anti-

apoptotic protection to FL B-cells, although t(14;18) is not exclusively required for 

the development of FL (Sorigue and Sancho, 2018). Treatment for FL ranges from 

‘watch and wait’ strategies to rituximab based regimes, with more intensive chemo- 

and immunotherapy reserved for high risk disease patients (Dreyling et al., 2016). 

However, around 15-20 % of patients show a poorer response to treatment or show 

progression following treatment within 2 years, meaning further treatment options 

are required for FL (Dreyling et al., 2016). 

 

1.4 Mantle Cell Lymphoma 

Mantle cell lymphoma (MCL) is a relatively rare type of non-Hodgkin lymphoma, with 

an incidence rate of 3-10 % (of total NHL cases) in the UK, and 5-7 % (of total 

malignant lymphoma cases) in Western Europe (1-2/100000/year), with a median 

age of onset of 60-65 years and a higher rate of presentation in males compared to 

females (3:1) (McKay et al., 2012; Dreyling et al., 2017). Despite advances in 

treatment options, MCL is still classed as an incurable neoplasm, with median survival 

of 4-5 years, and an overall survival of up to 12 years (McKay et al., 2012). MCL 

presents as a mixture of high and low grade NHLs, showing features of relapsing 
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disease combined with an aggressive phenotype of development (McKay et al., 

2012). It is classified by the cytogenetic marker translocation between chromosomes 

11 and 14 leading to an overexpression of the cell cycle regulator protein, cyclin D1, 

which plays an important role in regulating the transition from G1 to S phase during 

mitosis, however MCL can present with the absence of t(11;14) (McKay et al., 2012; 

Dreyling et al., 2017). MCL is staged using the modified Ann Arbor scale (Lugano 

Classification) (Cheson et al., 2014) with prognosis predicted using the MCL 

International Prognostic Index (MIPI) (Hoster et al., 2008) with treatment stratified 

by age, fitness and tumour burden (Dreyling et al., 2017). In common with other 

variants of NHL, treatment regimens heavily feature the anti-CD20 antibody 

rituximab, in combination with chemotherapy treatments including R-CHOP, BR 

(bendamustine and rituximab), VR-CAP (rituximab, cyclophosphamide, doxorubicin, 

prednisolone and bortezomib), with younger fitter patients also offered cytarabine 

at induction (Dreyling et al., 2017). Early phase clinical trials focus on targeting the B-

cell receptor pathway, such as ibrutinib, in a relapsed MCL setting and there is 

potential for other novel compounds which target the BCR in the treatment of MCL 

in the future (Dreyling et al., 2017). 

1.5 Chronic Lymphocytic Leukaemia 

Chronic Lymphocytic Leukaemia is the most common leukaemia, with an incidence 

of 4.2:100000/year in the Western World. The median age at diagnosis is 72 years 

and the disease remains largely incurable (Eichhorst et al., 2015). It is arguably one 

of the most difficult mature B-cell neoplasms to manage, given the heterogeneity in 

terms of the patient population and in terms of disease progression. It is 

characterised by the presence of greater than 5000/µl peripheral blood monoclonal, 

mature-appearing B lymphocytes which co-express the cell surface antigen CD5 and 

B-cell surface antigens CD19, CD20 and CD23 (Eichhorst et al., 2015). In some 

patients, the disease remains indolent for many years, and patients at this stage will 

not benefit from treatment. The approach in such cases is to continue to monitor the 

patient (the so-called “watch & wait approach”) for changes in disease status and to 

refrain from chemotherapeutic intervention. However, some patients progress very 
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quickly, suffering a wide range of symptoms synonymous with bone marrow 

infiltration, ineffective production of other cell lineages (consequent anaemia and 

thrombocytopenia) and circulating lymphocytes that are unable to fight infection. In 

these patients, treatment is necessary, yet the best course of treatment remains to 

be fully determined.  

There is a large body of literature, dating back to the early 2000s, focussing on the 

identification of prognostic markers that can help better stratify patients for effective 

treatment and management. Presence of cytogenetic abnormalities have long been 

shown to provide useful prognostic information (Juliusson and Gahrton, 1993), while 

the presence or absence of specific gene mutations are also of paramount 

importance (Hallek et al., 2018). In patients with later stage CLL a decision must be 

made on whether to treat and what to treat with and consideration of prognostic 

factors is critical. In 2008, the International Workshop on Chronic Lymphocytic 

Leukaemia (IWCLL) published (updated) recommendations for the management of 

CLL in clinical trials and general practice (Hallek et al., 2008), taking into account the 

age, fitness (co-morbidities), presence of important cytogenetic abnormalities 

(del(17p), del(11q), trisomy 12), presence of specific gene mutations (TP53 mutation, 

IGVH mutation) and Binet/Rai staging (presence of palpable lymph nodes and/or 

enlarged liver and spleen; results of full blood count – lymphocyte count, 

haemoglobin levels, thrombocyte count) (Eichhorst et al., 2015).  

In 2014, the German CLL Cooperative Group proposed a simplified classification of 

fitness status which defined patients as 'go-go' (i.e., fit), 'slow-go' (i.e., unfit) and 'no-

go' (i.e., frail) (Table 1.1). This assessment was based on three criteria; (1) the physical 

condition (fitness and co-morbidity) of the patient, which is independent of calendar 

age, (2) the individual prognostic risk, as determined by genetic and other prognostic 

factors (e.g., del(17p), del(11q), trisomy 12, TP53 mutation, IGVH mutation), and (3) 

the Rai or Binet stage of the disease. Patients with symptomatic disease who possess 

del(17p) or TP53 mutations were managed as a distinct subgroup of patients due to 

defective cell-death pathways and hence drug-resistance. Low risk patients (Binet 

stage A/Rai stage 0) typically have a median survival following treatment of greater 
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than 10 years, while intermediate risk (Binet stage B/Rai stage I/II) have median 

survival of 8 years and high risk (Binet stage C/Rai stage III/IV) have reduced median 

survival of 6.5 years (Eichhorst et al., 2015). The presence of unfavourable 

cytogenetic markers (del(17p) or TP53 mutation) is synonymous with poorer 

prognosis with median survival of 2-5 years. (Eichhorst et al., 2015). 
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Table 1-1: A historical rational approach to treating CLL patients (Ghia and Hallek, 2014). 

Rational approach Disease stage Patient fitness  

go go Rai stage III-IV or Binet stage C Young patients, adequate 

fitness. Normal creatinine 

clearance and a low score on the 

Cumulative Illness Rating Scale 

(CIRS) 

slow go Rai stage III-IV or Binet stage C Old patients, inadequate fitness 

with a relevant co-morbidity 

no go Rai stage III-IV or Binet stage C Unfit, Frail 

 

Combination therapies have been the main treatment approach in CLL, with 

fludarabine-cyclophosphamide-rituximab (FCR), the frontline treatment for ‘fit’ 

patients (Fischer et al., 2016) . However, relapse rates are high and second- and even 

third-line treatments are often required. More recently, the British Society of 

Haematology (BSH) published updated guidelines for the treatment of CLL 

(Walewska et al., 2022). This has been largely in response to a surge in the availability 

of target pathway inhibitors, which have been demonstrated to provide effective 

therapy for older patients for whom palliative treatment was previously the only 

option. According to these BSH 2022 guidelines, the decision to treat a patient still 

requires consideration of several factors, including patient-related factors such as 

age, presence of other comorbidities, concomitant medication as well as disease-

related factors such as speed of progression and presence of prognostic markers. A 

patient’s response to previous therapies, both in terms of tolerability and disease 

resistance must also be considered.  

As research has progressed, the importance of TP53 gene mutation status and IVGH 

mutation status has continued to be extensively evidenced, and both are considered 

in the most up-to-date treatment decision models. Indeed, screening 

for TP53 disruption (i.e. del 17p13.1 and/or TP53 mutation) prior to each line of 

treatment is recommended in the current guidelines, since these patients are 
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considered a high-risk group, refractory to most chemoimmunotherapy (CIT) regimes 

and with a much shorter overall survival (Y.-C. Liu et al., 2020). IGHV gene mutation 

analysis is also important for prognostication and is recommended to be performed 

at diagnosis. IGHV-M identifies a subgroup of patients with good prognosis and are 

likely to be functionally cured with more basic (and less costly) CIT regimes such as 

FCR, for fit, younger patients, or the BCL-2 inhibitor venetoclax combined with the 

anti-CD20 monoclonal antibody, obinutuzumab (collectively termed VenO), for older 

patients. 

Given that CLL is most often a disease of the elderly, the majority of patients fall into 

a category of ‘less fit’, with almost 90% presenting with comorbidities. Prior to the 

approval of targeted agents, the alkylating agent chlorambucil in combination with 

the anti-CD20 monoclonal antibody, obinutuzumab (collectively known as CO 

therapy) was used as an international standard of care for this patient cohort (Goede 

et al., 2013). However, several randomised clinical trials in ‘unfit’ patients have since 

shown improved prognosis following the use of targeted inhibitors (either inhibitors 

of BTK (e.g., acalabrutinib) or inhibitors of BCL2 (e.g., ventoclax)) in combination with 

obinutuzumab, compared to CO (Moreno et al., 2019; Al-Sawaf et al., 2020; Sharman 

et al., 2020). The current (BSH 2022) approaches to treatment of CLL are shown in 

Figure 1-2 and evidence the wide treatment options available for this notoriously 

resistant disease.  
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Figure 1-2: The BSH (2022) treatment decision tool (adapted from Walewska et al. 2022)

The flowchart summarises the treatment strategy for newly diagnosed CLL patients. Following 
diagnosis, if a patient has asymptomatic early-stage disease (Binet stage A/Rai stage 0) can be 
monitored without therapy (Watch and wait) until their disease progresses (blue boxes). Upon 
progression to intermediate-risk (Rai stages I and II) and high-risk (Rai stages III and IV) disease (or if 
a patient presents at this stage), treatment is recommended and is stratified by patient fitness (see 
Table 1-1), TP53 and IVGH mutation status and co morbidities (green boxes). Frontline treatment 
historically consisted of Chemoimmunotherapy using FCR for younger fitter patient, however, newer 
targeted treatment options (BTKi, BCL2i, PI3Ki) alone or in combination with anti-CD20 monoclonal 
antibodies offer chemotherapy free options, with recommended treatments listed in the columns 
under each patient group. For Second-Line and Third-Line treatments (following disease resistance or 
progression), patients can be switched to an alternative targeted therapy, or be re-treated the 
venetoclax. Allogeneic stem cell transplant (alloSCT) is considered for patients with high-risk disease
following failure of two previous lines of CIT or BTKi/BCL2i therapy who are fit for transplant. Access 
to newer treatments, particularly for those patients with relapsed disease is gained through enrolment 
on clinical trials.

IWCLL – International Workshop on CLL. W&W – Watch and wait. IGVH-M = IGVH mutatation. FCR = 
fludarabine, cyclophosphamide & rituximab. BR = bendamustine and rituximab. CIT = 
Chemoimmunotherapy. Ven-mono = Single agent continuous venetoclax. Ven-O = Venetoclax and 
Obinotuzumab, 12 months. Ven-R = venetoclax and rituximab, 24 months. BTKi = Bruton Tyrosine 
Kinase inhibitor. alloSCT = allogeneic stem cell transplant. BCL2i = B-cell lymphoma-2 inhibitor. PI3Ki = 
Phosphatidylinositol-3 kinase inhibitor.

Patient 

Groups:
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1.6 Cell Cycle Checkpoints as treatment targets 

The molecular control of cell division via the cell cycle (see Figure 1-3) is often 

dysregulated in cancer, including in B cell malignancies, where DNA mutations or 

chromosomal alterations can allow cells to rapidly proliferate or bypass the cell cycle 

checkpoints which maintain ordered cell division cycles that are linked to mitogen 

stimulation or adaptive immune responses (Malumbres and Barbacid, 2009; Hallek 

and Al-Sawaf, 2021).  
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Figure 1-3 The regulation of cyclin dependent kinase activation via cyclins, cell cycle checkpoints and ubiquitination. Fluctuating levels of cyclins and activation of CDKs regulate ordered 
cell division cycles in mammalian cells. Preparation for re-entry into the cell cycle begins at the end of the previous cell division where APC/CCdh1 ubiquitinated Geminin, which allows Cdt1 
to bind to pre-replication (Pre-RC) complexes ready for activation during origin firing to ensure the once only duplication of DNA during S-phase.  

Mitogen stimulation leads to transcription and accumulation of Cyclin D, its activation of CDK4/6 and phosphorylation inhibition of retinoblastoma protein (Rb) which partially frees the 
E2F-dependent family of transcription factors allowing for the transcription of Cyclin E genes and activation of CDK2. CDK2-Cyclin E further phosphorylates Rb, allowing for the 
accumulation of Cyclin A and further CDK2 upregulation. In the absence of mitogen stimulation or in unfavourable cell conditions, cells can exit the cell cycle into G0 phase, which can 
pause cell division until condition become favourable or induce senescence. APC/CCdh1 targets Cyclin A and Cyclin B for destruction via ubiquitination from metaphase in the previous cell 
cycle and this inhibition of Cyclin A is present during G1 phase until APC/CCdh1 is itself inhibited by the production of Emi1 by E2F related transcription. This step allows the rapid accumulation 
of Cyclin A and in a positive feedback loop decouples the cell from mitogen stimulation and progresses through the first cell cycle checkpoint, the Restriction Point. CDK2-Cyclin A also 
phosphorylates Cyclin E (with CDK2-Cyclin E also undergoing autophosphorylation) leading to its destruction via SCF mediated Ubiquitin ligation. Inhibition of APC/CCdh1 also allows 
Geminin levels to rise and bind to free Cdt1 and therefore ensure that origin licensing only occurs once per cell cycle. 

CDK2-Cyclin A then phosphorylates hundreds of targets, becoming the dominant CDK during S-phase and triggering nucleotide synthesis, origin firing and ordered DNA and organelle 
duplication. During late S-phase and following the E2F-driven accumulation of CDK1, Cyclin A switches its CDK partner and then drives the cell through G2 and the start of M-phase where 
it inhibits E2F transcription in another positive feedback mechanism. Activation of CDK1 is promoted by the upstream activation of Aurora A (Aur A), Bora and Plk1, which in turn activates 
the phosphatase cdc25 which removed inhibitory phosphorylation of CDK1 by Wee1 and Myt1.  

The fidelity of DNA is protected through G1, S, and G2 phases by the DNA Damage Response cell cycle checkpoint, which responds to DNA double and single strand breaks and stalled 
origin forks via the activation of ATM/ATR kinases, to halt cell cycle progression until the underlying damage has been corrected, or to trigger apoptosis in the event of catastrophic DNA 
damage. ATM activate the CHK2 kinase to inhibit the activity CDK2 while ATR activates CHK1 kinase (in turn activating Wee1 and Myt1) to inhibit CDK1. 

CDK1-Cyclin A primes the cell for mitosis, but it is CDK1 partnered with Cyclin B (the mitosis promoting factor) which phosphorylates thousands of targets to prepare the cell for mitosis 
(including nuclear envelop breakdown, spindle assembly and chromosome alignment) until metaphase of mitosis prior to chromosome separation. At the metaphase to anaphase 
transition, the Spindle Assembly Checkpoint commits the cell to mitosis only when chromosomes are correctly aligned and attached to microtubules originating at the spindle poles. In 
the absence of fully attached chromosome kinetochores, CDK1-Cyclin B together with Aurora B kinase (Aur B) and Mps1 (monopolar spindle 1 kinase) promote the formation of the Mitotic 
Checkpoint Complex (MCC) which sequesters the APC/C cofactor cdc20 (cell division cycle 20), preventing the formation of APC/Ccdc20 and the separation of sister chromosomes at 
anaphase until all chromosome pairs are attached to the spindle poles. On attachment at the kinetochores, the MCC is disassembled, allowing APC/Ccdc20 to ubiquitinate securin, freeing 
the enzyme separase to cleave the cohesion complexes which secure the sister chromatids at the kinetochores and allowing their separation. APC/Ccdc20 also ubiquitinates both Cyclin B 
and Cyclin A to ensure mitotic signals are extinguished and the phosphatase families PP1 (protein phosphatase 1) and PP2A (protein phosphatase 2A) dephosphorylate targets of CDK1 
to prevent unscheduled re-entry to mitosis (not shown). APC/C subsequently binds to its cofactor Cdh1 (cdc20 homolog 1), targets cdc20 for destruction and ensures the continued 
proteosome degradation of Cyclin A and B until the cell commits to a new cell division cycle. 

Created with BioRender.com and based on information in (Deshpande et al., 2005; Kops et al., 2005; Musacchio and Salmon, 2007; Malumbres and Barbacid, 2009; Reinhardt and Yaffe, 
2009; Johnson and Skotheim, 2013; Fragkos et al., 2015; Musacchio, 2015; Techer et al., 2017; Crncec and Hochegger, 2019; Hayward et al., 2019; Holder et al., 2019; Lara-Gonzalez et 
al., 2019; Rubin et al., 2020; Neizer-Ashun and Bhattacharya, 2021; Greil et al., 2022; Matthews et al., 2022; Milletti et al., 2023). 



Chapter 1: Introduction 

17 
 

1.6.1 Cell cycle control 

In non-cancerous, non-senescent cells, the decision to undergo cell division is 

normally stimulated by external mitogenic signalling or conditions in the 

microenvironment that support proliferation and is regulated by cyclin dependent 

kinases (CDKs) and their interaction between their cofactors, the cyclins (Malumbres 

and Barbacid, 2007; 2009; Malumbres, 2014; Martinez-Alonso and Malumbres, 

2020). Both interphase (containing the cell cycle Gap (G1 and G2) and synthesis (S) 

phases) and mitosis (M phase) are regulated by the phosphorylation events driven 

by specific CDKs that are activated by cyclin partners (Martinez-Alonso and 

Malumbres, 2020). As their name suggests, cyclins have a tightly regulated, cyclical 

pattern of gene transcription and protein destruction via ubiquitination (see Figure 

1-3), which ensures that the key processes of DNA replication and chromosome 

separation occur in a controlled manner and without errors that could have 

potentially fatal consequences for the cell (Matthews et al., 2022). 

1.6.1.1 Cell cycle initiation 

A cell’s decision to redivide is intrinsically linked to both the external conditions of 

the cell microenvironment and key regulators of G1 phase that ensure there is a gap 

between the end of mitosis and the start of a new cell division cycle. Following the 

previous cell mitosis and cytokinesis (from the anaphase to metaphase transition 

onwards), the activity of the mitotic cyclin dependent kinase, CDK1, is silenced via 

proteosome degradation of cyclins A and B by the ubiquitin E3 ligase APC/C 

(Anaphase-promoting complex/Cyclosome) in complex with its cofactor Cdh1 (cdc20 

homolog 1) (see Figure 1-3), which ensures that the cell cannot re-enter mitosis and 

prevents unscheduled proliferation until DNA and cell organelles have been 

duplicated (Kernan et al., 2018; Rubin et al., 2020; Matthews et al., 2022). APC/C-

Cdh1 also primes the cell for DNA duplication via degradation of Geminin, which frees 

the DNA replication factor Cdt1 (Cdc10-dependent transcript 1) to prime replication 

origins (origin licensing) which become activated during S-phase (Fragkos et al., 

2015). 
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1.6.1.2 Mitogen stimulation, transcription of Cyclins D, E and A in G1 phase and the 

Restriction Point cell cycle checkpoint 

As shown in Figure 1-4, the external stimulation of a cell via the Mitogen-activated 

protein kinase pathway (MAPK) via RAS-Raf-MEK-ERK leads to accumulation of Cyclin 

D and activation of CDK4/6 to trigger the first stages of a new cell cycle (Martinez-

Alonso and Malumbres, 2020), with each subsequent stage forming a positive 

feedback loop which promotes accumulation of both Cyclin E and Cyclin A. Both of 

these cyclins are essential to the cell passing through the restriction point and 

proceeding to DNA duplication in S-phase, and their activation of CDK2 ensure 

inhibition of their own inhibitors via phosphorylation of p21 and p27 (Rubin et al., 

2020; Matthews et al., 2022). Commitment to the cell cycle relies on a series of 

sequential inhibitory phosphorylation events to the pocket protein Rb 

(retinoblastoma protein) which repress the E2F transcription factor family via directly 

coupling, with E2F not just promoting the transcription of Cyclin E and A, but also 

CDK1 which drives the cell through G2 and mitosis (Rubin et al., 2020). Several models 

are proposed for how Rb phosphorylation is achieved, with consensus that initial 

phosphorylation by CDK4/6-Cyclin D releases E2F to transcribe Cyclin E and its 

complex with CDK2 leads to further Rb phosphorylation until Cyclin A production is 

initiated (Deshpande et al., 2005; Pennycook and Barr, 2020; Rubin et al., 2020; 

Milletti et al., 2023). The activity of CDK2 in complex with Cyclin E and A can be 

downregulated by the Cyclin Dependent Kinase inhibitors (CIP/KIP family) proteins 

p21 and p27, with p21 upregulated by the DNA Damage Response cell cycle 

checkpoint downstream of p53, providing a link between G1 and later cell cycle 

phases (Deshpande et al., 2005; Johnson and Skotheim, 2013). However, as Cyclin E 

and A accumulate, the activity of CDK2 promotes the phosphorylation of P21 and 

p27, providing a positive feedback mechanism that promotes progression through 

the restriction point and commitment to S-phase and DNA replication, with both E2F 

and FOXM1 transcription factors upregulating the production of essential proteins 

required for the rest of the cell cycle including the Aurora kinases, Cyclin B, Polo-like 

kinase 1 (Plk1) and cdc25 phosphatases (Kalathil et al., 2020; Rubin et al., 2020; 

Matthews et al., 2022). 
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Figure 1-4 Cell cycle initiation is triggered by external mitogen stimulation and an absence of cell stress 
via the RAS-Raf-MEK-ERK pathway and the Myc-transcription factor dependent increase in Cyclin D 
production.Mitogen stimulation also inhibits key regulators of Cyclin D and CDK4/6-Cyclin D activation 
including Gsk3β (Glycogen synthase kinase-3 beta) and p16 which are upregulated in the absence of 
mitogens and via cell stress respectively.

CDK4/6-Cyclin D triggers transcription of genes necessary for G1, S, G2 and M phase via activation of 
FOXM1 (Forkhead box protein M1) and E2F family of transcription factors. E2F activation is achieved 
by the dual mechanism of inhibitory phosphorylation of Rb (retinoblastoma protein) which triggers
production of Cyclin E and activation of its partner CDK2, and the sequestering of the CDK inhibitor 
protein p27 by CDK4/6-Cyclin D, with p27 a key inhibitor of CDK2-Cyclin E. CDK2-Cyclin E further 
phosphorylates Rb, upregulating the production of Cyclin A via E2F transcription, which allows Cyclin 
A to complex with CDK2 and complete the inhibitory phosphorylation of Rb, fully releasing the E2F 
family transcription factors from inhibition. 

E2F also triggers the production of the production of the APC/CCdh1 inhibitory protein Emi1 (Early 
mitotic inhibitor 1) and Skp2 (S-phase kinase-associated protein 2), part of the Skp, Cullin, F-box 
containing complex (or SCF complex) Ubiquitin E3 ligase which targets p21 and p27 for ubiquitination 
and proteasomal degradation. This step effectively inhibits the inhibitors of Cyclin E and Cyclin A,
allowing their rapid accumulation and pushes the cell towards the first cell cycle checkpoint, the 
restriction point, after which the cell no longer requires mitogenic stimulation to continue with the cell 
cycle.

Created with BioRender.com and based on information in (Deshpande et al., 2005; Johnson and 
Skotheim, 2013; Kernan et al., 2018; Martinez-Alonso and Malumbres, 2020; Pennycook and Barr, 
2020; Rubin et al., 2020; Milletti et al., 2023)
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1.6.1.3 S-phase, G2 and the DNA damage response 

As shown in Figure 1-3, Cyclin A becomes the dominant activator of the CDKs from 

the end of G1 phase through S, G2 and M phase where it allows CDK1 to prime the 

cell for mitosis. During S-phase, CDK2-Cyclin A triggers hundreds of events required 

for DNA replication, including origin firing, following the completion of origin 

licensing and the loading of pre-replication complexes (Pre-RC complex) to DNA by 

CDk2-Cyclin E prior to S-phase (Kastan and Bartek, 2004; Limas and Cook, 2019; 

Fagundes and Teixeira, 2021). DNA damage during the replication process or due to 

environmental factors such as UV, radiation, reactive oxygen species can lead to 

double strand or single strand DNA breaks, or the stalling of replication forks with 

potentially deleterious effects on cell replication and the generation of aneuploid 

cells with incorrect chromosome numbers or generation of mutations leading to 

cancer (Ciccia and Elledge, 2010; Lanz et al., 2019). There are two key mechanisms to 

detect DNA damage (collectively the DNA Damage Response or DDR, see Figure 1-3), 

which halt cell cycle progression and trigger downstream repair mechanisms or 

trigger programmed cell death via apoptosis are active through G1, S and G2 phase  

(Kastan and Bartek, 2004; Bartek and Lukas, 2007).  

1.6.1.3.1 ATM and response to double strand DNA breaks 

Ataxia-telangiectasia mutated kinase (ATM) mediates the response to double strand 

DNA breaks (DNA DSBs) throughout interphase (see Figure 1-3 and Figure 1-5). Its 

recruitment to the site of DNA DSBs by the MRN complex (Mre11, Rad50 and Nbs1) 

leads to activation of monomeric ATM and the downstream phosphorylation of 

targets to both halt the progression of the cell cycle and trigger DNA repair 

mechanisms to fix the damaged DNA strands (Neizer-Ashun and Bhattacharya, 2021; 

Matthews et al., 2022). ATM phosphorylation of Checkpoint Kinase 2 (CHK2) leads to 

its activation and the dual effects of activation of the transcription factor p53 and 

upregulation of p21 to directly inhibit CDK2-Cyclin E/A complexes, and the inhibition 

of the phosphatase cdc25 (cell division cycle 25) removes inhibitory phosphorylation 

of CDK1 when bound to Cyclin A and B in late G2 and M phase (Reinhardt and Yaffe, 

2009; Matthews et al., 2022). 
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Figure 1-5 The DNA Damage Response 
following double strand DNA breaks. 

(A) DNA double strand breaks are detected by 
the MRN complex (Mre11, Rad50 and Nbs1) 
which binds to the site of damage and recruits 
Ataxia-telangiectasia mutated kinase (ATM) 
allowing ATM to phosphorylate Histone H2AX 
to produce γH2AX. (B) The phosphorylation site 
on γH2AX acts as a binding site for Mediator of 
DNA damage checkpoint protein 1 (MDC1)
which is then phosphorylated by ATM, with 
ATM also phosphorylating Checkpoint Kinase 2 
(CHK2). (C) The E3 Ubiquitin ligase RNF8 (Ring 
Finger Protein 8) binds to the phosphor-sites on 
MDC1, brings RNF8 into proximity to the site of 
DNA damage whereby it ubiquitinates γH2AX. 
(D) Ubiquitinated γH2AX is recognised by the 
Rap80 subunit of the DNA repair complex 
(Rap80, Abraxas and BRCA1), which triggers 
BRCA-linked DNA repair mechanisms while 
activated CHK2 promotes cell cycle arrest
mediated via activation of p53 and p21, and 
inhibition of cdc25A/C which in turn removes 
an activation pathway for CDK2 and CDK1.
Failure to repair the DNA damage can lead to 
p53 mediated cell apoptosis.

Created with BioRender.com and based on 
information in (Kastan and Bartek, 2004; 
Reinhardt and Yaffe, 2009; Ciccia and Elledge, 
2010)
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1.6.1.3.2 ATR and response to single strand DNA breaks, replicative stress and 

stalled replication 

As shown in Figure 1-6, ataxia telangiectasia and Rad3‑related (ATR) kinase is the 

central hub of a series of protein interactions and phosphorylation events that result 

in a cell’s response to the prolonged exposure of single strand DNA, either due to 

stalled replicative machinery or genotoxic stress (Gaillard et al., 2015; Saldivar et al., 

2017; Techer et al., 2017).  

Checkpoint Kinase 1 (CHK1) is the key mediator of the replicative stress response to 

single strand DNA (Figure 1-6D), which via the dual inhibition of CDK2 and CDK1 at 

tyrosine residue-15 (the site of inhibitory phosphorylation by Wee1 and the target 

for activatory dephosphorylation by cdc25A/C) provides the final G2/M cell cycle 

checkpoint before a cell commits to mitosis (Reinhardt and Yaffe, 2009; Matthews et 

al., 2022). 

To trigger DNA repair mechanisms, ATR recruits Fanconi anaemia complementation 

group D2 (FANCD2) via a series of phosphorylation events, to help stabilise the 

replication fork and prevent double strand breaks, (Saldivar et al., 2017; Techer et 

al., 2017). However, in the event of DSB DNA the ATM-mediated response is also 

activated allowing cross over of both DNA damage response processes (Bartek and 

Lukas, 2007; Gaillard et al., 2015). 
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Figure 1-6 DNA Damage Response checkpoint following single strand breaks or replicative stress.(A) Exposed single strand DNA, either as a result of stalled replication forks or via 
genotoxic stress, is rapidly bound by replication protein A (RPA), which provides a platform for ATR-interacting protein (ATRIP) and ataxia telangiectasia and Rad3-related (ATR) kinase
to bind. Ewing tumour-associated antigen 1 (ETAA1) can also bind to RPA and recruit ATR-ATRIP. In parallel RAD17 helps to load the 9-1-1 complex (RAD9–RAD1–HUS1) to the junction 
between single and double stranded DNA. (B) The 9-1-1 clamp the recruits a further complex consisting of MRN (Mre11, Rad50 and Nbs1), RHINO and topoisomerase II binding protein 1 
(TOPBP1), which serves as an activator of ATR. (C) TOPBP1 phosphorylates ATRIP which in turn provides a binding site for Claspin. This brings Claspin into proximity to ATR where it is 
phosphorylated to create a binding site for Checkpoint Kinase 1 (CHK1). CHK1 is then itself phosphorylated by ATR and the activated CHK1-Claspin complex can dissociate away from the 
site of DNA damage to phosphorylate multiple targets. (D) ATR at the site of damage continues to phosphorylate target which mediate DNA repair or re-initiation of stalled replication 
forks. CHK1-Claspin phosphorylates targets which promote inhibition of kinases essential to cell cycle progression, including direct inhibition of Aurora B and Plk1, and indirect inhibition 
of CDK1 via activation of Wee1 and inhibition of cdc25A/C. CHK1 also phosphorylates p53 to activate further DNA repair mechanisms and trigger apoptosis in the absence of successful 
repair of DNA. Created with BioRender.com and based on information in (Gaillard et al., 2015; Saldivar et al., 2017; Techer et al., 2017)
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1.6.1.4 Mitosis and the Spindle Assembly Checkpoint 

The final checkpoint in the cell cycle occurs at the metaphase to anaphase transition, 

immediately prior to chromosome segregation to the bipolar spindle pores. Known 

as the Spindle Assembly Checkpoint (SAC) (see Figure 1-7), it is the checkpoint which 

protects the cells against disordered chromosome division and generation of 

daughter cells with irregular chromosome copy numbers (Musacchio, 2015). At 

unattached kinetochores, formation of the Mitotic Checkpoint Complex (comprising 

Bub3, BubR1, Mad2 and cdc20) inhibits the Anaphase Promoting 

Complex/Cyclosome, with just one unattached kinetochore producing sufficient MCC 

signal to prevent chromosome separation until the final centromere has been 

attached to the spindle (Greil et al., 2022). 

Fulfilment of the SAC leads rapidly to activation of APC/Ccdc20 followed by APC/CCdh1 

which commits the cell to mitosis, cell division and returns the cell back to interphase 

via the degradation of Cyclin A and B and the inactivation of CDK1 ready for a new 

cell cycle (Malumbres and Barbacid, 2009; Matthews et al., 2022). 
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Figure 1-7 The Spindle Assembly Checkpoint (SAC) is the last cell cycle checkpoint before a cell commits to mitosis and cell division and the final opportunity for a cell to 
rescue itself from chromosomal instability via the incorrect separation of sister chromatids prior to cytokinesis. The SAC responds to absence of chromosome attachment 
at the kinetochores during alignment and mitotic spindle formation during metaphase and prevents passage through to anaphase and chromatid separation until 
kinetochores are attached to both poles of the mitotic spindle.  

Spindle Assembly Checkpoint on (righthand side of figure): At the outer kinetochore region of the centromere (which connects the duplicate sister chromatids prior to 
cleavage at anaphase), a number of protein complexes prepare the kinetochore for microtubule attachment and generate the SAC signal until proper connection is 
established. The ROD (rough deal)–ZW10 (zeste white-10)–ZWILCH (RZZ) complex forms part of the fibrous corona at outer kinetochore (single unit shown for clarity) and 
recruits/localised the mitotic arrest deficient 1 and 2 (Mad 1 and Mad2) complex to the unattached kinetochore prior to SAC activation. The Knl1 (kinetochore scaffold 1)-
Mis12 (Mis12 complex)-Ndc80 (Ndc80 complex) (together the KMN complex) connects to the inner kinetochore via the constitutive centromere associate network (CCAN), 
another complex of repeated centromere protein (CENP) subunits that are anchored to chromatin via the centromere protein A (CENP-A) and histone H3.  

The KMN complexes then provides the scaffold upon which the SAC is formed at unattached kinetochores. The kinase Aurora B is also localised to the kinetochore by the 
chromosomal passenger complex (CPC, containing the subunits survivin, borealin and INCENP) where it phosphorylates sites on CENP-A, Mis12 and Ndc80 (yellow circles) 
with the latter promoting the binding of monopolar spindle 1 (Mps1) kinase (also promoted by phosphorylation of Ncd80 by CDK1-Cyclin B1, green circles). Mps1 then 
phosphorylates MELT repeats on Knl1 (orange circles) that provide binding sites for the components of the SAC itself. Mitotic checkpoint protein BUB3 (Bub3) which forms 
dimers with Bub1 and BubR1 (Mitotic checkpoint serine/threonine-protein kinase BUB1 and BUBR1 respectively) binds to the phosphorylated MELT repeats and is brought 
into proximity to Mad1-Mad2 anchored to RZZ. CDK1-Cyclin B and Mps1 phosphorylation of Bub1 promotes binding to Mad1, with Mad2 bound to Mad1 undergoing a 
conformation change from open Mad2 (O-Mad2) to closed Mad2 (C-Mad2). Cell division cycle protein 20 (cdc20) is also localised at the kinetochore and is recruited to the 
SAC by both Bub1 and BubR1, where Mad1 catalyses free O-Mad2 to C-Mad2 which binds to cdc20. The Mitotic Checkpoint Complex (MCC) is then formed of BubR1, Bub3, 
cdc20 and C-Mad which can dissociate from Ndc80 whereby it binds to APC/C, blocking its substrate recognition (and thus the ubiquitination of securin, Cyclin B1 to 
promote mitotic exit) and holding the cell cycle at metaphase until microtubule attachment at the kinetochore. CDK1-Cyclin B also plays a dual role in activating the APC/C 
and inhibiting cdc20 via phosphorylation as well as promoting the binding of phosphatase PP2A-B56 (protein phosphatase 2A, regulatory subunit B56) to BubR1 to prime 
the reversal of mitotic signalling after the chromosomes have divided and allow the cell to return to G1. High levels of Cyclin B also tip the balance of kinase/phosphatase 
activity towards phosphorylation, with CDK1-Cyclin B also directly inhibiting PP1. 

Spindle Assembly Checkpoint off (lefthand side of figure): SAC silencing is achieved by several mechanisms upon microtubule binding to the outer kinetochore via Ndc80. 
The tension applied by the spindle is thought to mechanically removed Mps1 away from Knl1 and leads to a reduction in phosphorylation of MELT repeats and therefore 
inactivation of the MCC. PP2A-B56, located at Knl1 through interaction with BubR1, acts to further dephosphorylate targets of Aurora B and CDK1. Cyclin B degradation 
by APC/Ccdc20 frees PP1 from inhibition and tips the balance of kinase/phosphatase activity in the direction of dephosphorylation, with PP1 binding to Knl1 and further 
reversing Mps1 activity. The cytosolic inhibitor of C-Mad2, p31comet-TRIP13 complex is also thought to block the conversion of O-Mad2 to C-Mad2, aiding to disassemble 
the MCC. The motor protein dynein(via adapter protein Spindly attachment to RZZ) mechanically strips the RZZ and Mad1-Mad2 complexes from the kinetochore at 
microtubule attachment, physically removing the MCC away from its site of activation to fully extinguish MCC activity. Finally, APC/Ccdc20 is freed from MCC inhibition and 
swiftly ubiquitinates its targets including Cyclin B and securin to promote metaphase and the separation of chromatid pairs.  

Created with BioRender.com and based on information in (Kops et al., 2005; Musacchio and Salmon, 2007; Malumbres and Barbacid, 2009; Musacchio, 2015; Hayward et 
al., 2019; Holder et al., 2019; Lara-Gonzalez et al., 2019; Lara-Gonzalez et al., 2021). 
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1.6.1.5 Targeting cell cycle checkpoints for disease 

Many of the current treatments for B cell malignancies aim to use the cell cycle 

checkpoints to halt the uncontrolled proliferation, with combinations of treatments 

aimed at either causing irreversible DNA damage or mitotic spindle dysfunction in 

order to cause cell death via apoptosis still an option for less fit patients (Walewska 

et al., 2022) and more target treatments showing great effects in patients with 

disease driven by oncogene mutations such as p53 (Furstenau and Eichhorst, 2021; 

Eichhorst et al., 2023). 

 

1.7 Mechanisms of action of currently available treatments 

Mature B-cell malignancies remain a treatment challenge, as many patients develop 

resistance and become treatment-refractory. It is essential that the precise 

mechanism of action of each agent is fully understood to determine how future novel 

therapies may be introduced or even added to more established combination 

therapy regimes. 

 

1.7.1 Chemotherapy 

Chemotherapeutic agents which selectively target rapidly dividing cells have long 

since been the basis of many combination-therapies for mature B-cell malignancies. 

CHOP (cyclophosphamide, hydroxydoxorubicin, vincristine and prednisolone) 

chemotherapy has been an established treatment of NHL since the late 1970s (Jones 

et al., 1979), while the combination of fludarabine and chlorambucil (FC) has long 

been an established treatment for CLL (Routledge and Bloor, 2016). These regimens 

feature drugs from distinctive drug classes, each of which trigger apoptosis, cell death 

or cell cycle arrest by a different mechanism, with the idea that by targeting cells via 

multiple mechanisms, development of drug resistance may be reduced (See Figure 

1-1). 
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1.7.1.1 Microtubule Targeting Agents 

MTAs exert their effects by binding to tubulins at specific binding sites interrupting 

alignment of chromosomes before the metaphase-anaphase transition, triggering 

the SAC (see section 1.6.1.4 and Figure 1-7) and leading to mitotic arrest or apoptotic 

cell death (Jordan et al., 1991; Kavallaris, 2010). An extended period of mitotic arrest 

can lead to mitotic slippage, where cells exit mitosis in a state of tetraploidy, with 

four copies of each chromosome following duplication during S-phase (Kavallaris, 

2010) Apoptotic cell death is mediated by members of the Bcl-2 family of pro- and 

anti-apoptotic proteins, including pro-apoptotic Bim which triggers mitochondrial 

induced apoptosis (Kavallaris, 2010). In addition to mitotic spindle formation, 

microtubules are also involved in several other key cell functions, including control 

of cell shape, motility, and intracellular trafficking, meaning that targeting of 

microtubules has multiple effects on the cell (Fanale et al., 2015). 

The MTAs can be broadly divided into two categories: The first is the microtubule 

stabilising agents (MSAs) such as members of the Taxane family that bind to the 

taxane-binding site within the microtubules. The second is the microtubule 

destabilising agents (MDAs), such as members of the Vinca Alkaloid family (of which 

Vincristine and Vinblastine are the most well-known and bind to the vinca alkaloid 

binding site). The Colchicine binding site inhibitor (CBSI) family also fit into this 

second group, although at present, CBSIs have yet to reach the commercial phase as 

anti-cancer drugs due to toxicity issues (Wang et al., 2016). MSAs work by binding to 

the tubulin polymer and stabilizing the microtubules, while MDAs bind to tubulin 

dimers causing destabilisation. Irrespective of the mode of action, both MSAs and 

MDAs result in disruption of the mitotic spindle, activation of the spindle assembly 

checkpoint, resultant cell cycle arrest at the metaphase-anaphase transition, and 

ultimately cell death (Fanale et al., 2015; Pérez-Pérez et al., 2016). 

The neurotoxicity observed in a significant number of patients following treatment 

with MTAs has suggested modes of action other than just mitotic arrest of dividing 

cells (Velasco-González and Coffeen, 2022). Indeed, non-dividing chronic lymphocytic 

leukaemia (CLL) cells have been shown to be highly sensitive to vinca-alkaloids in 
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culture in comparison with normal dividing lymphocytes (Vilpo et al., 2000), and both 

Vincristine (Oncovin, the ‘O’ in R-CHOP) and vinblastine are commonly used to treat 

CLL, as well as other B-cell malignancies and solid tumours. The consequent effects 

of tubulin disruption on microtubule associated proteins, cell morphology (Gertsch 

et al., 2009), kinase activation (Teicher, 2008) and gene transcription  (Pan et al., 

2018) are likely contributors to the mode of action (Bates and Eastman, 2017). 

In line with other established treatments for B-cell malignancies, unfortunately, 

patients can develop resistance to anti-mitotic drugs through expression of 

microtubule-associated proteins (MAPs) which stabilise microtubules against 

depolymerisation (Kavallaris, 2010), which further evidences the need for alternative 

treatment modalities. 

It is clear that MTAs continue to be effective in first-line treatment regimes in a wide 

range of cancer types, including B-cell malignancies. While neurotoxicity and 

neuropathy are key treatment limiting and debilitating symptoms for patients 

treated with MTAs, newer generations of treatments (e.g., Ixabepilone, eribulin, 

epothilones) have demonstrated reduced severity and swifter reduction in 

neuropathic symptoms in response to dose reduction in animal models and early 

phase clinical trials (Carlson and Ocean, 2011; Staff et al., 2017; Cook et al., 2018). 

Identification and refinement of new compounds with microtubule destabilisation 

activity may allow for enhanced tumour specificity, reduced neurotoxicity, and 

insensitivity to chemoresistance mechanisms, by differing effects on microtubule 

associated proteins (Bates and Eastman, 2017). 

 

1.7.1.2 Anthracyclines 

Anthracycline antibiotic drugs, including doxorubicin (Adriamycin) and daunorubicin, 

are from the drug class known as intercalating agents, due to their disruption of DNA 

replication, and the enzymes topoisomerase I and II associated with it, which leads 

to cell death via apoptosis (Tacar et al., 2012). The addition of doxorubicin, in the 

form of hydroxydoxorubicin (the ‘h’ in CHOP), helped to establish the CHOP 

chemotherapy regimen as the first choice for NHLs (Jones et al., 1979) and it has been 
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in clinical use for over 30 years (Tacar et al., 2012). Its mechanism of action includes 

the disruption to topoisomerase I and II enzymes, which play a key role in the 

unravelling of DNA, preventing it from uncoiling, combined with intercalating into 

DNA and RNA which prevents their polymerisation, and leads to programmed cell 

death when cellular DNA repair mechanisms fail and commit the cell to apoptosis 

(Tacar et al., 2012). Doxorubicin can also increase the cellular production of free 

radicals, contributing to further DNA damage but also to the toxicity associated with 

their clinical use, which limits the dosage that can be administered safely (Tacar et 

al., 2012). 

1.7.1.3 DNA Targeting Agents 

Cyclophosphamide, chlorambucil and bendamustine are all examples of alkylating 

agents, drugs which act via damage to DNA to prevent the expansion of tumour cells 

(Tacar et al., 2012). They are the oldest class of anti-neoplastic drugs, having been 

first licensed for use in the 1940s (Puyo et al., 2014). Alkylating agents, as their name 

suggests, have a mechanism of action by which they add alkyl groups via covalent 

bonding to proteins and DNA, which interferes with essential tasks such as 

transcription, leading to accumulation of crosslinking between DNA strands and cell 

death (Emadi et al., 2009; Puyo et al., 2014). However, DNA repair mechanisms can 

lessen the effects of alkylating agents, meaning they are often used in conjunction 

with other anti-neoplastic drugs (Sampath and Plunkett, 2007). Fludarabine is an 

example of a purine analogue, frequently used in the treatment of CLL. Purine 

analogues are anti-metabolites that interfere with DNA synthesis and trigger 

cytotoxicity and cell death via their incorporation into DNA and RNA, inducing 

apoptosis in the S-phase of the cell cycle (Galmarini et al., 2002). Despite being first 

introduced in to CLL treatment regimes in 1985, Fludarabine continues to form part 

of frontline therapy for these patients (as part of the FCR regime) (Walewska et al., 

2022), since in younger fitter patients long-term data shows impressive results in 

terms of overall survival and safety profile. However, older CLL patients’ risk for 

adverse events and toxicities from Fludarabine are much higher, and toxicity is also 
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considered to be an issue in those patients with renal dysfunction. Hence alternatives 

are needed for these patient groups.  

 

1.7.1.4 Glucocorticoids 

Glucocorticoids (GCs), including the drugs prednisolone and dexamethasone, are 

well established treatments for B-cell and T-cell malignancies and are able to trigger 

lymphoid cell death via apoptosis (Schmidt et al., 2004). The effects of GCs are 

mediated by the glucocorticoid receptor (GR), a ligand-activated transcription factor 

found in the cytoplasm, the activation of which upregulates gene expression 

(Schmidt et al., 2004). The mechanism of action includes interaction with the pro-

apoptotic members of the Bcl-2 family of proteins, specifically the indirect 

upregulation of pro-apoptotic Bim protein, together with suppression of the anti-

apoptotic members of the same family leading to caspase mediated apoptosis 

(Schmidt et al., 2004; Smith and Cidlowski, 2010). GCs have historically been an 

exciting treatment modality in CLL given that Dexamethasone-induced apoptosis 

appears to be unaffected by p53 dysfunction, and hence can be used in TP53-

mutated cases, and seems to be more pronounced in cases with 

unmutated IGHV genes, again providing a useful treatment approach in this poor 

prognostic patient group (Melarangi et al., 2012). Prednisolone forms the ‘P’ in CHOP 

therapy which continues to be used in the treatment of NHL, but in some cases 

prednisolone is used in isolation to manage the autoimmune complications such as 

Autoimmune Haemolytic Anaemia (AIHA) that can develop in patients with mature 

B-cell malignancies (Autore et al., 2021). However, patients can begin to develop 

resistance to glucocorticoid treatment, through mechanisms that have yet to be fully 

elucidated, but that seem to involve an acquired inability to activate the pro-

apoptotic proteins Bax and Bak (Melarangi et al., 2012). Resistance to GCs 

contributes to poor prognosis in B-cell malignancies (Schmidt et al., 2004; Smith and 

Cidlowski, 2010). 
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1.7.2 Anti-CD20 Antibodies 

First licenced for treatment in the USA in 1998, the introduction of rituximab has had 

a huge impact in the treatment of B-cell malignancies, with benefits to both 

progression free survival and overall survival (Salles et al., 2017). It is a monoclonal 

antibody (mAB) of chimeric origin (human/murine) specified to the ubiquitous B-cell 

transmembrane protein CD20, to which rituximab binds with high affinity (Salles et 

al., 2017). Rituximab is thought to trigger cell death via at least four different 

pathways: through activating the complement component of the humoral immune 

system leading to complement-dependent cytotoxicity (CDC); through recognition of 

the rituximab antibody by natural killer (NK) cells leading to antibody-dependent 

cellular cytotoxicity (ADCC); through the cross-linking of several molecules of CD20 

and rituximab and the formation of lipid rafts which leads to Src kinase-mediated 

apoptosis; and through the recognition of complement-bound rituximab and the 

rituximab Fc region by Fc-receptors on macrophages, leading the phagocytosis (Salles 

et al., 2017). Rituximab has formed part of the treatment regimens for DLCBL, FL, 

MCL and CLL, both as upfront treatment, (frequently as part of the R-CHOP regimen), 

as maintenance and as part of salvage chemotherapy regimens (McNamara et al., 

2012; Dreyling et al., 2016; Dreyling et al., 2017), and continues to be used in current 

treatment guidelines. However as outlined above, disease progression and relapse 

are still prevalent, leading to the search for alternative treatments. 

More recently (in 2019), Obinutuzumab was recommended by National Institute for 

Health & Care Excellence (NICE) as a newer anti-CD20 monoclonal antibody for 

treatment of CLL. Its efficacy was tested in the CLL11 trial, a multicentre, open-label, 

3-arm trial, comparing obinutuzumab plus chlorambucil (OC), rituximab plus 

chlorambucil (CR) and chlorambucil (Clb) alone in patients with untreated CLL, for 

whom full-dose fludarabine-based therapy was not appropriate (Seiter and 

Mamorska-Dyga, 2015). Significant superiority of OC when compared with either Clb 

alone or CR was demonstrated, with regards to progression-free survival (PFS). 

Significant superiority of OC over Clb alone was also shown when overall survival was 

considered. In a follow-up study, patients treated with OC were shown to remain 
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without new anti-leukemic treatment for over 50 months on average, demonstrating 

a superior “time-to-next-treatment” for this new CIT regime (Goede et al., 2015). 

Given these very positive data, Obinutuzumab is currently a front line therapy for 

several CLL patient groups, particularly those with TP53 mutations who are otherwise 

extremely difficult to treat (Walewska et al., 2022). 

 

1.7.3 Targeted therapies 

A significant amount of progress has been made with regards to treatments which 

target cell signalling pathways in B-cell malignancies. Many of these now form part 

of well-established treatment protocols (Figure 1.2) and many more are still under 

development.  

1.7.3.1 Bruton Tyrosine Kinase inhibitors 

Ibrutinib is a first in class BTK inhibitor, which became a routine part of treatment 

schedules, particularly in CLL, used upfront for patients with poor prognostic markers 

such as TP53 mutation, as well as in maintenance following chemotherapy treatment 

and following disease relapse (Routledge and Bloor, 2016). Ibrutinib has also shown 

selective activity for the DLBCL ABC subgroup, and is now a main choice for second-

line therapy in CLL. Ibrutinib covalently binds to the BTK enzyme in the BCR activation 

pathway see Figure 1-1, inhibiting numerous downstream cell signalling pathways 

including MAP kinase and extracellular signal-regulated kinase (ERK) signalling, NF-

κB DNA binding as well as reducing CLL cell proliferation (Byrd et al., 2013; Routledge 

and Bloor, 2016). In a phase 1b-2 trial in relapsed CLL, single agent use of ibrutinib 

resulted in an overall response rate of 71 %, and progression free survival of 75 % 

and overall survival of 83 % at 26 months, which demonstrated its efficacy in this 

setting (Byrd et al., 2013). However, due to off-target effects of ibrutinib (including 

bleeding in some patients), the search of alternative targeted treatments has 

expanded. Acalabrutinib, a second generation BTK inhibitor, was approved in 2017 

following promising results in clinical trials focusing on relapsed CLL, with an overall 

response rate of 95 % demonstrated at 14.3 months follow up (Byrd et al., 2016). 

Again, acalabrutinib is now a main choice for second-line therapy in CLL (Figure 1-2) 



Chapter 1: Introduction 

34 
 

and has an improved adverse event profile in comparison with ibrutinib. However, 

the search for improved BTK inhibitors continues, with Zanubrutinib showing greater 

BTK selectivity than ibrutinib and acalabrutinib, with minimal off-target in vitro 

inhibition, in early trials (Y. Guo et al., 2019).  

 

1.7.3.2 Phosphatidylinositol-3 kinase inhibitors  

Idelalisib is a selective, reversible, PI3Kδ inhibitor, with its target PI3Kδ upstream of 

BTK and other essential signalling pathways responsible for proliferation and 

resistance to apoptosis including Akt, mTOR, ERK  (Fruman and Rommel, 2014; Jain 

and O'Brien, 2016). Idelalisib is now offered as third line therapy for CLL patients in 

CLL in combination with rituximab and in the relapsed setting (Routledge and Bloor, 

2016), as well as in FL (Dreyling et al., 2016) and in relapsed MCL (Dreyling et al., 

2017). A phase 3 clinical trial of placebo plus rituximab vs idelalisib in combination 

with rituximab, showed and overall response for the idealisib treatment arm of 81 % 

and overall survival at 12 months of 92 % (Furman et al., 2014) leading to its licensing 

in this setting (Routledge and Bloor, 2016).  

More recently attention has focused on the efficacy of buparlisib, an orally available 

pan-Class I PI3K inhibitor, that is reported to be more potent than idelalisib. A phase 

I clinical trial has investigated dual targeting of the BCR via BTK inhibition (ibrutinib) 

and PI3K inhibition (buparlisib) in FL, MCL and DLBCL (Stewart et al., 2022), 

hypothesising that dual targeting would potentially increase the duration of response 

to therapy and prevent the development of resistant subclones. Results have shown 

high overall response and complete response rates, particularly in MCL.  

 

1.7.3.3 B-cell lymphoma-2 inhibitors 

The anti-apoptotic protein Bcl-2, naturally located in the membranes of the 

endoplasmic reticulum (ER), nuclear envelope, and in the outer membranes of 

mitochondria, is highly expressed in many mature B-cell malignancies and so 

represents an interesting therapeutic target. Mature B-cell malignancies are very 
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different from conventional cancers in that the level of proliferation of these 

malignant cells is very low. However, the cells fail to undergo apoptosis and so 

accumulate within the lymph nodes and peripheral blood (Rozman and Montserrat, 

1995). Bcl-2 overexpression, regulated by the proto-oncogene BCL-2, is essential to 

this continued survival. Bcl-2 inhibits the pro-apoptotic molecules Bax and Bak from 

disrupting the mitochondrial membrane and releasing Cytochrome C into the 

cytoplasm. Caspase activity is then initiated leading to intrinsic pathway-mediated 

apoptosis. Venetoclax, a small molecule, mimics BH3. Normally, BH3 binds to bcl-2 

at the outer wall of mitochondria inhibiting its activity. But in cells over-expressing 

Bcl-2, far more BH3 would be required to exert the same effects. 

 

Venetoclax has shown an excellent safety profile and high efficacy in CLL, including 

relapsed/refractory cases with TP53 disruption (Roberts et al., 2016; Seymour et al., 

2018; Fischer et al., 2019). It is now offered as a first line therapy for TP53 disrupted 

cases and as a second and third line therapy in relapsed cases either alone or in 

combination with rituximab (Walewska et al., 2022). Indeed, trials involving 

combination treatments with venetoclax have reported that venetoclax dose is not 

compromised when combined with other drugs and continues to demonstrate an 

excellent safety profile (Mato et al., 2018). The availability of venetoclax represents 

a major advance in CLL treatment. It is also able to overcome a dysfunctional TP53 

that is a major hallmark of chemorefractoriness to conventional antineoplastic 

agents, thereby representing a step-change in management of this sub-group of 

patients.  

 

However, despite the reported successes with venetoclax, there are concerns that 

resistance can occur, and in fact, drug disease progression has been reported in 35–

37% of CLL patients undergoing venetoclax treatment (Anderson et al., 2017). This 

drug resistance is thought to be mediated by microenvironmental signals, 

particularly T-cell signals. It has been shown that CLL cells that recently migrate from 

lymph nodes, where they receive supportive signals from the tumour 

microenvironment, show higher levels of the anti-apoptotic proteins BCL-XL and 
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MCL-1 compared to those returning back to these areas (Haselager et al., 2020). 

Although both BCL-XL and MCL are members of the Bcl-2 family of proteins, they are 

not targeted by venetoclax. Hence, it is hypothesised that tissue-resident leukemic 

cells with microenvironmental support might not be properly targeted by venetoclax 

alone. Further, a combination of very recent research has shown that resting CLL 

cells, but not the dividing subpopulation of the leukemic clone, preferentially 

respond to venetoclax (Lu et al., 2021), and that those cells that survive to a first 

venetoclax-exposure are capable to resist a second treatment, suggesting that 

venetoclax select the most activated leukemic cells with the highest proliferative 

capacity (Elias et al., 2022). These resistant cells show an aggressive phenotype, 

characterized by increased expression of BCL-XL and/or MCL-1 expression (Elias et al. 

2022). As work continues on the refinement of Bcl-2 inhibitors, it will be critical to 

fully elucidating the mechanisms involved in the development of Bcl-2-inhibitor 

resistance and to determine the optimal approaches to preventing or overcoming 

such resistance. 

 

1.8 Novel thienopyridine compounds 

1.8.1 Thieno[2,3-b]pyridine containing compounds in drug discovery 

The search for compounds that can effectively eliminate the apoptotic-resistant B-

cells present in mature B-cell malignancies, while minimising the emergence of 

resistant, more aggressive sub-clones continues. It would appear, based on relative 

successes of the BTK inhibitors and PI3K inhibitors (Byrd et al., 2013; Flinn et al., 2014; 

Byrd et al., 2016) that targeting components of the BCR signalling pathway or protein 

kinases downstream of this is a solid approach.  

 

Molecules containing a thieno[2,3-b]pyridine moiety (T[2,3-b]P) have been 

synthesised by organic chemists since the 1960s (Klemm and Zell, 1968) with an 

increased interest over the past 15 years in their incorporation into the structures of 

compounds for use in a wide range of conditions (Dotsenko et al., 2020) often based 

on preliminary in silico screening and structural activity relationship (SAR) studies. 

Thieno[2,3-b]pyridine scaffolds are also commonly used in drug discovery for the 



Chapter 1: Introduction 

37 
 

synthesis of other targeted compounds, particularly in the search for new anti-

microbial and anti-cancer agents (Mohi El-Deen et al., 2022). 

 

Thienopyridines have been identified as a potential class of molecule/drug with anti-

cancer properties (Reynisson et al., 2009), with a model of action that targets the 

phosphoinositide specific-phospholipase C (PLC) family of enzymes, specifically PLCγ 

(Arabshahi et al., 2014; Leung et al., 2014). The PLC enzyme is a membrane bound 

protein which has six subfamilies, PLCβ, PLCγ, PLCδ, PLCε, PLCζ, PLCη (Arabshahi et 

al., 2014). PLCγ in particular has been shown to regulate a range of cancer cell 

behaviours including tumourigenesis, metastasis and invasion, making it an attractive 

therapeutic target (Arabshahi et al., 2014). 

 

Initial studies of commercially available known-inhibitors of PLCγ2, including 

compounds containing a thieno[2,3-b]pyridine structure, found GI50 values 

comparable to the mean in an NCI60 panel against leukaemia cell lines at low 

micromolar concentrations, with GI50 in the nanomolar range for melanoma (MDA-

MB-435), breast (MDA-MB-468), non-small cell lung cancer (NCI-H522) and CNS (SF-

295) cell lines  (Feng et al., 2012). 

Further in silico and cell line studies of synthetic thienopyridines found good 

specificity for PLC enzyme class inhibition, with GI50 in the nanomolar range for 

melanoma, breast, lung, CNS and leukaemia cell lines (Arabshahi et al., 2014; Hung 

et al., 2014). A virtual screen using PLC found increased specificity against leukaemia 

cell lines, possibly indicating thienopyridine specificity against PLCγ2 which is 

exclusively expressed in haematopoietic cells (Arabshahi et al., 2014).  

In breast cancer cell line studies, cell cycle arrest was found to occur at M phase of 

cell cycle when treated with thienopyridines. M phase is known to be regulated by 

PLCy-Akt interaction, while the PLCβ1 isoform is also implicated in the G2/M cell cycle 

progression (Leung et al., 2014). The cell cycle arrest was found not to be induced as 

a result of DNA damage by thienopyridine compounds, a finding confirmed by 

comparing with the known DNA topoisomerase inhibiting agent Camptothecin and 



Chapter 1: Introduction

38

assessing DNA damage via phosphorylated γH2AX (histone H2A family) level 

(Reynisson et al., 2016). 

PLCy and other PLC isoforms (except PLCζ) have been found to be inhibited in breast 

cancer cell lines suggesting a potential synergistic effect between the main PLCy

isoform and other PLC isoforms in tumour cell lines (Leung et al., 2014). 

Work by the New Zealand group1 identified that side chain modifications to the 

phenyl ring of the molecule (Figure 1-8) had effects on antiproliferative activity, with 

Ortho- and Meta- substitutions favouring increased antiproliferative effects while 

Para- substitutions were shown to decrease these effects (103.0 % cell viability at 

NCI60 panel for compound with this substitution vs 100 % untreated control) 

(Arabshahi et al., 2014; Hung et al., 2014; Eurtivong et al., 2016). Further 

modifications to the size of the cycloaliphatic ring moiety, was found to increase 

cytotoxicity; Eight-membered rings show higher cytotoxicity when compared to 

seven-membered rings, and cyclohexanone moieties have more of a cytostatic effect 

on cells (Arabshahi et al., 2015; Leung et al., 2016). 

Figure 1-8 Aryl side chain modifications as well as changes to the size of the cyclohexanone moiety 
impact both the cytotoxicity and antiproliferative effects of novel thienopyridine compounds. Adapted 
from (Arabshahi et al., 2015)

1 The New Zealand/Auckland Group refers to all works produced by Professor David Barker's lab in 
the School of Chemical Sciences, University Of Auckland, New Zealand
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A kinase screen using KINOMEscan excluded off target inhibition, with molecular 

modelling of docking against Chk1 and Aurora B, which are key cell cycle regulators, 

showing potential direct binding of thienopyridine compounds to these specific 

kinases, which could explain their effects on cell cycle progression (Arabshahi et al., 

2015). Fluorescent micrographs using MDA-MB-231 breast cancer cell lines stained 

for β-tubulin showed effects on microtubule formation (Reynisson et al., 2016) while 

further studies using a sea urchin embryo model demonstrated microtubule 

destabilisation and molecular modelling suggesting thienopyridine inhibition of the 

tubulin colchicine binding site (Eurtivong et al., 2017) which is a mode of action 

suggested in previous studies of thienopyridine containing compounds (Romagnoli 

et al., 2013).  

Further side chain modification have been made by the Auckland group2 to produce 

novel thienopyridine compounds that act against the glycophenotype and glucose 

metabolism of breast and prostate cancer cells (Mastelic et al., 2017; Marijan et al., 

2020; Pervan et al., 2022). They have also investigated the possibility of modifying 

thienopyridines to act as inhibitors of the DNA repair enzyme tyrosyl-DNA 

phosphodiesterase (TDP1), to increase cell sensitivity to the chemotherapy drug, 

Camptothecin (Leung et al., 2021). These works demonstrate a broad range of 

potential thienopyridine targets and their promise as antiproliferative agents, with 

effects directly linked to the molecular structure of the compound. 

Although the work mentioned thus far is all pre-clinical, some members of the 

thienopyridine family are currently used clinically. The thienopyridine Clopidogrel is 

prescribed for the treatment of acute coronary syndromes (ACS) and 

atherothrombosis, with activity as a platelet P2Y12 receptor inhibitor central to its 

action (Thomas et al., 2015). Previous research from the present research group at 

Manchester Metropolitan University has shown that novel thienopyridine 

compounds have potent anti-platelet effects and demonstrate synergy with 

antithrombotic drugs such as aspirin. Interestingly, the novel thienopyridines were 

 
2 The New Zealand/Auckland Group refers to all works produced by Professor David Barker's lab in 
the School of Chemical Sciences, University Of Auckland, New Zealand 
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found to result in greater reductions in maximum platelet aggregation when 

compared with those following clopidogrel treatment (Binsaleh et al., 2018). 

Platelets express P2Y12 receptors in large numbers, and ligation of this receptor with 

its ligand, ADP, results in a cascade of signalling events that ultimately results in 

platelet activation and aggregation (Gachet, 2012). This signalling cascade includes 

PLC, PI3K, Akt and BTK. In addition to their anti-platelet activity, Thomas et al. (2015)

have found P2Y12 inhibitors to have significant anti-inflammatory properties, 

reducing levels of cytokines interleukin-6 (IL-6), tumour necrosis factor alpha (TNFα) 

and C-C Motif Chemokine Ligand 2 (CCL2, also known as monocyte chemoattractant 

protein-1 (MCP-1)) in patients taking these drugs. In a disease such as CLL with a pro-

inflammatory microenvironment thought to be essential to progression of the 

disease, thienopyridines would seem ideal candidates as new therapies.

Thienopyridines in clinical use, including clopidogrel, ticlopidine and prasugrel have 

also been in tested in a range of animal models for potential direct anti-cancer effects 

(reviewed in Ballerini et al. (2018), see Figure 1-9 for their structures), and in studies 

versus a range of immortalised cancer cell lines (AlKhalil et al., 2020), with their 

activity linked to the expression of P2Y12 receptors on a wide range of cells other than 

platelets (Mansour et al., 2020). Metabolites generated by the breakdown of 

clopidogrel by Cytochromes P450 family (CYP450s) of enzymes has also suggested as 

a model of action (Kuszynski and Lauver, 2022). The antiproliferative activities of 

existing thienopyridines suggests that novel compounds sharing analogous chemical 

structures may also offer similar effects.

Figure 1-9 Chemical structures of thienopyridine drugs Clopidogrel, Ticlopidine and Prasugrel which 
are in clinical use as P2Y12 inhibitors but have been trialled as anti-cancer agents. Structures taken 
from NCBI PubChem Database (Kim et al., 2023). 
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1.9 Thieno[2,3-b]pyridines as anti-cancer agents 

Preliminary studies have shown Thieno[2,3-b]pyridine containing compounds to 

have cytotoxicity in the nanomolar range against gastric (NUGC cells), colon (DLDI 

cells), liver (HA22t cells) and breast (MCF) cancer cells by MTT/MTS assay in the 

absence of toxicity against normal fibroblast (W138) cells (Mohareb and Ibrahim, 

2017) and against liver (HepG2) and breast (MCF7) cell lines (Abuelhassan et al., 

2022). A common feature of novel thieno[2,3-b]pyridine class compounds is their 

effects on cancer cell proliferation, with effects against copper trafficking via 

inhibition of cytosolic copper chaperones (CCS and Atox1) and reduced cellular ATP 

generation (via inhibition of AMP-activated protein kinase (AMPK)) demonstrated in 

lung (H1229), leukaemia (K562) and breast (MDA-MD-231) cell lines with 

corresponding reductions in cell viability (Wang et al., 2015). Previous studies had 

demonstrated thieno[2,3-b]pyridine moiety containing compounds which were 

investigated as potential Adenosine A2A Receptor GPCR antagonists, showed 

inhibition of cyclic adenosine monophosphate (cAMP) production at 10 nM 

concentration in a non-Adenosine A2A Receptor antagonist manner (Katritch et al., 

2010). 

A series of novel thieno[2,3-b]pyridine containing compounds were found to show 

antiproliferative activity, including an increase in apoptosis (HeLa cells), G2/M cell 

cycle arrest (Jurkat, HT-29 colorectal and HeLa cells), more potent inhibition of 

tubulin polymerisation compared to known Colchicine inhibitor Combrestatin A-4 

(CA-4) and competition for colchicine binding sites with reduction of tumour burden 

shown in vivo in Balb/c mice, in the absence of effects against lymphocytes taken 

from healthy donors (Romagnoli et al., 2013). This study also demonstrated efficacy 

against multi-drug resistant cells lines (lymphoblastic leukaemia CEMVBL-100 and colon 

carcinoma LovoDoxo) which express elevated levels of the adenosine triphosphate 

(ATP)-binding cassette (ABC) transporters and further work on a different class of 

thieno[2,3-b]pyridines showed similar inhibitory effects against P-glycoprotein (P-

gp), multidrug resistance-associated protein 1 (MRP1) and breast cancer resistance 

protein (BCRP1) (Krauze et al., 2014). 
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Recent studies have shown inhibition of the oncoprotein Forkhead box M1 (FOXM1), 

which regulates genes involved in cell cycle progression and cell proliferation, 

including their dysregulation in oncogenesis, with thieno[2,3-b]pyridine compounds 

demonstrating G2/M cell cycle arrest and apoptosis in breast cancer cell lines (G. Luo 

et al., 2021; Huerta-Garcia et al., 2022). Novel thieno[2,3-b]pyridine containing 

compounds have also been investigated as potential chemotherapy drugs which can 

be incorporated into nanoparticles for drug delivery directly to tumours (Lopes et al., 

2022; Ribeiro et al., 2022). 

An additional class of thieno[2,3-b]pyridine compounds were designed and modified 

to target PIM-1 again with cytotoxicity against cancer cell lines and direct PIM-1 

inhibition demonstrated and side chain modifications to the chemical structures 

shown to both increase or decrease efficacy (Naguib and El-Nassan, 2016; Abdelaziz 

et al., 2018) and work done to combine VEGF and PIM-1 inhibition in the same 

chemical structure (Rizk et al., 2019). 

1.10 Thieno[2,3-b]pyridine use in other conditions 

Novel thieno[2,3-b]pyridine containing compounds have been synthesised and 

tested for a wide range of conditions other than neoplasms and malignancies, 

however there is only limited, or speculative, laboratory data to support many of 

these claims. The results of these papers are summarised in Table 1-2.



Chapter 1: Introduction 

43 
 

Table 1-2 Summary of novel thienopyridine literature 

Target Cell Lines / Conditions Results References 
Anti-cancer Gastric (NUGC cells) 

Colon (DLDI cells) 
Liver (HA22t cells)  
Breast (MCF) 

Cytotoxicity in the nanomolar range by MTT/MTS assay in the 
absence of toxicity against normal fibroblast (W138) cells 

 (Mohareb and Ibrahim, 
2017) 

Liver (HepG2) 
Breast (MCF7) 

 (Abuelhassan et al., 
2022) 

Lung (H1229)  
Leukaemia (K562)  
Breast (MDA-MD-231) 

Inhibition of cell proliferation with reduced cellular ATP generation 
(via inhibition of AMP-activated protein kinase (AMPK)) and effects 
against copper trafficking via inhibition of cytosolic copper 
chaperones (CCS and Atox1) 

 (Wang et al., 2015) 

Human embryonic kidney (HEK293) Inhibition of cyclic adenosine monophosphate (cAMP) production 
at 10 nM concentration in a non-Adenosine A2A Receptor antagonist 
manner 

 (Katritch et al., 2010) 

HeLa cells  
T-lymphocyte (Jurkat)  
Colorectal (HT-29) 

increase in apoptosis (HeLa), G2/M cell cycle arrest (Jurkat, HT-29 
colorectal and HeLa cells), more potent inhibition of tubulin 
polymerisation compared to known Colchicine inhibitor 
Combrestatin A-4 (CA-4) and competition for colchicine binding 
sites with reduction of tumour burden shown in vivo in Balb/c mice 

 (Romagnoli et al., 2013) 

Lymphoblastic leukaemia (CEMVBL-100 ) 
Colon carcinoma (LovoDoxo) 

Efficacy against multi-drug resistant (MDR) cells lines 

Normal mouse fibroblast (NIH3T3) 
Human uterine sarcoma (MES-SA) 
Doxorubicin resistant human uterine 
sarcoma (MES-SA/Dx5) 
Human lung cancer (H69) 

Inhibition of multidrug resistance proteins: P-glycoprotein (P-gp), 
multidrug resistance-associated protein 1 (MRP1) and breast cancer 
resistance protein (BCRP1) at micromolar concentrations. 

 (Krauze et al., 2014) 
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Doxorubicin resistant human lung 
cancer (H69/Dx5) 
Rat aorta smooth muscle (A7R5) 
 
Prostate cancer endothelial cell (PC3) Inhibition of dimethylarginine dimethylaminohydrolase 1 (DDAH1) 

which regulates nitric oxide production and tumour angiogenesis in 
prostate cancer 

 (Kami Reddy et al., 2019) 

Breast (MDA-MD-231) Inhibition of the oncoprotein Forkhead box M1 (FOXM1) (involved 
in cell cycle progression and cell proliferation) demonstrating G2/M 
cell cycle arrest, growth inhibition and apoptosis in breast cancer 
cell lines 

 (G. Luo et al., 2021; 
Huerta-Garcia et al., 
2022) 

NCI60 Panel 
Hepatocellular carcinoma (HepG2) 
Colon adenocarcinoma (HCT116) 
Colorectal adenocarcinoma (Caco-2) 
Breast (MCF7) 
Prostate cancer endothelial cell (PC3) 
Non-small lung cancer (A549) 

Cytotoxicity against cancer cell lines and direct PIM-1 inhibition 
demonstrated 

 (Naguib and El-Nassan, 
2016; Abdelaziz et al., 
2018) 

Anti-bacterial Escherichia coli 
Pseudomonas aeruginosa 
Staphylococcus aureus 
Bacillus subtilis 

Moderate antibacterial effects in comparison to tetracycline by 
zone of inhibition assay 

 (Elsherif, 2020; Zaki et 
al., 2022) 

Anti-viral Human Immunodeficiency Virus (HIV) Inhibition of cellular replication of HIV in Human PBSC model of 
infection, possibly due to anti-Rev-RRE complex inhibition. 

 (Nakamura et al., 2017) 

Mayaro arbovirus (MAYV) Inhibited virus replication and morphogenesis in Vero cell model 
(African Green Monkey cells) 

 (Amorim et al., 2017) 

Anti-malarial Plasmodium falciparum Specificity and activity against P. falciparum GSK-3 (PfGSK-3) 
enzyme 

 (Masch and Kunick, 
2015; Masch et al., 2019) 
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Anti-neurological Alzheimer’s Disease Anti-acetylcholinesterase (anti-AChE) and anti-
butyrylcholinesterase (anti-BChE) activity alongside inhibitory 
activity against amyloid-beta (βA) aggregation 

 (Saeedi et al., 2020) 

Anti-acetylcholinesterase (anti-AChE) activity  (Ahmed et al., 2022a; 
2022b) 

Epilepsy Highly selective adenosine A1 receptor agonists in radioligand 
binding assays using Male Sprague-Dawley rat brain striatal 
membrane model. 

 (Nkomba et al., 2022) 

Anti-convulsant therapy Interaction with the γ-Aminobutyric acid A (GABAA) receptor 
demonstrated in mice and rat studies 

 (Dabaeva et al., 2022) 

Other Bone Demonstrated to be bone anabolic agents which increased bone 
mineral density in vivo in ovariectomised rat model 

 (Saito et al., 2021) 

Cardiac  Inhibitor of the Epac1 (Exchange Protein Directly Activated by cAMP 
1) a guanine-nucleotide exchange factor (GEF) which is implicated 
in cardiac hypertrophy 

 (Laudette et al., 2019) 

Diuretics Inhibition against transmembrane urea transporters in renal vasa 
recta micro vessels shown in vivo in adult SD rat model 

 (Zhao et al., 2019) 
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1.11 Aims, Objectives and Ethical Considerations 

1.11.1 Academic Aims 

This project aims to explore the potential anti-cancer properties of novel 

thienopyridine derivatives synthesised by our collaborators at the School of Chemical 

Sciences, University of Auckland, NZ. There are ten derivatives in total with slight side 

chain modifications which are predicted to affect efficacy. 

 

1.11.2 Objectives 

1: To determine the cytotoxic/cytostatic effects of compounds on DAUDI B-cell 

Burkitt Lymphoma cell lines. 

2. To determine the effects on the cell cycle. 

3. To determine any direct effects on tubulin polymerisation 

4. To investigate any pathways for cell cycle arrest using genomic and proteomic 

techniques. 

5: To elucidate the signalling pathways affected by the compounds. 

1.11.3 Ethical Considerations 

This study has been submitted for MMU Ethos approval. 
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2. MATERIALS AND METHODS 
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Consumables 

0.5ml Microcentrifuge Reaction Tubes with cap 

Greiner Bio-One 

Gloucestershire, UK 

Product Number 667201 

1.5ml Microcentrifuge Reaction Tube with cap 

Greiner Bio-One 

Gloucestershire, UK 

Product Number 616201 

12-Well CytoOne® Plate, Non-treated 

Star Lab 

Milton Keynes, UK 

Product Number CC7672-7512 

15ml Falcon Tube 

Sarstedt 

Nümbrecht, Germany 

Product Number 62.554.502 

50ml Falcon Tube 

Sarstedt 

Nümbrecht, Germany 

Product Number 62.547.254 

2.0ml Microcentrifuge Reaction Tube with cap 

Greiner Bio-One 

Gloucestershire, UK 

Product Number 623201 

Corning® 96 Half Area Well Clear Flat Bottom TC-

treated Microplate, Individually Wrapped, with Lid, 

Sterile 

Corning Life Sciences 

Loughborough, UK 

Product Number 3696 

Falcon® 5mL Round Bottom Polystyrene Test Tube, 

with Snap Cap  

Corning Life Sciences 

Loughborough, UK 

Product Number 352058 
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Grade 3MM Chr Blotting Paper, sheet, 31.5 × 33.5 

cm 

GE Healthcare Life Sciences 

Buckinghamshire, UK 

Product Number 3030-335 

Immobilon-FL PVDF Membrane, 0.45 µm, 8.5 cm x 

10 m roll 

Merck/Millipore 

Hertfordshire, UK 

Product Number IPFL85R 

Menzel™ Microscope Coverslips 

Fisher Scientific 

Loughborough, UK 

Product Number 11708701 

Nunc Non-treated T25 EasYFlask, Filter Cap 

Fisher Scientific 

Loughborough, UK 

Product Number 169900 

Nunc™ Cell Culture Treated EasYFlasks™ 25cm2 

Fisher Scientific 

Loughborough, UK 

Product Number 156367 

Nunc™ MicroWell™ 96-Well Microplates 

Fisher Scientific 

Loughborough, UK 

Product Number 167008 

Sterilin™ 100mm Square Petri Dishes 

Thermo Scientific™ 

Loughborough, UK 

Product Number 109-17 

Super PAP Pen 

Fisher Scientific 

Loughborough, UK 

Product Number 008899 

Superfrost Plus™ Adhesion Microscope Slides 

Fisher Scientific 

Loughborough, UK 

Product Number  J1800AMNT 
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Type f Immersion Oil 

Leica Microsystems 

Mannheim, Germany 

Product Number 11513859 

 

2.1.1.1 Cell Lines 

DAUDI (ECACC 85011437) 

European Collection of Authenticated Cell Cultures 

(ECACC) 

Salisbury, UK 

Product Number 85011437 
 

HK-2 (ATCC® CRL-2190™) 

American Type Culture Collection 

Manassas, Virginia, USA 

Product Number CRL-2190 

Jurkat E6.1 (ECACC 88042803) 

European Collection of Authenticated Cell Cultures 

(ECACC) 

Salisbury, UK 

Product Number 88042803 

U937 (ECACC 85011440) 

European Collection of Authenticated Cell Cultures 

(ECACC) 

Salisbury, UK 

Product Number 85011440 

 

2.1.1.2 Cell Culture, Cell Stimulation and Treatments 

Dimethyl Sulfoxide 

Fisher BioReagents 

Loughborough, UK 

Product Number BP231-100 
 

Dulbecco's Phosphate Buffered Saline (DPBS) 

without Ca++ and Mg++ 

Product Number BE17-512F 
 

Lonza 

Verviers, Belgium 
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Ethanol 99+% (GLC) Absolute 

Fisher Chemical 

Loughborough, UK 

Product Number E/0600/17 
 

Fetal Bovine Serum, qualified, E.U.-approved, 

South America origin 

Gibco (Fisher Scientific) 

Loughborough, UK 

Product Number 10270-106 
 

Goat F(ab')2 Anti-Human IgM-UNLB 

Cambridge Bioscience 

Cambridge, UK 

Product Number 2022-01 
 

RPMI 1640 with 25mM HEPES and L-Glutamine 

Lonza 

Verviers, Belgium 

Product Number BE12-115F 
 

Trypan Blue solution, 0.4%, liquid, sterile-filtered 

Sigma-Aldrich 

Dorset, UK 

Product Number T8154-100ML 
 

Paclitaxel, from Taxus brevifolia, >=95% (HPLC), 

powder 

Scientific Laboratory Supplies (SLS) 

Nottingham, UK 

Product Number T7402-5MG 

Nocodazole ≥99% (TLC), powder 

Scientific Laboratory Supplies (SLS) 

Nottingham, UK 

Product Number M1404-10MG 

 

2.1.1.3 Cell Viability and Flow Cytometry 

Annexin V Binding Buffer, 10X concentrate, 0.2 µm 

sterile filtered 0.1M Hepes (pH 7.4), 1.4M NaCl, and 

25 mM CaCl2 solution  

BD Pharmingen™ 

Oxford, UK 

Product Number 556454 
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BD FACSFlow™ Sheath Fluid 

BD Biosciences 

Oxford, UK 

Product Number 342003 
 

CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS) 

Promega UK 

Southampton, UK 

Product Number G3582 
 

FITC Annexin V Aqueous buffered solution 

containing BSA and ≤0.09% sodium azide. 

BD Pharmingen™ 

Oxford, UK 

Product Number 556419 
 

Propidium iodide powder for reconstitution (25mg) 

Sigma 

Dorset, UK 

Product Number P4170-25MG 
 

Propidium Iodide Staining Solution 50 µg/ml in PBS 

(pH 7.4) 

BD Pharmingen™ 

Oxford, UK 

Product Number 556463 
 

 

2.1.1.4 Tubulin Polymerisation 

General Tubulin Buffer (80 mM PIPES pH 6.9, 2 mM 

MgCl2, 0.5mM EGTA)  

Cytoskeleton, Inc. 

Denver, USA 

Product Number BST01-001 
 

GTP Stock (100 mM GTP) 

Cytoskeleton, Inc. 

Denver, USA 

Product Number BST06 
 

HTS Porcine Tubulin Protein, >97% pure 

Cytoskeleton, Inc. 

Denver, USA 

Product Number: HTS03-A 
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HTS-Tubulin Polymerization Assay Biochem Kit™ 

(>97% pure tubulin, Porcine Tubulin)  

Cytoskeleton, Inc. 

Denver, USA 

Product Number BK004P 

Paclitaxel Stock 

Cytoskeleton, Inc. 

Denver, USA 

Product Number TXD01 
 

 

2.1.1.5 Western Blotting 

2-Propanol ≥99.0%, GPR RECTAPUR® 

VWR Chemicals 

Lutterworth, Leicestershire, UK 

Product Number 296942D 
 

4X Protein Sample Loading Buffer for Western Blots 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 928-40004 
 

Ammonium persulfate for molecular biology, for 

electrophoresis, ≥98% 

Sigma 

Dorset, UK 

Product Number A3678-25G 
 

Blocking Buffer Optimization Kit 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 927-40040 
 

Bovine Serum Albumin lyophilized powder, ≥96% 

(agarose gel electrophoresis) 

Sigma  

Dorset, UK 

Product Number A2153 
 

Chameleon Duo Pre-stained Protein Ladder 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 928-60000 
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Dried Skimmed Milk Powder  

ASDA 

Leeds, UK 

Product Number 11992 
 

Ethylenediaminetetraacetic Acid (EDTA), Extra 

Pure, SLR, Fisher Chemical 

Fisher Scientific 

Loughborough, UK 

Product Number 10080060 
 

Glycerol 

Honeywell  

Loughborough, UK 

Product Number G7893 
 

Glycine, Certified AR for Analysis 

Fisher Scientific 

Loughborough, UK 

Product Number 10070150 
 

Intercept® (TBS) Blocking Buffer 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 927-60001 
 

Methanol, Certified AR for Analysis 

Fisher Scientific 

Loughborough, UK 

Product Number 11976961 
 

NP-40 Surfact-Amps™ Detergent Solution 

Thermo Scientific 

Loughborough, UK 

Product Number 85124 
 

Odyssey® Blocking Buffer (TBS) 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 927-40040 
 

Phosphatase Inhibitor Cocktail 2 

Sigma  

Dorset, UK 

Product Number P5726 
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Pierce™ BCA Protein Assay Kit 

Fisher Scientific 

Loughborough, UK 

Product Number 23227 
 

Protease Inhibitor Cocktail 

Sigma  

Dorset, UK 

Product Number P8340 
 

REVERT™ Total Protein Stain Kit 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 926-11016 
 

RIPA Lysis and Extraction Buffer 

Fisher Scientific 

Loughborough, UK 

Product Number 89900 
 

Sodium Chloride, Extra Pure, SLR 

Fisher Scientific 

Loughborough, UK 

Product Number 10112640 
 

Sodium Dodecyl Sulfate 

Fisher Scientific 

Loughborough, UK 

Product Number 10090490 
 

TEMED (tetramethylethylenediamine) 

Bio-Rad 

Hertfordshire, UK 

Product Number #1610800 
 

TGX Stain-Free™ FastCast™ Acrylamide Starter Kit, 

10% 

Bio-Rad 

Hertfordshire, UK 

Product Number #1610182 
 

Tris Base (White Crystals or Crystalline 

Powder/Molecular Biology) 

Fisher Scientific 

Loughborough, UK 

Product Number 10376743 
 

  
 
 



Chapter 2: Materials and Methods 

56 
 

Triton X-100 

Sigma Aldrich 

Dorset, UK 

Product Number: T9284 
 

TWEEN 20, viscous liquid 

Sigma Aldrich 

Dorset, UK 

Product Number: P1379-500ML 
 

β-Mercaptoethanol 

Sigma 

Dorset, UK 

Product Number M3148 
 

PARAFILM® M 

Sigma-Aldrich 

Dorset, UK 

Product Number P7793 
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2.1.1.6 Western Blot Buffer Recipes 

Table 2-1 Western Blot Buffer Recipes 

Buffer Recipe Volume/Mass 
of Reagents 

Modified RIPA 
buffer 

 
100 mL Solution 

50 mM Tris Base (Fisher Scientific, Loughborough, UK) pH 7.5 5 mL of 1M Tris 

150 mM NaCl (Fisher Scientific, Loughborough, UK) 0.88 g NaCL 

1 % NP-40 (Thermo Scientific, Loughborough, UK) 10 mL of 10 % 
v/v 

10 % Glycerol (Honeywell, Loughborough, UK) 10 mL of 100 % 

5 mM EDTA (Fisher Scientific, Loughborough, UK) 1 mL of 0.5 M 
EDTA pH 8.0 

Ultrapure(18.2 MΩ) H2O (Model: Milli-Q® Integral 3 Water 
Purification System, Merck/Millipore, Hertfordshire, UK)   

Make up to 100 mL with ultrapure dH2O 

SDS Running 
Buffer 

 
1 L 10X Stock Soution 

25 mM Tris Base (Fisher Scientific, Loughborough, UK) 30.3 g Tris 

192 mM Glycine (Fisher Scientific, Loughborough, UK) 144.2 g Glycine 

0.1 % w/v Sodium Dodecyl Sulfate (SDS) (Fisher Scientific, 
Loughborough, UK) 10 g SDS 

100 mL 10X stock diluted with 900 mL ultrapure dH2O to give 1X Running buffer 

Transfer 
buffer 

 
1 L 1X Stock Solution 

25 mM Tris Base (Fisher Scientific, Loughborough, UK) 3.03 g Tris 

192 mM Glycine (Fisher Scientific, Loughborough, UK) 14.42 g Glycine 

10 % Methanol (Fisher Scientific, Loughborough, UK) 100 mL 
Methanol 

Made up to 1 L with ultrapure dH2O fresh before each transfer 

Tris Buffered 
Saline (TBS) 

 
1 L 10X Stock Solution 

20 mM Tris Base (Fisher Scientific, Loughborough, UK) pH 7.5 24.23 g Tris 

100 mM NaCl (Fisher Scientific, Loughborough, UK) 87.6 g NaCl 

ultrapure H2O to 900 mL, pH to 7.5 with concentrated HCl, Make up to 1 L with ultrapure 
H2O 

Dilute 100 mL 10X stock with 900 mL ultrapure dH2O to give 1X TBS 

TBS-Tween 
(TBS-T) 

0.1% TWEEN 20 (Sigma Aldrich, Dorset, UK) 1 ml of TWEEN 
20 in 1 litre TBS 
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10 % 
Ammonium 
Persulfate 

Ammonium persulfate (Sigma Aldrich, Dorset, UK) 10 % w/v in 
ultrapure H2O 

 

Table 2-2 Pierce BCA Protein Quantification Assay Working Reagent Recipe 

Buffer Recipe Volume/Mass 

of Reagents 

Bicinchoninic 

acid (BCA) 

working 

reagent 

Make volume as required for number of replicates 

Reagent A, sodium carbonate, sodium 

bicarbonate, bicinchoninic acid and sodium 

tartrate in 0.1 M sodium hydroxide 

50 parts 

Reagent B, 4 % cupric sulfate 1 part 

 

Table 2-3 Bio-Rad Fastcast Western Blot Gel Recipes. Adapted from Bio-Rad TGX™ and TGX Stain-
Free™ FastCast™ Acrylamide Kit and Starter Kit Instruction Manual 

Buffer Recipe Volume/Mass 

of Reagents 

Resolving Gel Solutions to cast one 1 mm gel using Bio-Rad Glass Plates 

Resolver A (10 % acrylamide/bis-acrylamide) 3 mL 

Resolver B (Tris-Glycine eXtended solution) 3 mL 

TEMED 3 μL 

10 % Ammonium Persulfate 30 μL 

Stacking Gel Stacker A (acrylamide/bis-acrylamide) 1 mL 

Stacker B (Tris-Glycine eXtended solution) 1 mL 

TEMED 2 μL 

10 % Ammonium Persulfate 10 μL 
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2.1.1.7 Primary Antibodies 

Table 2-4 List of Primary Antibodies and Dilutions used for Western Blots 

Name Supplier Location  Product 

Number 

Dilution 

Mouse monoclonal Anti-

PLCG 2 antibody 

[MM087134S3] 

Abcam Cambridge, 

UK 

ab201645  1:2000 

Akt (pan) (40D4) Mouse 

mAb 

Cell 

Signalling 

Technology 

London, UK #2920  1:1000 

Btk (D6T2C) Mouse mAb Cell 

Signalling 

Technology 

London, UK #56044  1:1000 

Chk1 (2G1D5) Mouse mAb Cell 

Signalling 

Technology 

London, UK #2360  1:1000 

Cyclin B1 Rabbit Antibody Cell 

Signalling 

Technology 

London, UK #4138  1:1000 

Pan-cdc2 Mouse mAb 

Antibody 

Cell 

Signalling 

Technology 

London, UK #9116   1:1000 

GAPDH (14C10) Rabbit IgG 

mAb 

Cell 

Signalling 

Technology 

London, UK #2118  1:1000 

Phospho-Akt (Ser473) 

Rabbit Antibody 

Cell 

Signalling 

Technology 

London, UK #9271  1:1000 
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Phospho-Btk (Tyr223) 

Rabbit Antibody 

Cell 

Signalling 

Technology 

London, UK #5082  1:1000 

Phospho-cdc2 (Tyr15) 

(10A11) Rabbit mAb 

Cell 

Signalling 

Technology 

London, UK #4539  1:1000 

Phospho-Chk1 (Ser296) 

Rabbit Antibody 

Cell 

Signalling 

Technology 

London, UK #2349  1:1000 

Phospho-Chk1 (Ser345) 

Rabbit Antibody 

Cell 

Signalling 

Technology 

London, UK #2341  1:1000 

Phospho-PLCγ2 (Tyr759) 

Rabbit Antibody 

Cell 

Signalling 

Technology 

London, UK #3874  1:1000 

 

2.1.1.8 Secondary Antibodies 

Table 2-5 List of Secondary Antibodies and Dilutions used for Western Blots 

Name Supplier Location  Product 

Number 

Dilution 

IRDye® 680RD Goat anti-

Mouse IgG (H + L) 

LI-COR 

Biosciences 

UK Ltd 

Cambridge, 

UK 

925-68070  1:15000 

IRDye® 680RD Goat anti-

Rabbit IgG (H + L) 

LI-COR 

Biosciences 

UK Ltd 

Cambridge, 

UK 

925-68071  1:15000 

IRDye® 800CW Goat anti-

Mouse IgG (H + L) 

LI-COR 

Biosciences 

UK Ltd 

Cambridge, 

UK 

925-32210  1:15000 
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IRDye® 800CW Goat anti-

Rabbit IgG (H + L) 

LI-COR 

Biosciences 

UK Ltd 

Cambridge, 

UK 

925-32211  1:15000 

 

2.1.1.9 RTq-PCR 

Ambion™ RNAlater™ Stabilization Solution 

Invitrogen (Fisher Scientific) 

Loughborough, UK 

Product Number AM7021 
 

Ambion™ RT-PCR Grade Water 

Invitrogen (Fisher Scientific) 

Loughborough, UK 

Product Number AM9935 
 

RNeasy® Mini Kit (50) 

Qiagen 

Manchester, UK 

Product Number 74104 
 

QuantiNova® SYBR® Green PCR Kit (500) 

Qiagen 

Manchester, UK 

Product Number 208054 
 

Bioline Tetro™ cDNA Synthesis Kit (100 Reactions) 

Meridian Bioscience 

Nottingham, UK 

Product Number BIO-65043 
 

96-Well PCR Plate, Semi-Skirted, Raised Rim, Low 

Profile (for FAST® Systems), natural (Case Size) 

Star Lab 

Milton Keynes, UK 

Product Number E1403-7700-C 

Adhesive PCR Plate Seals 

Thermo Scientific 

Loughborough, UK 

Product Number AB0558 

MicroAmp™ Adhesive Film Applicator 

Applied Biosystems™ 

Loughborough, UK 

Product Number 4333183 
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2.1.1.10 RT-qPCR Gel Electrophoresis  

Bioline Molecular Grade Agarose 

Meridian Bioscience 

Nottingham, UK 

Product Number BIO-41025 

Bioline HyperLadder™ 50bp 

Meridian Bioscience 

Nottingham, UK 

Product Number BIO-33054 

Bioline 5X Loading Dye 

Meridian Bioscience 

Nottingham, UK 

Product Number BIO-33054 

MIDORIGreen Advance 

Nippon Genetics Europe 

Düren, Germany 

Product Number MG04 

Ethylenediaminetetraacetic Acid, Disodium Salt 

Dihydrate (Crystalline/Certified ACS), Fisher 

Chemical™ 

Fisher Scientific 

Loughborough, UK 

Product Number S311500 

Acetic Acid Glacial, Extra Pure, SLR, meets 

analytical specification of Ph.Eur., BP, USP, Fisher 

Chemical™ 

Fisher Scientific 

Loughborough, UK 

 

 

 

 

Product Number 10384970 
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2.1.1.11 RT-qPCR Gel Electrophoresis Buffers and Gel Recipe 

Table 2-6 Tris-Acetate-EDTA (TAE) Buffer Recipe 

Buffer Recipe Volume/Mass 

of Reagents 

 1 L 1X Stock Solution 

50X Tris-

Acetate-

EDTA (TAE) 

Buffer 

2 M Tris 242.2 g 

50 mM EDTA-Na2 372.24 g 

1 M Acetic Acid 57.1 mL 

Make up to 1 L with ultrapure dH2O, pH to 8.5  

1X TAE Add 1 mL 50X TAE buffer to 49 mL ultrapure dH2O 

 

Table 2-7 DNA Agarose Gel Recipes 

Buffer Recipe Volume/Mass 

of Reagents 

2.5 % 

Agarose Gel 

For 1X 7 cm by 7cm Agarose Gel 

Molecular Grade Agarose 1.25 g 

Midori Green 3 µL 

1X TAE Buffer 50 mL 

2.5 % 

Agarose Gel 

For 1X 15 cm by 15 cm Agarose Gel 

Molecular Grade Agarose 5.5 g 

Midori Green 13.2 µL 

1X TAE Buffer 220 mL 
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2.1.2 Equipment 

BD Accuri™ C6 Flow Cytometer 

Becton Dickinson 

Oxford, UK 

 

BD FACSCalibur™ Flow Cytometer 

Becton Dickinson 

Oxford, UK 

 

BD FACSVerse™ Flow Cytometer 

Becton Dickinson 

Oxford, UK 

 

BioTek Synergy™ HT microplate reader 

BioTek® Instruments, Inc. 

Vermont, USA 

Product Number 7091000 

Blue Cooling Unit 

Bio-Rad 

Hertfordshire, UK 

Product Number 1703919 

Buffer Tank and Lid 

Bio-Rad 

Hertfordshire, UK 

Product Number 1658040 

Centrifuge angle rotor, 24 x 1.5/2.2 ml, incl lid 

Sigma 

Harz, Germany 

Product Number 12154 

Centrifuge rotor buckets 

Sigma 

Harz, Germany 

Product Number 13190 

Cytology Insert 

Sigma Laborzentrifugen GmbH 

Osterode am Harz, Germany 

Product Number 15224 
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Cytology Support Container 

Sigma Laborzentrifugen GmbH 

Osterode am Harz, Germany 

Product Number 115223 

Cytospin Swing-out Cytology Buckets 

Sigma Laborzentrifugen GmbH 

Osterode am Harz, Germany 

Product Number 13224 

Cytospin Swing-out Cytology Rotor 

Sigma Laborzentrifugen GmbH 

Osterode am Harz, Germany 

Product Number 11224 

Foam Pads for Mini Trans-Blot® Cell 

Bio-Rad 

Hertfordshire, UK 

Product Number 1703933 
 

Gel Releasers 

Bio-Rad 

Hertfordshire, UK 

Product Number 1653320 

GXM-XDS-5 40X-400X Research, Inverted Biological, 

Phase Contrast, Microscope 

GT Vision 

Suffolk, UK 

Product Number 0456 

Hirschmann Laborgerate Neubauer-Improved 

Counting chamber Haemocytometer 

Hirschmann Laborgeräte GmbH & Co. KG 

Eberstadt, Germany 

Product Number  8100104 

Leica TSC SPE 1000 Confocal Microscope 

Leica Microsystems 

Mannheim, Germany 

 

Milli-Q® Integral 3 Water Purification System 

Merck/Millipore 

Hertfordshire, UK 

Product Number ZRXQ003WW 
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Mini Cell Buffer Dams  

Bio-Rad 

Hertfordshire, UK 

Product Number 1653130 

Mini Gel Holder Cassette 

Bio-Rad 

Hertfordshire, UK 

Product Number 1703931 

Mini Trans-Blot Central Core 

Bio-Rad 

Hertfordshire, UK 

Product Number 1703812 

Mini Trans-Blot® Electrophoretic Transfer Cell 

Bio-Rad 

Hertfordshire, UK 

Product Number 1703930 

Mini-PROTEAN Comb, 15-well, 1.0 mm, 26 μl 

Bio-Rad 

Hertfordshire, UK 

Product Number 1653360 

Mini-PROTEAN® Comb, 10-well, 1.0 mm, 44 μl 

Bio-Rad 

Hertfordshire, UK 

Product Number 1653359 

Mini-PROTEAN® Short Plates  

Bio-Rad 

Hertfordshire, UK 

Product Number 1653308 

Mini-PROTEAN® Tetra Vertical Electrophoresis Cell, 

4-gel, for 1.0 mm thick handcast gels 

Bio-Rad 

Hertfordshire, UK 

Product Number 1658001FC 

Mini-PROTEAN® Tetra Cell Casting Module 

Bio-Rad 

Hertfordshire, UK 

Product Number 1658013 
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Mini-PROTEAN® Tetra Companion Running Module 

Bio-Rad 

Hertfordshire, UK 

Product Number 1658038 

Mini-PROTEAN® Tetra Electrode Assembly 

Bio-Rad 

Hertfordshire, UK 

Product Number 1658037 

Mr. Frosty™ Freezing Container 

ThermoScientific 

Loughborough, UK 

Product Number 5100-0001 
 

NanoDrop™ One Microvolume UV-Vis 

Spectrophotometer 

Thermo Fisher  

Loughborough, UK 

Product Number ND-ONE-W 

Odyssey® Fc Imaging System LI-COR  

Biosciences UK Ltd 

Cambridge, UK 

Product Number 2801-00SPCM 

PowerPRO 300 Power Supply, 300V, 700mA, 150W 

Cleaver Scientific 

Warwickshire, UK 

Product Number 5055323269479 

Refrigerated SIGMA 3-16KL Centrifuge 

Sigma 

Harz, Germany 

Product Number 146119 

Spacer Plates with 1.0 mm Integrated Spacers 

Bio-Rad 

Hertfordshire, UK 

Product Number 1653311 

Swing out rotor for 4 buckets, basic rotor 

Sigma 

Harz, Germany 

Product Number 11180 
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Thermo Scientific Multiskan GO Plate Reader 

Thermo Fisher  

Loughborough, UK 

Product Number N10588 

Bio-Rad CFX96 Touch Real-Time PCR Detection 

System  

Bio-Rad 

Hertfordshire, UK 

Product Number 1855196 

Mini-Sub Cell GT Cell Electrophoresis Tank 

Bio-Rad 

Hertfordshire, UK 

Product Number 1704487EDU 

Mini-Gel Caster 

Bio-Rad 

Hertfordshire, UK 

Product Number 1704422EDU 

15-well Fixed Height Comb 

Bio-Rad 

Hertfordshire, UK 

Product Number 1704465EDU 

Sub-Cell GT Horizontal Electrophoresis System 

Bio-Rad 

Hertfordshire, UK 

Product Number 1704401 

Sub-Cell GT Casting Gates 

Bio-Rad 

Hertfordshire, UK 

Product Number 1704415 

30-Well Comb, Fixed Height, 1.5 mm Thickness 

Bio-Rad 

Hertfordshire, UK 

Product Number 1704449 

ChemiDoc™ Touch Gel Imaging System 

Bio-Rad 

Hertfordshire, UK 

Product Number 1708370 
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Stuart SSL4 See-Saw Rocker 

Bibby Scientific Ltd 

Staffordshire, UK 

 

Product Number MIX2066 

2.1.3 Software 

BD CellQuest™ Pro software 

Becton Dickinson 

Oxford, UK 

 

BD FACSuite™ software 

Becton Dickinson 

Oxford, UK 

 

Empiria Studio Analysis Software 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 9141-500 

Gen5 Microplate Reader and Imager Software 

BioTek® Instruments, Inc. 

Vermont, USA 

 

Image Studio 5.x CLx 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 3600-500 

Image Studio Lite 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Version Number 5.2.5 

LAS X Software 

Leica Microsystems 

Mannheim, Germany 

 

ModFit LT 

Verity Software House  

Topsham, Maine, USA 

Version Number 5.0.9 
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Odyssey Fc Image Studio Analysis Software 

LI-COR Biosciences UK Ltd 

Cambridge, UK 

Product Number 2800-500 

SkanIt Software 

Thermo Fisher 

Loughborough, UK 

Product Number 5187139 

Bio-Rad CFX Maestro 1.1  software version 

4.1.2433.1219 

Bio-Rad 

Hertfordshire, UK 

Product Number 12013758 
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2.2 Methods 

2.2.1 Cell Culture 

DAUDI Burkitt’s Lymphoma (ECACC 85011437) and Jurkat E6.1 T cell leukaemia 

(ECACC 88042803) cell lines were maintained according to the instructions issued by 

the European Collection of Authenticated Cell Cultures (ECACC). Cells were cultured 

in 25 cm2 vented cell culture flasks in RPMI 1640 medium (supplemented with 25mM 

HEPES and L-Glutamine) (Lonza, Verviers, Belgium) with 10 % Foetal Bovine Serum 

(FBS) (% v/v) (subsequently referred to as complete media). Cell culture flasks were 

maintained at 37 °C in 5 % CO2 atmosphere in humidified incubators.  Cells were 

passaged when flasks reached approximately 80 % confluence and maintained at a 

cell density of approximately 4x105 cells/mL. 

 

2.2.2 Cell Counting 

In preparation of each assay, DAUDI and Jurkat cells were counted using the trypan 

blue exclusion method. Two 100 µL aliquots of cell culture were removed from the 

relevant flasks and placed into 0.5 mL Eppendorf tubes. A 100 µL volume of trypan 

blue (0.4 %) solution was then added to each Eppendorf tube and mixed thoroughly 

using a pipette. A 10 µL volume from each Eppendorf tube was loaded to each 

chamber of a Hirschmann haemocytometer with cover slip and viewed using a bright-

field microscope. Cells were counted in the 0.04 mm centre square and in four 0.04 

mm corner squares, this was repeated twice and an average was taken (n=4). Cells 

that had taken up the trypan blue and hence were non-viable were excluded from 

the counts. The total number of cells per 1 mL was then calculated using the following 

formula: 

1 

Total number of cells per mL = cell count x 5 x dilution factor x 10,000  
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2.2.3 Seeding cells in preparation for treatment 

The seeding density of the cells used was dependent on the specific assay being 

performed and ranged from 5 x 104 to 1 x 106 cells/well. Cells were re-suspended in 

fresh complete media prior to seeding into culture plates.  

An equal volume of cells and test compound was loaded into each well, with each 

concentration of compound repeated in triplicate (n=3). Each assay plate also 

contained untreated control samples, which contained cell culture and an equal 

volume of fresh complete media to allow for comparison between treated and 

untreated cell populations. For assays that required it, positive (pos) or negative 

(neg) controls, including dead cell control samples or apoptotic/necrotic controls 

were included. Preparation of these controls are specified in the relevant sections.  

 

2.2.4 Preparation of Thienopyridine Compounds 

Stock solutions of novel thienopyridine compounds were reconstituted from 

powdered solute supplied by our collaborators at the University of Auckland using 

DMSO (Fisher BioReagents, Loughborough, UK) to give a final concentration of 15 

mM (Table 2-8 to Table 2-10) prepared using aseptic conditions in a class 2 biosafety 

cabinet. Thienopyridines have been loosely grouped by the shared features of the 

chemical structures into three working groups, the cyclooctane-ring containing 

compounds (Table 2-8), the cycloheptane-ring containing compounds (Table 2-9) and 

the cyclohexanone-ring containing compounds (Table 2-10). 

From these stock solutions, working solutions were made via serial dilution, with a 

log concentration scale (100 µM to 0.001 µM). These concentrations were selected 

for the preliminary investigations based on research that had been conducted using 

these compounds against the National Cancer Institute NCI60 panel of cells 

(Shoemaker, 2006). 
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Table 2-8 Molecular weights and chemical structures of the Cyclooctane-ring containing thienopyridine 
compounds. 

Compound Name Molecular weight Molecular structure 

DJ0014 431.48 

N S

HN

O

NH2

F  

DJ0021 381.49 

N S

HN

O

NH2
OMe

 

DJ0199 351.47 

N S

HN

O

NH2

 

DJ0206 444.39 

N S

HN

O

NH2

Br  

DJ0209 447.94 

N S

HN

O

NH2

Cl  

 

Table 2-9 Molecular weights and chemical structures of the Cycloheptane-ring containing 
thienopyridine compounds. 

Compound Name Molecular weight Molecular structure 

DJ0081 385.91 

N S

HN

O

NH2

Cl  

DJ0041 349.46 

N S

HN

O

NH2
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Table 2-10 Molecular weights and chemical structures of the Cyclohexanone-ring containing 
thienopyridine compounds. 

Compound Name Molecular weight Molecular structure 

DJ0097 371.84 

N S

HN

O

NH2
O

Cl  

DJ0109 367.39 

N S

HN

O

NH2
O

OMe

 

DJ0171 371.84 

N S

HN

O

NH2
O

Cl  

 

2.2.5 Preparation of Paclitaxel and Nocodazole controls 

Control drugs with known effects on tubulin destabilisation were used as controls, 

with nocodazole selected as a known tubulin destabiliser and paclitaxel selected as a 

known tubulin stabiliser. DAUDI cells were cultured, counted and seeded as per 2.2.1, 

2.2.2, and 2.2.3. Both paclitaxel (SLS, Nottingham, UK) and nocodazole (SLS, 

Nottingham, UK) were reconstituted to 2 mM stock concentrations in DMSO. Both 

treatments were then diluted to working concentrations as required by each relevant 

assay. 

 

2.2.6 Plate treatment of DAUDI Cells 

DAUDI cells were maintained as per Section 2.2.1, counted as per Section 2.2.2 and 

seeded as per Section 2.2.3. Thienopyridine treatments were prepared as per Section 

2.2.4 with an equal volume of working solution added to each well containing cells 

and complete media. 

Cells were incubated in the presence of thienopyridine compounds for up to 72 h at 

37 °C in 5 % CO2 atmosphere, in humidified conditions. 
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2.2.7 Flask treatment of DAUDI Cells 

DAUDI cells were maintained as per Section 2.2.1 and counted as per Section 2.2.2. 

The seeding density of the cells for flask treatment was 1 x 107 cells in 10 mL of 

complete media containing Thienopyridine treatments or complete media alone for 

untreated controls. 

Thienopyridine treatments were prepared as per Section 2.2.4 with the following 

modifications:  

For 1 μM concentration: A 1 μL volume of 15 mM stock solution was diluted into 14 

μL fresh complete media in a 0.5 mL Eppendorf Tube to make a 1 mM stock solution. 

A 10 μL volume of 1 mM stock solution was then diluted in 10 mL of fresh complete 

media. 

For 10 μM concentration: A 6.67 μL volume of 15 mM stock solution was added to 

10 mL of fresh complete media. 

Cells were incubated in the presence of thienopyridine compounds for up to 72 h at 

37 °C in 5 % CO2 atmosphere, in humidified conditions. 

 

2.2.8 MTS Assay 

MTS or 5-[3-(carboxymethoxy)phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-

sulfophenyl)-2H-tetrazolium inner salt, is a solubilised tetrazolium salt-based 

colorimetric cell proliferation assay for the measurement of cell activity in response 

to potential cytotoxic compounds (Berridge et al., 2005). Similar to other tetrazolium 

salt-based assays (e.g., MTT, XTT, WST-1), MTS is reduced by NAD(P)H and at the cell 

surface to a coloured formazan product, the absorbance of which can be detected 

spectrophotometrically at 490 nm. Production of the formazan product indicates 

that cells are metabolically active and can be used as an indicator of cell proliferation 

or cell viability, but does not offer any information on the mechanism of how viability 

has been affected (Berridge et al., 2005). Unlike MTT, MTS does not form a crystalised 

product on reduction and therefore does not require additional processing steps, 
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which makes it more suitable for use with suspension cell lines such as DAUDI which 

have been used in this thesis (Mossman, 1983; Berridge et al., 2005). 

Cells were counted and adjusted to the required cell count/mL as per section 2.2.2 

and 2.2.3. Cells were adjusted to 5x104 to 5x105 cells/well, as per manufacturer’s 

instructions, in 50 µL of fresh complete medium and were loaded in to a 96-well 

plate. An equal volume (50 µL) of compound was added to the plate. When preparing 

the working solutions of the compounds, they were prepared at double 

concentration to account for the 1:1 dilution upon adding drug to the cell culture. 

Untreated control samples were treated with an equal volume of complete media. A 

“dead cell control” was also set up with cells treated with 100 % ethanol (50 % 

ethanol following dilution with cells). Treatments were incubated for up to 72 h at 37 

°C in 5 % CO2 atmosphere, in humidified conditions. Post-incubation, the contents of 

each well were removed from the 96-well plate and transferred in to 0.5 mL 

Eppendorf tubes and centrifuged at 500 g for 5 min to remove supernatant and 

treatment compounds. The cell pellet was then re-suspended in an equal volume of 

fresh complete and placed back into the 96-well plate in the corresponding well. A 

20 µL volume of CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) 

(Promega, Southampton, UK) was added to each well containing cells and incubated 

for 2.5 h. Following incubation, the absorbance of each well was read at 490 nm using 

a BioTek Synergy™ HT microplate reader (GT Vision, Suffolk, UK).   

 

2.2.9 Annexin V / Propidium Iodide Assay 

Flow cytometric techniques utilising Annexin V-FITC conjugated antibodies, which 

bind to phospholipid proteins in the cell membrane, in conjunction with propidium 

iodide staining of DNA, are well established for the investigation of novel compounds 

and their potential effects on cell death (Menyhart et al., 2016). Phosphatidylserine 

is a phospholipid which is expressed on the inner cell membrane in healthy cells, but 

a characteristic of apoptosis is its exposure on the cell surface, which aids 

phagocytosis of cells or cell debris by neighbouring or immune cells in programmed 

cell death (Crowley et al., 2016). The 36 kDa protein Annexin V binds to 
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phosphatidylserine with high affinity in a calcium dependent manner, meaning that 

FITC and other fluorophores can be bound to Annexin V to provide an indication of 

the number of apoptotic cells present in a sample (Vermes et al., 1995; van Engeland 

et al., 1996; Crowley et al., 2016). The DNA dye propidium iodide is impermeable to 

cell membranes in health cells, but will readily bind to DNA released during cell 

rupture in necrosis and in permeabilised membranes in apoptosis (Crowley et al., 

2016). These properties allow cells to be categorised relative to their fluorescence 

using flow cytometry, by plotting Annexin V-FITC against propidium iodide and using 

quadrants to identify single or dual stained cells, with cells negative for both Annexin 

V-FITC/propidium iodide deemed healthy, positive for AV-FITC alone indicating early 

apoptosis, positive for both AV-FITC and PI deemed to be in late apoptosis and 

positive for PI alone indicating necrosis (Vermes et al., 1995; van Engeland et al., 

1996; Rasola and Geuna, 2001). 

Cells were counted and adjusted to the required cell count/mL as per section 2.2.2 

and 2.2.3. Cells were adjusted to 1x105 cells/well in 50-100 µL of fresh complete 

medium (dependent on duration of incubation) and were loaded in to a 96-well plate. 

When preparing the working solutions of the compounds, they were prepared at 

double concentration to account for the 1:1 dilution upon adding drug to the cell 

culture.  

Up to three compounds were analysed per plate. Untreated control and “no stain 

control” samples were treated with an equal volume of complete media. A positive 

necrosis control (dead cell) was set up with cells treated with 100 % ethanol (50 % 

ethanol following dilution with cells) for 24 h. On the day of analysis, a positive 

apoptosis control was set up by removing untreated controls into 0.5 mL Eppendorf 

tubes and heating for 2 h at 43 °C in a water bath. Treatments were incubated for up 

to 72 h at 37 °C in 5 % CO2 atmosphere, in humidified conditions.  

Post-incubation, the contents of each well were removed from the 96-well plate and 

transferred in to 2 mL Eppendorf tubes and centrifuged at 500 g for 5 min to remove 

supernatant and treatment compounds. The supernatant was removed by careful 

pouring to minimise cell loss, and the cell pellet was washed in 300 µL of ice-cold 
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Dulbecco's Phosphate Buffered Saline (DPBS) (LONZA, Belgium) and centrifuged for 

a further 5 min at 500 g. The supernatant was removed by careful pouring and the 

cell pellet was re-suspended in 100 µL 1X Annexin V binding buffer (BD Pharmingen™, 

Oxford, UK) and the sample transferred to a flow cytometry tube (Corning, 

Tamaulipas, Mexico).  

All treated samples and untreated controls were then double stained with 5 µL FITC-

Annexin V (BD Pharmingen™, Oxford, UK) and 10 µL of 50 µg/mL Propidium Iodide 

solution (BD Pharmingen™, Oxford, UK) and incubated in the dark, at room 

temperature, for 15 minutes. The positive necrosis control was single stained with 10 

µL of 50 µg/mL Propidium Iodide solution (BD Pharmingen™). The positive apoptosis 

control was single stained with 5 µL of FITC-Annexin V (BD Pharmingen™). For single 

stained controls, the volume of the missing stain was replaced with an equal volume 

of 1X binding buffer, to ensure all samples had an equal total volume. No stain 

controls received no staining. Following staining, 400 µL 1X Annexin V binding buffer 

(BD Pharmingen™) was added to each sample and analysed using the BD FACSVerse™ 

Flow Cytometer (BD Bioscience, UK) and BD FACSuite™ software (BD Bioscience, UK) 

or the BD Accuri C6 Flow Cytometer C6 software (BD Bioscience, UK).  

 

2.2.10 Cell Cycle Assay 

DAUDI Cells were counted and adjusted to the required cell count/mL as per sections 

2.2.2 and 2.2.3. Cells were adjusted to 1 x 106 cells/well in 100 µL of fresh complete 

medium and were loaded in to a 96-well plate. An equal volume (100 µL) of 

compound was added to the plate. When preparing the working solutions of the 

compounds, they were prepared at double concentration to account for the 1:1 

dilution upon adding drug to the cell culture.  

The compounds were tested at concentrations of 100 µM, 10 µM and 1 µM in 

triplicate. Untreated and “no stain controls” were treated with an equal volume of 

complete media. Treatments were incubated for up to 72 h at 37 °C in 5 % CO2 

atmosphere, in humidified conditions.  
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Post-incubation, the contents of each well were removed from the 96-well plate and 

transferred in to 2 mL Eppendorf tubes and centrifuged at 500 g for 5 min to remove 

supernatant and treatment compounds. The supernatant was removed by careful 

pouring to minimise cell loss, and the cell pellet was washed in 500 µL of ice-cold 

Dulbecco's Phosphate Buffered Saline (DPBS) (LONZA) and centrifuged for a further 

5 min at 500 g. The supernatant was removed by careful pouring and the cell pellet 

was then fixed and permeabilised by the dropwise addition of 500 µL ice cold 70 % 

ethanol (Fisher Chemical, UK) while vortexing the sample, to minimise cell clumping. 

Cells were then fixed for a minimum of 30 minutes at 4 °C.  

The cells were then centrifuged at 850 g for 5 min and the ethanol removed by gentle 

pouring. Cells were washed in 500 µL DPBS (Lonza) and centrifuged for a further 5 

min at 850 g. The cell pellet was re-suspended in 50 µL of 100 µg/mL RNAse A (Fisher 

Scientific, UK) to prevent staining of RNA by Propidium Iodide. Cells were then 

stained with 200 µL of 50 µg/mL Propidium Iodide, transferred to flow cytometer 

tubes and incubated in the dark at 4°C for a minimum of 30 min.  

Following staining, 500 µL of FACS Flow solution (BD Bioscience, UK) was added to 

each sample and cell cycle analysis was analysed using the BD FACSCalibur™ Flow 

Cytometer (BD Bioscience, UK) and BD CellQuest™ Pro software (BD Bioscience, UK). 

Data was analysed using ModFit LT 5.0 software (Verity Software House, USA). 

 

2.2.11 Tubulin Polymerisation Assay 

This assay was performed as per the manufacturer’s instructions included in the HTS-

Tubulin Polymerization Assay Biochem Kit™ (>97% pure tubulin, Porcine Tubulin) 

(Cytoskeleton, Inc., Denver, USA). It is a turbidometric-based assay which allows for 

the investigation of any direct effects of novel compounds on isolated tubulin in vitro 

(Davis et al., 2010). Based upon the method first identified by Shelanski et al. (1973) 

and refined by Lee and Timasheff (1977), the assay utilises tubulin isolated and 

purified from porcine brain in combination with microtubule associated proteins 

(MAPs) to measure the spontaneous dynamic polymerisation of tubulin in a 96-well 
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plate format, whereby the absorbance of each well (e.g., the amount of light 

scattered in the well) is proportional to the polymerisation of tubulin into 

microtubules. 

 

2.2.11.1 Preparation of Buffers 

General Tubulin Buffer (PEM buffer) (80 mM PIPES pH 6.9, 2 mM MgCl2, 0.5mM 

EGTA) (Cytoskeleton, Inc) was reconstituted in 10 mL dH2O and stored at room 

temperature until use. Guanosine triphosphate (GTP) stock solution (Cytoskeleton, 

Inc) was reconstituted to 100 mM concentration in ice cold (4 °C) dH2O and stored 

on ice until use. G-PEM Buffer (PEM buffer plus GTP) (80 mM PIPES pH 6.9, 2 mM 

MgCl2, 0.5mM EGTA, 1 mM GTP) (Cytoskeleton, Inc.) was prepared by the dilution of 

GTP stock solution to 1 mM concentration in General Tubulin Buffer and stored on 

ice until use. 

 

2.2.11.2 Preparation of Thienopyridines and Controls 

Thienopyridine compounds were diluted from 15 mM stock solutions as per section 

2.2.4 to 2 mM in DMSO (Fisher BioReagents) and final volume of 15 μL. A 2 mM stock 

solution of paclitaxel (Cytoskeleton, Inc.) was reconstituted in 100 μL DMSO (Fisher 

BioReagents). Both thienopyridines and paclitaxel were then diluted to a working 

concentration of 100 μM in G-PEM Buffer (Cytoskeleton, Inc.), as per manufacturer’s 

specifications, which was 10x concentrated to account for 1:10 dilution in the wells 

of 96-well plate for the assay. 

 

2.2.11.3 Preparation of Porcine Tubulin Protein 

Porcine Tubulin Protein (Cytoskeleton, Inc.) was reconstituted in ice cold (4 °C) dH2O 

in G-PEM Buffer (Cytoskeleton, Inc.) to a working concentration of 4 mg/mL and 

stored on ice until use. The Porcine Tubulin stock solution used in this assay is 97 % 

pure tubulin and also contains microtubule associated proteins (MAPs) which 

enhance the rate of tubulin polymerisation during the nucleation phase of the assay.  
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2.2.11.4 Plate Reader Set Up and Kinetic Assay 

A protocol for the kinetic assay was set up using SkanIt Software (Thermo Fisher, 

Loughborough, UK) on a microplate reader (Multiskan Go, Thermo Fisher, 

Loughborough, UK). A half area 96-well plate (Corning Life Sciences, Loughborough, 

UK) was pre-heated to 37 °C for 30 minutes followed by ejection of plate for loading 

of 10 μL of thienopyridine compounds plus paclitaxel tubulin stabiliser control 

(Cytoskeleton, Inc.) and G-PEM buffer untreated controls (Cytoskeleton, Inc.) in 

duplicate. The plate was then heated for a further 2 minutes at 37 °C before loading 

of 100 μL ice cold 4 mg/mL tubulin in G-PEM buffer (Cytoskeleton, Inc.) to each well 

containing thienopyridines or controls using a multichannel pipette. The plate was 

immediately placed back into the microplate reader (Multiskan Go, Thermo Fisher, 

Loughborough, UK) at 37 °C to initiate tubulin polymerisation and the kinetic assay 

started. The 96-well plate was shaken on medium setting for 5 seconds and was 

recorded at absorbance at 340 nm every 30 seconds for 61 minutes in total, with the 

temperature maintained at 37 °C throughout the assay. Data was recorded using 

SkanIt Software (Thermo Fisher, Loughborough, UK) and exported as an Excel file for 

analysis. 

 

2.2.11.5 Data Analysis 

Average rate of reaction (in section 4.4) for the kinetic assay was calculated by the 

least linear squares method in SkanIt Software and statistics were exported to 

Microsoft Excel for analysis. 

Calculated rates of reaction for G-PEM, Paclitaxel and each thienopyridine were 

then calculated as the fold change of the G-PEM control and visualised in GraphPad 

Prism (version 8.1.1). 
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2.2.12 Western Blotting 

2.2.12.1 Preparation of cells 

DAUDI cells were maintained as per Section 2.2.1, counted as per Section 2.2.2 and 

seeded in flasks as per Section 2.2.7.  

 

2.2.12.2 Protein Extraction 

Post-incubation, the contents of each flask was transferred in to 15 mL falcon tubes 

and centrifuged at 500 g for 5 min to remove supernatant and treatment 

compounds. The cell pellet was then re-suspended in 300 μL DPBS and the cells 

transferred to a 2 mL Eppendorf tube on ice. Cells were then centrifuged at 500 g for 

5 min to remove supernatant. The cell pellet was then re-suspended in 300 μL of RIPA 

lysis buffer (Table 2-1) containing 1:1000 Protease Inhibitor Cocktail (SIGMA, Dorset, 

UK) and 1:1000 Phosphatase Inhibitor Cocktail 2 (SIGMA, Dorset, UK). Cells were 

incubated on ice throughout lysis for 30 minutes with samples vortexed for 20 

seconds at 5 minute intervals throughout. Cells were then centrifuged at 13500 g in 

a pre-chilled centrifuge at 4 °C for 10 minutes to remove cell debris/lysis products. 

Protein lysates were then transferred to new 2 mL Eppendorf tubes on ice and the 

cell pellet discarded. A 50 μL aliquot of each protein lysate for theinopyridine treated 

and untreated controls was then transferred to a 0.5 mL Eppendorf tube to complete 

protein quantification. Protein lysates were transferred from ice to a -20 °C freezer 

for storage. 

 

2.2.12.3 Protein Quantification 

Protein concentration was calculated using the Pierce BCA Protein Assay Kit (Thermo 

Scientific, Loughborough, UK) using the microplate procedure, with theinopyridine 

and untreated control protein lysates compared to a concentration gradient of 

known concentrations of bovine serum albumin (BSA). 

Protein lysate replicates (n=2) of 25 μL were pipetted into a 96 well plate, together 

with separate BSA standards (n=2) in a concentration range of 2000 μg/mL to 25 
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μg/mL (with a 0 μg/mL blank). To each well containing protein lysate/BSA standards, 

200 μL of bicinchoninic acid (BCA) working reagent (Table 2-2) was added and then 

the plate was incubated at 37°C for 30 minutes. Following incubation, the absorbance 

of each well was read at 562 nm using a BioTek Synergy™ HT microplate reader (GT 

Vision, Suffolk, UK). 

A standard curve was plotted to show BSA standards versus protein concentration, 

with a trendline and straight-line equation (2) added to the graph using Microsoft 

Excel. 

Treated and untreated protein lysate concentrations were calculated using the 

straight-line equation: 

2 

𝑦𝑦 =  𝑚𝑚𝑚𝑚 +  𝑐𝑐 

Where y equals absorbance, x equals protein lysate concentration, m equals the 

gradient of the line and c equals where the straight line intercepts the y-axis. 

By rearranging equation [2], the concentrations of the protein lysates (x) were 

calculated using the absorbance values recorded in the BCA assay: 

      

3 

𝑚𝑚 =  (𝑦𝑦 –  𝑐𝑐) / 𝑚𝑚 

 

2.2.12.4 Protein Dilution 

With the protein lysate sample concentrations calculated, the lysate samples were 

then diluted to the desired concentrations for each western blot using RIPA lysis 

buffer (Table 2-1) with a final volume of 12-15 μL as required for individual western 

blot analysis. 
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2.2.12.5 Gel Casting 

Bis-Acrylamide gels were hand cast using Bio-Rad casting stands and glass plates 

supplied with the Mini-PROTEAN Tetra system (Bio-Rad, Hertfordshire, UK).  

Glass casting spacer and short plates (Bio-Rad, Hertfordshire, UK) were secured using 

clamps frames and loaded onto Mini-PROTEAN® Tetra Cell Casting Stand (Bio-Rad, 

Hertfordshire, UK), with base of glass plates in contact with gasket (Bio-Rad, 

Hertfordshire, UK). 

 

2.2.12.6 Resolving and stacking gels 

Resolving gel was made following the recipe supplied with the Bio-Rad TGX Stain-

Free™ FastCast™ Acrylamide Kit, 10 % (Table 2-3). For each gel cast, 2.5 mL Resolver 

A (acrylamide/bis acrylamide) and 2.5 mL of Resolver B (Tris-HCL buffer) were mixed 

in a Universal Container. To this, 25 μL of fresh 10 % w/v Ammonium Persulfate 

(Table 2-1) and 2.5 μL of TEMED (tetramethylethylenediamine – Bio-Rad, 

Hertfordshire, UK) were added, with the solution pulse vortex mixed for 5 seconds 

and then loaded to the casting plates. 

Stacking gel was made following the recipe supplied with the Bio-Rad TGX Stain-

Free™ FastCast™ Acrylamide Kit, 10 % (Table 2-3). For each gel cast, 750 μL of Stacker 

A (acrylamide/bis acrylamide) and 750 μL of Stacker B (Tris-HCL buffer) were mixed 

in a Universal Container. To this, 7.5 μL of fresh 10 % Ammonium Persulfate and 1.5 

μL of TEMED were added, with the solution pulse vortex mixed for 5 seconds and 

then loaded on top of the resolving gel to the casting plates. A well comb was then 

inserted to the top of the gel and gels were allowed to polymerise for up to 45 

minutes until fully set. 

 

2.2.12.7 Protein Lysate Denature and Boiling 

DAUDI cell lysates for each blot were defrosted on ice, then pulse centrifuged for 5 

seconds to ensure all of lysate located at the bottom of the Eppendorf tubes. A 4X 

concentration of Protein Sample Loading Buffer for Western Blots (LI-COR 
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Biosciences UK Ltd, Cambridge, UK) was prepared by the addition of 1:10 dilution of 

β-mercaptoethanol (SIGMA, Dorset, UK). A volume of 3 μL 4X Loading Buffer was 

added to each 12 μL protein lysate sample, with samples kept on ice throughout. 

Samples were then transferred to a heat block and boiled at 95 °C for 10 minutes to 

denature and add a negative charge to the proteins in preparation for separation 

during gel electrophoresis. Following boiling, protein lysates were pulse centrifuged 

for 5 seconds and then kept on ice until they were ready to be loaded on the 

acrylamide gels. 

 

2.2.12.8 Gel tank preparation  

Gels were loaded into the Mini-PROTEAN® Tetra Electrode Assembly (Bio-Rad, 

Hertfordshire, UK) with gel combs facing inwards. The Electrode Assembly was then 

loaded into the Mini-PROTEAN Vertical Electrophoresis tank (Bio-Rad, Hertfordshire, 

UK) and the tank was filled with SDS Running Buffer (Table 2-1) to level indicated on 

the tank casing, and to the height of the gel plates in the Electrode Assembly. Where 

four gels were to be run, additional gels were loaded into the Mini-PROTEAN® Tetra 

Companion Running Module (Bio-Rad, Hertfordshire, UK) with this also loaded into 

the Mini-PROTEAN Electrophoresis tank. When one gel was to be run, a Mini Cell 

Buffer Dam (Bio-Rad, Hertfordshire, UK) was used to seal the Electrode Assembly in 

place of a second gel. Gel combs were removed from each gel carefully to prevent 

bubbles entering the wells.  

 

2.2.12.9 Loading Protein Lysates and Molecular Weight Ladder 

Each gel was loaded with a minimum of one well containing Chameleon Duo Pre-

stained Protein Ladder (LI-COR Biosciences UK Ltd, Cambridge, UK), to allow for 

quantification of bands of interest by comparison to protein markers of a known 

molecular weight. DAUDI cell lysates were then loaded to the remaining empty wells 

in each gel, with care taken to avoid lysates spilling over into neighbouring wells. A 
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blot plan was then recorded to identify the location of each lysate in all the gels being 

run. 

 

2.2.12.10 Gel Electrophoresis and Membrane Transfer 

The Mini-PROTEAN Electrophoresis tank (Bio-Rad, Hertfordshire, UK) was connected 

to PowerPRO 300 Power Supply (Cleaver Scientific, Warwickshire, UK) and proteins 

were resolved at a constant voltage of 100 volts for 90 minutes. During 

electrophoresis, fresh transfer buffer was prepared (Table 2-1) and six sheets of 

Whatman 3MM Chr filter paper (GE Healthcare Life Sciences, Buckinghamshire, UK) 

per gel were cut to fit the transfer cassette. 

Following electrophoresis, gels were removed from the glass plates using gel 

releasers (Bio-Rad, Hertfordshire, UK) and transferred to a container filled with 

transfer buffer (Table 2-1) to equilibrate for 15 minutes. Immobilon-FL PVDF 

membrane (Merck/Millipore, Hertfordshire, UK) was ‘wetted’ in 100 % methanol 

(Fisher Scientific, Loughborough, UK) for up to 1 minute and then equilibrated in 

transfer buffer for 15 minutes, together with filter papers and Foam Pads for Mini 

Trans-Blot® Cell (Bio-Rad, Hertfordshire, UK), all in separate containers. 

Post equilibration, the transfer stack cassette was built as shown in Figure 2-1. 

Transfer cassettes (Bio-Rad, Hertfordshire, UK) were loaded into the Mini Trans-Blot 

Central Core (Bio-Rad, Hertfordshire, UK) with care taken to ensure black side of 

cassette faced the black electrode (cathode), and clear plastic side faced the red 

electrode (anode). The Central Core was then loaded to Mini Trans-Blot® 

Electrophoretic Transfer Cell, together with the Blue Cooling Unit (Bio-Rad, 

Hertfordshire, UK) to prevent the transfer system from overheating during transfer. 

A magnetic flea was placed in the gel tank, and the tank placed on a magnetic stirrer, 

to ensure circulation of buffer during transfer. Proteins were transferred from the gel 

to the membrane at constant voltage of 100 volts and constant current of 350 mA 

for 60 minutes. 
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Figure 2-1 Western Blot 'Wet Transfer' Cassette Stack. The transfer stack was built by placing a fiber 
pad on the cathode (black) side of the transfer cassette. On top of this, filter paper was placed and 
rolled to eliminate any air bubbles followed by careful placement of the acrylamide gel. A PVDF 
membrane was then placed on top of the gel, followed by filter paper and again this was rolled to 
eliminate air bubbles. A second fiber pad was positioned at the top of the stack, rolled again to 
eliminate air bubbles, and then the cassette was closed. All pads, filter paper, gel and membrane had 
been equilibrated in transfer buffer for 20 minutes prior to building the transfer cassette stack. 
Adapted from Bio-Rad.(Unknown) ‘Trans-Blot Electrophoretic Transfer Cell Instruction Manual’. 
[Online][Accessed 9th July 2020] https://www.bio-
rad.com/webroot/web/pdf/lsr/literature/M1703910D.pdf

2.2.12.11 Total Protein Stain

To check the quality of the protein transfer from the acrylamide gel to the PVDF 

membrane, membranes were stained for using the Li-Cor REVERT Total Protein 

staining kit (LI-COR Biosciences UK Ltd, Cambridge, UK) as per the manufacturer’s 

instructions. Briefly, membranes were rinsed with dH2O, transferred to a clean 

square Petri Dish (Thermo Scientific, Loughborough, UK) and then had 5 mL REVERT 

Total Protein Stain (LI-COR Biosciences UK Ltd, Cambridge, UK) pipetted over the 

membrane. Membranes were then incubated at room temperature on a Stuart SSL4 

rocker (Bibby Scientific LTD, Staffordshire, UK) for 5 minutes, followed by REVERT 

Stain removal and two 30 second washes with REVERT Wash Solution (LI-COR

https://www.bio-rad.com/webroot/web/pdf/lsr/literature/M1703910D.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/M1703910D.pdf
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Biosciences UK Ltd, Cambridge, UK). Membraned were then rinsed in dH2O and 

imaged immediately on the 700 nm channel of the Odyssey® Fc Imaging System (LI-

COR Biosciences UK Ltd, Cambridge, UK) for a 2 minute exposure. 

Membranes were then treated with REVERT Reversal Solution (LI-COR Biosciences 

UK Ltd, Cambridge, UK) for 10 minutes on a rocker at room temperature, followed 

by washing in dH2O and proceeding to blocking and immunoblotting. 

 

2.2.12.12 Blocking 

Membranes were blocked using 5 mL Odyssey® Blocking Buffer in Tris Buffer Saline 

(TBS) (LI-COR Biosciences UK Ltd, Cambridge, UK) for 1 hour at room temperature on 

a rocker to block any non-specific binding sites. 

 

2.2.12.13 Immunoblotting 

Primary antibodies were prepared according to manufacturer’s suggested dilutions 

(Table 2-4) in 2 mL Odyssey® Blocking Buffer in TBS (LI-COR Biosciences UK Ltd, 

Cambridge, UK). A bench top autoclave bag was cut to fit the membrane, and the 

membrane was placed inside it, with 2 sides heat sealed. Primary antibody solution 

was then added to the autoclave bag, any air bubbles were removed and then the 

remaining side heat sealed. Or blots were incubated in a clean square petri dish in 10 

mL of Odyssey® Blocking Buffer in TBS, with the edges of the petri dish lid sealed with 

Parafilm M (Sigma-Aldrich, Dorset, UK) to prevent evaporation. Blots were then 

incubated over night at 4 °C on a rocker. 

Following incubation with primary antibodies, membranes were washed 4 times in 

Tris Buffered Saline (Table 2-1) on a rocker at room temperature for 5 minutes per 

wash. TBS was discarded after each wash step. 

Secondary antibodies were prepared to manufacturer’s instruction (Table 2-5) in 

Odyssey® Blocking Buffer in TBS (LI-COR Biosciences UK Ltd, Cambridge, UK) with 

0.01 % w/v Sodium Dodecyl Sulfate (SDS) (Fisher Scientific, Loughborough, UK). 
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For Mouse anti-Human primary antibodies, either IRDye® 680RD Goat anti-Mouse 

IgG (H + L) fluorescent secondary antibodies (LI-COR Biosciences UK Ltd, Cambridge, 

UK) or IRDye® 800CW Goat anti-Mouse IgG (H + L) fluorescent secondary antibodies 

(LI-COR Biosciences UK Ltd, Cambridge, UK) were used.  

For Rabbit anti-Human primary antibodies, either IRDye® 680RD Goat anti-Rabbit IgG 

(H + L) fluorescent secondary antibodies (LI-COR Biosciences UK Ltd, Cambridge, UK) 

or IRDye® 800CW Goat anti-Rabbit IgG (H + L) fluorescent secondary antibodies (LI-

COR Biosciences UK Ltd, Cambridge, UK) were used. 

The IRDye® 680RD antibody fluorescence was detected on the 700 nm channel of the 

Odyssey® Fc Imaging System (LI-COR Biosciences UK Ltd, Cambridge, UK), while the 

IRDye® 800CW antibody fluorescence was detected on the 800 nm channel. 

For multiplex western blots, the most abundant protein (e.g., pan-proteins or 

housekeeper proteins) was detected using the IRDye® 680RD antibodies while less 

abundant proteins (e.g., phospho-proteins) were detected using the IRDye® 800CW 

antibodies in accordance with the manufacturer’s instructions. 

Following washing in TBS, membranes were incubated with secondary antibodies in 

a clean square Petri Dish (Thermo Scientific, Loughborough, UK) protected from light 

on a rocker at room temperature for 1 hour. 

Membranes were then washed 4 times in TBS-T (Table 2-1) on a rocker at room 

temperature for 5 minutes per wash. TBS-T was discarded after each wash step. 

Membranes were then placed between two pieces of Whatman 3MM Chr filter paper 

(GE Healthcare Life Sciences, Buckinghamshire, UK) and dried for 20 minutes at 60 °C 

in a drying cabinet prior to imaging. 

 

2.2.12.14 Imaging  

Membranes were imaged using the Odyssey® Fc Imaging System (LI-COR Biosciences 

UK Ltd, Cambridge, UK). Membranes were imaged on the 700 nm and 800 nm 
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channels for 2–10-minute exposure on each channel to reduce background 

fluorescence. Membranes were protected from light throughout. 

 

2.2.12.15 Image Analysis 

Blot images were analysed using Image Studio 5.x CLx (LI-COR Biosciences UK Ltd, 

Cambridge, UK), Image Studio Lite (LI-COR Biosciences UK Ltd, Cambridge, UK) and 

Empiria Studio Analysis Software (LI-COR Biosciences UK Ltd, Cambridge, UK). 

 

2.2.13 Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 

2.2.13.1 Preparation of DAUDI cells  

DAUDI cells (ECACC 85011437) were counted and adjusted to 1x106 cells/1 mL 

complete media (Fisher Scientific, Loughborough, UK) as per sections 2.2.2 and 2.2.3. 

Thienopyridine compounds at 10 μM concentration were prepared as per section 

2.2.4, Paclitaxel and Nocodazole positive controls at 10 µM concentration were 

prepared as per section 2.2.5, with untreated controls prepared with an equal 

volume of cells and complete media. Each Thienopyridine compound was loaded to 

cells in triplicate in a 6-well plate and plates were incubated for 48 hours as per 

section 2.2.5. 

 

2.2.13.2 Anti-IgM stimulation and storage of cells in RNAlater 

Post-incubation, cells were transferred to 2 mL Eppendorf tubes and centrifuged at 

500 g for 5 minutes at room temperature, cell media containing Thienopyridine 

treatments was discarded, the cell pellet was resuspended in 1 mL of serum free 

RPMI 1640 media and cells were transferred back to a 6-well plate and incubated at 

37 °C in 5 % CO2 atmosphere, in humidified conditions for 15 minutes. 

Following this incubation step, cells were transferred to a 1.5 mL Eppendorf tube, 

centrifuged at 500 g for 5 minutes at room temperature and were then washed in 

300 µL of DPBS that had been pre-warmed to 37 °C. Cells were centrifuged again at 
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500 g for 5 minutes at room temperature and the cell pellet was resuspended in 144 

µL of 37 °C DPBS and then stimulated with 6 µL of Goat F(ab')2 Anti-Human IgM-

UNLB (Cambridge Bioscience Cambridge, UK) (concentration 20 µg/µL) for 1 minute 

with the stimulation halted by the addition of 150 µL of ice cold DPBS. 

To prevent the loss of mRNA in the samples, DAUDI cells were then centrifuged at 

500 g for 5 minutes followed by addition of 200 µL of Ambion RNAlater Stabilization 

Solution (Invitrogen (Thermo Scientific), Loughborough, UK) to the cell pellet and 

then stored overnight at 4 °C. Samples were transferred to a -20 °C Freezer the 

following day as per RNAlater instructions, and then stored at -20 °C until extraction 

and reverse transcription of mRNA to cDNA. 

 

2.2.13.3 RNA extraction, quantification, and reverse-transcription of mRNA to 

cDNA 

All DAUDI cells were defrosted on ice, with RNAlater solution carefully removed from 

the cell pellet via pipetting. Total RNA for each sample was then extracted on ice via 

spin column purification using a Qiagen RNeasy® Mini Kit (Qiagen, Manchester, UK) 

as per the manufacturer’s instructions.  

Total RNA concentration was quantified using a NanoDrop™ One Microvolume UV-

Vis Spectrophotometer (Thermo Fisher, Loughborough, UK), with 1.5 µL of RNA 

added to the pedestal of the NanoDrop. 

A Bioline Tetro™ cDNA Synthesis Kit (Meridian Bioscience, Nottingham, UK) was used 

as per manufacturer’s instructions for the generation of cDNA from mature mRNA, 

using Oligo(dT) primers. The cDNA was then stored at -20 °C until use in RT-qPCR. 

 

2.2.13.4 Pooling of cDNA to create cDNA standards 

A pooled sample of cDNA, representative of all sample conditions (10 x 

Thienopyridines, Nocodazole, Paclitaxel and untreated controls), was created as a 

stock to perform a standard curve dilution series to test primer pair efficiency for 
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each gene of interest, and to generate a percentage efficiency value for use in 

normalisation of data relative to reference genes. 

 

2.2.13.5 Dilution of cDNA 

Working stocks of cDNA for use in RT-qPCR reactions were made at a 1:10 dilution 

(18 µL cDNA + 162 µL RT-PCR-grade water (Ambion, Loughborough, UK) containing 

QuantiNova Yellow Template Dilution Buffer (1:100 dilution) (Qiagen, Manchester, 

UK)). Samples were stored at -20 °C until use in RT-qPCR. 

A 1:10 serial dilution of pooled cDNA, with a range from undiluted pooled cDNA to 

1:10000 dilution was created. Stock pooled cDNA was diluted 1:10 with RT-PCR-grade 

water (10 µL cDNA + 90 µL RT-PCR grade water) to created 1:10 cDNA. This was then 

serially diluted 1:10 to create 1:100 cDNA, 1:1000 cDNA and 1:10000 cDNA stocks. 

A 1:5 (range 1:1 to 1:3125) and a 1:2 (range 1:1 to 1:128) serial dilution series of 

pooled cDNA, were also created and used to establish primer efficiencies over a 

narrower range when 1:10 standards was not suitable for the gene of interest due to 

expression levels. 

 

2.2.13.6 Design of RT-qPCR primers 

Primer sequences were designed using the publicly available information available 

on the United States National Institutes for Health (NIH) National Center for 

Biotechnology Information (NCBI) ‘Gene’ and ‘Nucleotide’ databases, with gene 

mRNA coding sequences (cds) used in conjunction with the NCBI Primer-BLAST 

webtool. Where possible, primers were designed to have a product size between 70-

200 base pairs (bp), an optimal melt temperature (Tm) of 60 °C and to span and exon-

exon junction to exclude annealing to genomic DNA. In cases where these setting did 

not return suitable primers, product size between 70-300 bp, inclusion of separation 

of primers by at least one intron on genomic DNA and amendments to Tm were 

included. 



Chapter 2: Materials and Methods 

93 
 

 

2.2.13.7 Preparation of primer stocks 

All primer pairs were reconstituted to a stock concentration of 100 µM by addition 

of 10 µL of RT-PCR grade water for every 1 nanomolar of primer supplied. Working 

stocks of each primer were diluted to 14 µM in RT-PCR grade water for use in RT-

qPCR reactions. 

 

2.2.13.8 Quality control of primers 

2.2.13.8.1 Temperature gradient plates (Tm) 

A temperature gradient RT-qPCR reaction was conducted for each primer pair, to 

confirm optimum primer annealing temperature and to check for the presence of 

primer dimer formation during PCR cycling conditions. All primers were designed to 

anneal at 60 °C unless otherwise stated, and a temperature gradient between 55-65 

°C (55-70 °C for non-60 °C primers) was used to assess the annealing temperature. 

Identical cDNA samples taken from pooled untreated control DAUDI samples that 

had been diluted 1:10 with RT-PCR grade water were loaded to a 96-well Semi-

Skirted PCR plate (Star Lab, Milton Keynes, UK) containing RT-qPCR SYBR Green 

Master Mix (Qiagen, Manchester, UK), forward and reverse primers and RT-PCR 

grade water as per Table 2-11. A No Template Control (NTC) was also prepared for 

each primer pair, which contained RT-PCR grade water rather than cDNA in the 

reaction mix. The NTC sample was loaded in the well corresponding to the 55 °C 

temperature. The 96-well plates were sealed using Adhesive PCR Plate Seals (Thermo 

Scientific, Loughborough, UK), with pressure applied to the edges and inter-well gaps 

using MicroAmp™ Adhesive Film Applicator (Applied Biosystems, Loughborough, 

UK), to prevent loss of samples through evaporation during heating in the 

thermocycler. 
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Table 2-11 RT-qPCR master mix reagent volumes use per reaction. Master mix volumes were scaled 
up for the total number of reaction (n) required per plate. 

Reagent 1 x reaction n x reactions 

SYBR 2x Master Mix 5 µL n x 5 µL 

Primer A (Forward [14 µM]) 0.5 µL n x 0.5 µL 

Primer B (Reverse [14 µM]) 0.5 µL n x 0.5 µL 

RT-PCR grade water 3 µL n x 3 µL 

cDNA 1 µL n x 1 µL 

Total volume 10 µL n x 10 µL 

 

2.2.13.8.2  Thermocycling conditions (Tm plates) 

Temperate gradient plates were run for 40 cycles with the thermocycling conditions 

listed in Figure 2-2 and Table 2-12 using the Bio-Rad CFX96 Touch Real-Time PCR 

Detection System thermocycler (Bio-Rad, Hertfordshire, UK) and Bio-Rad CFX 

Maestro 1.1 software (Bio-Rad, Hertfordshire, UK) with a temperature gradient 

from 55 °C to 65 °C (or 55-70 °C for non-60 °C primers) followed by melt curve 

analysis.  

 

Figure 2-2 Temperature gradient RT-qPCR thermocycling conditions used on Bio-Rad CFX Maestro 1.1 
software version 4.1.2433.1219 
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Table 2-12 RT-qPCR temperature gradient plate thermocycler settings. 

 

2.2.13.8.3 Analysis of Tm plate melt curves peaks 

Melt curve peaks for each set of primers, each temperature gradient tested and 

corresponding NTCs were visualised using CFX Maestro Software to check for any 

unexpected PCR products, genomic DNA contamination, or the presence of primer 

dimers. Melt peaks were compared between each temperature gradient and those 

with the lowest Ct value were considered optimal for each primer pair. 

 

2.2.13.8.4  Agarose gel electrophoresis of Tm plate PCR products 

The PCR products with the lowest Ct value from the temperature gradient closest to 

the designed annealing temperature, and the corresponding NTC, for each primer 

pair prepared in Section 2.2.13.8.3 was added to 2.4 µL Bioline 5X Loading Dye 

(Meridian Bioscience, Nottingham, UK) and then loaded to a 2.5 % agarose gel (Table 

2-7) in 1X Tris-Acetate-EDTA (TAE) buffer (Table 2-6) in either Mini-Sub Cell GT Cell 

or Sub Cell GT Electrophoresis Tanks (both: Bio-Rad, Hertfordshire, UK). Each gel was 

loaded with a minimum of one well containing 5 µL of Bioline HyperLadder™ 50bp 

(Meridian Bioscience, Nottingham, UK) to allow for quantification of PCR amplicon 

bands of interest by comparison to DNA molecular weight markers of a known 

fragment size. PCR products were then separated by electrophoresis at 100 volts for 

45 minutes (7 cm2 gels)/1 h 45 minutes (15cm2) and gels were imaged using Gel 

Green Optimal Auto-exposure settings on the ChemiDoc™ Touch Gel Imaging System 

(Bio-Rad, Hertfordshire, UK). The analysis of melt curve peak and agarose gel 

Step Time Temperature Ramp rate 

PCR Initial activation step 2 min 95 °C Maximal/fast mode 

Denaturation 5 s 95 °C Maximal/fast mode 

Combined 

annealing/extension 

10 s 55-65 °C Maximal/fast mode 

Number of cycles   40 
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electrophoresis was used to screen primer specificity, to confirm that the PCR 

product was the expected size (in base pairs) and to eliminate any primer pairs that 

showed evidence of primer dimers or unexpected bands at fragment sizes which did 

not correspond to the size of the expected primer product. 

 

2.2.13.9 Thermocycling conditions for Reference Gene and Gene of Interest (GOI) 

Plates 

RT-qPCR plates for all candidate reference genes and gene of interest were run at 

an annealing/extension temperature or either 58 °C, 60 °C, 61 °C or 63 °C using the 

thermocycler setting in Table 2-12 in accordance on the Tm temperature identified 

in section 2.2.13.8.2 and 2.2.13.8.3, followed by melt curve analysis. 

 

2.2.13.10 Selection of stable reference genes 

2.2.13.10.1 Panel of candidate reference genes 

A panel of candidate reference genes were identified via systematic review of 

literature as detailed in 5.3.1 Systematic review of literature. 

 

2.2.13.11 Data collection 

Data for each GOI or candidate/stable reference gene was collected by running a 

single gene per 96-well per plate in a ‘sample maximisation strategy’ as 

recommended in the MIQE guidelines (Bustin et al., 2009; Bustin et al., 2010). This 

strategy was selected as it would allow statistical comparison of results between 

treated and control samples for each gene due to the number of thienopyridine 

treated samples, controls, and technical replicates to be included in each gene study. 

Conducting multiple genes per plate (‘gene maximisation strategy’ (Bustin et al., 

2009; Bustin et al., 2010) would not have allowed for this comparison. A minimum of 

two technical replicates per sample were also run on each plate. 
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2.2.13.12 Data analysis 

2.2.13.12.1 Data quality control strategy 

The Ct values for technical replicates for each sample were compared against each 

other and those with a Ct value greater that 0.5 Ct apart were excluded from analysis 

in Bio-Rad CFX Maestro software as obvious outliers, as instructed in Nolan et al. 

(2006). Bio-Rad CFX Maestro software also calculated mean Ct values between 

technical replicate groups and post-quality control, data was exported to Microsoft 

Excel for further analysis and normalisation. 

 

2.2.13.12.2 Calculation percentage efficiency of RT-qPCR reactions 

Dilution of standards prepared in section 2.2.13.4 was plotted against Ct value by 

Bio-Rad CFX Maestro Software to provide a percentage efficiency (%E) value and R2 

value. As listed in the Taylor et al. (2019) a %E value between 90-110 % and an R2 

value < 0.980 was required for each GOI or reference gene to include in data analysis. 

Where any initial 1:10 dilution standard curves failed %E and R2 thresholds, or where 

any outliers occurred within standard replicates, standards were repeated at 1:10, 

1:5 or 1:2 dilution, with the top and bottom standard Ct values used as the range of 

detection for each gene. 

 

2.2.13.12.3  Calculation of relative gene expression using Vandesompele 

method and multiple reference genes 

The average of technical replicate Ct values of each sample for each GOI and 

reference gene were used for data normalisation using the ‘Vandesompele Method’ 

(Vandesompele et al., 2002; Hellemans et al., 2007) of normalisation using multiple 

reference genes. In Microsoft Excel, the following calculations were performed: 

A ‘calibrator sample’ was calculated for each GOI and reference gene by taking the 

mean of Ct of all untreated control values (Equation 4): 
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4 

Calibrator Ct = Mean of untreated control Ct values 

The relative change in Ct value (ΔCt) for each sample was calculated by subtraction 

of the calibrator Ct value from the sample Ct for each GOI and reference gene 

(Equation 5): 

5 

ΔCt = Average sample Ct value – Calibrator Ct value 

The ‘Relative Quantity’ of GOI and stable reference genes was then calculated by 

multiplying the percentage efficiency value (%E) from the standard curve for each 

gene to the power of ΔCt (Equation 6): 

6 

 RQ = %E ΔCt 

A ‘normalisation factor’ (NF) was then calculated for each sample by taking the 

geometric mean of each reference gene RQ (Equation 7): 

7 

 NF = Geometric Mean (RQREF1, RQREF2, RQREF3, RQREF4) 

The gene expression ratio for each sample was then calculated by dividing the RQ of 

the GOI by the normalisation factor for each sample (Equation 8): 

8 

 RQGOI/NF 

Finally, the mean, standard deviation (SD) and standard error of mean (SEM) were 

calculated for each grouping of thienopyridines, untreated control and positive 

controls (paclitaxel and nocodazole treated samples). 
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2.2.13.12.4 Statistics 

Data was analysed using GraphPad PRISM Version 9.2.0 (332). Data was grouped by 

thienopyridine chemical structure, log2 transformed and analysed using One-Way 

ANOVA by comparison to untreated control samples with Dunnett’s post hoc test. 
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3 CHAPTER 3: EFFECT OF NOVEL THIENOPYRIDINE 

COMPOUNDS ON CELL VIABILITY, CELL DEATH AND CELL 

CYCLE OF DAUDI CELLS 

3.1 Introduction 

3.1.1 Hallmarks of cancer and drug discovery 

The classic hallmarks of cancer: resisting cell death, sustained proliferative signalling, 

evasion of growth suppression, gaining replicative immortality, avoiding immune 

regulation and destruction, genomic instability, metastasis, deregulated cell energy 

metabolism, maintenance of tumour inflammatory conditions, and generation of 

blood vessels (Hanahan and Weinberg, 2000; 2011) are well established, with a 

recent update adding further physiological conditions to this list of pathways for 

cancer survival (Hanahan, 2022). Each of these elements provides a useful starting 

point when considering how novel compounds may reduce or modify the behaviour 

of cancer cells in drug discovery. Key to any potential anti-cancer therapy is its ability 

to overcome these cancer hallmarks, and indeed there a range of assay types that 

allow the precise mechanisms of action to be determined (Menyhart et al., 2016). 

Fundamental to any potential treatment for patients is the induction of a favourable 

mode of cell death via apoptosis, with limited damage to healthy tissues, or rather a 

necrotic pathway (Bailon-Moscoso et al., 2014) 

3.1.2 Cell death pathways 

3.1.2.1 Apoptosis 

Apoptosis, or programmed cell death, is the preferred pathway for any potential 

chemotherapeutic intended to be administered to human patients. It is achieved via 

two cellular routes, the intrinsic (BCL-2 or Cytochrome C mediated) and extrinsic (or 

death ligand, caspase cascade) pathways (Singh and Lim, 2022). Either the 

restoration of usual pathways for apoptosis that a cancer cell has overcome, or the 

extracellular triggering of apoptosis are the two mechanisms by which  anti-cancer 

agents can induce cell death  (Fesik, 2005). In brief, the various pathways for 

apoptotic cell death can be tracked using assays which measure activity such as 
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caspase activity, death ligand activation (Anania and Lill, 2015) or features of 

programmed cell death such as membrane flipping with fluorescent conjugated dyes 

such as FITC-Annexin V flow cytometry (Vermes et al., 1995). 

3.1.2.2 Necrosis 

Necrotic cell death is characterised by disordered cell death, usually accompanied by 

cellular rupture and damage to surrounding tissues as intracellular enzymes are 

spilled into the extracellular matrix (Golstein and Kroemer, 2007) adding to the NF-

κB (nuclear factor kappa B)-induced pro-inflammatory conditions which often 

precede necrosis (D'Arcy, 2019). Flow cytometry can be used to differentiate this 

type of cell death from apoptosis, via staining of released DNA by the intercalating 

dye propidium iodide, which when used in combination with Annexin V-FITC allows 

the differential between intact cell membranes present in apoptosis (Annexin V-FITC 

positive) vs the lysed cell in necrotic cell death (propidium iodide positive) (Vermes 

et al., 1995). 

3.1.2.3 Autophagy  

Autophagy and cell stress responses are intermediate points between the impact of 

a treatment on a cell and the triggering of cell death pathways. Sub-optimal 

treatment doses may give cancer cells a stay of execution, during which time they 

can partially cannibalise cellular organelles either for energy use or repurposing 

(Mizushima et al., 2008; Nakatogawa et al., 2009; D'Arcy, 2019). Indeed, autophagy 

may be triggered by many of the same cellular stress response routes as those in 

apoptosis (Marino et al., 2014), including reactive oxygen species (ROS) and DNA 

damage responses which are key to halting progression through the mitotic cell cycle. 

3.1.2.4 Cell stress, ROS and DNA damage 

Cells have a number of pathways to prevent damage or respond to damage before 

progression through the various stages of the cell cycle. ROS can induce DNA damage 

but conversely may also be utilised by cancer cells during proliferation (Moloney and 

Cotter, 2018). Multiple DNA damage responses that may trigger apoptosis or 

autophagy are also linked to this pathway, with the ‘guardian of the genome’ p53 
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and its ability to halt mitosis at the G2/M phase also linked to this response (Roos and 

Kaina, 2013). 

NADPH (reduced Nicotinamide adenine dinucleotide phosphate), part of the normal 

cellular response to ROS may be upregulated in response to cell stress (Jeon et al., 

2012). This feature is exploited MTT/MTS cytotoxicity assays to investigate the basic 

metabolic response of a cell to potential cytotoxic agents (Berridge and Tan, 1993). 

3.1.3 Cell cycle analysis 

Investigation of the cell cycle, via flow cytometry, can provide further clues as to the 

mechanism of action of novel compounds on cancer cell models. There are four 

classical phases of the cell cycle: Growth phase 1 (G1/G0), synthesis phase (S), growth 

phase 2 (G2) and mitosis (M), with regulator checkpoints within these phases which 

halt cell cycle progression if conditions in a cell become unfavourable (Stewart et al., 

2003; Ovejero et al., 2020). Arrest during G1/S checkpoint is indicative of DNA 

damage and inhibition of further replication (Sancar et al., 2004), while arrest at the 

intra-S phase checkpoint can indicate replicative stress and an impact on DNA 

synthesis (Grallert and Boye, 2008; Errico and Costanzo, 2012; Ovejero et al., 2020). 

The G2/M checkpoint is also linked to DNA damage that has occurred post-S phase, 

and mediated by p53, it allows for a pausing of cell division until repair to cellular 

damage has been initiated. Alternatively, apoptotic cell death or senescence are 

triggered during prolonged perturbation of the cell resulting from an inability to 

repair the cellular damage (Giono and Manfredi, 2006; Poehlmann et al., 2011; Lara-

Gonzalez et al., 2019). Finally, the spindle assembly checkpoint (SAC) prevents entry 

into mitosis until the correct alignment of chromosomes on the mitotic spindle is met 

(Musacchio and Salmon, 2007; Musacchio, 2015), with failure at this phase linked to 

the action of microtubule poisons or the inhibition of the various kinases and 

regulators of spindle assembly. If a novel cancer treatment elicits cell cycle arrest, 

the phase at which arrest occurs can give an indication of the type of effects the 

treatment is having on the cell (Pozarowski and Darzynkiewicz, 2004).  
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3.2 Aims and Objectives 

3.2.1 Aim 

The aim of this chapter was to establish the effects of the ten novel thienopyridine 

compounds on cell viability and the cell cycle in DAUDI B cells. 

3.2.2 Objectives 

• To assess the basic biochemical changes in response to a range of 

thienopyridine concentrations using the MTS assay. 

• To assess the type of cell death caused by thienopyridines at a reduced range 

of concentrations using the Annexin V / Propidium Iodide flow cytometry. 

• To assess the effects of the thienopyridine compounds on the cell cycle in 

DAUDI B cells. 
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3.3 Methods 

3.3.1 Cell culture, cell seeding and thienopyridine treatments 

All cell culture, cell seeding and treatment preparations and incubations were as 

described in section 2.2.1 to 2.2.10.  

3.3.2 Apoptosis Assay Flow Cytometry gating and settings 

As described in section 2.2.9, no stain (i.e., viable control), positive apoptosis (single 

stain Annexin V-FITC) and positive necrosis (single stain propidium iodide) DAUDI cell 

controls were prepared for each assay and were used to allow gating of populations 

in the Flow Cytometry Standard (FCS) files generated by the Flow Cytometers use in 

this chapter.  

3.3.2.1 BD FACSVerse set up and gating 

All Flow Cytometry Standard (FCS) files generated by the BD FACSVerse flow 

cytometer were analysed using BD FACSuite™ software (BD Bioscience, UK). Prior to 

recording data on thienopyridine-treated DAUDI cells, FACSuite software was used 

to identify viable, apoptotic and necrotic cell populations, through selective gating of 

cell populations relative to the fluorescence (Figure 3-1).  

The FACSVerse was equipped with photomultipler tubes (PMT) for detection of 

fluorescence in samples stained with specific fluorophores, with adjustable voltage 

settings which allowed set up of the apoptosis assay to be tailored for DAUDI cells. 

The flow cytometer was set up using excitation (blue laser at 488nm) with Annexin 

V-FITC detected with bandpass filter at 527/32 and propidium iodide detected with 

bandpass filter at 586/42. 

No stain controls were used to identify healthy (i.e., viable, non-apoptotic or necrotic, 

cell populations), with the Forward Scatter Height (FSC-H) vs Side Scatter Height (SSC-

H) plot used to gate for cells and exclude debris from analysis (Figure 3-1A), Positive 

apoptosis (i.e., FITC control) and positive necrosis (i.e., PI control) were then used 

sequentially in combination with the FACSuite software to confirm ‘true’ positive 

results (Figure 3-1B-C). 
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Figure 3-1D shows an example untreated DAUDI control sample used to confirm 

setting were correct, after which the voltage settings were retained for use across 

the remaining assays using the FACSverse.  
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Figure 3-1 FACSVerse and FACSuite Apoptosis assay set up and gating. (A) No stain (viable) DAUDI cells 
were gated on Forward Scatter Area (FSC-A) versus Side Scatter Area (SSC-A) cell area to include viable 
cells for analysis. Analysis channels for FITC and PI were adjusted to display a peak over zero signal 
(FITC and PI Histograms) and a quadrant was added to the FITC versus PI plot to allow identification 
of cells that were viable (lower left quadrant LL), early apoptotic (lower right quadrant LR), late 
apoptotic (upper right quadrant UR) and necrotic (upper left quadrant UL). (B) Set up process was 
repeated with single Annexin V-FITC stain positive (apoptosis) control DAUDI cells to correct for 
spectral overlap between FITC and PI fluorescence. With the same FSC vs SSC cell gating as in (A), the 
FITC histogram was adjusted to display signal in the LR quadrant while PI histogram was adjusted to 
display zero signal. (C) Set up process was repeated again with single propidium iodide positive 
(necrosis) control DAUDI cells to further correct for spectral overlap between FITC and PI fluorescence. 
With same FSC vs SSC cell gating as (A), the PI histogram was adjusted to display signal in the UL 
quadrant while the PI histogram was adjusted to display zero signal. This process was repeated with 
at least one additional Annexin V-FITC and PI control, then voltage setting were recorded for use in 
future assays with DAUDI cells. (D) Data from a dual stained (Annexin V-FITC and PI) untreated DAUDI 
cell control sample, which displays signal for both FITC and PI on the histogram plots and corresponding 
positive cell populations on the FITC vs PI quadrants.
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3.3.2.2 BD Accuri C6 set up and gating 

The BD Accuri C6 flow cytometer and associated software (BD Bioscience, UK) has 

fixed voltage settings for each PMT detector however the same set up process 

utilising no stain, positive apoptosis and positive necrosis controls was used to set up 

the apoptosis assay (see Figure 3-2), with ‘Compensation Settings’ used to correct for 

fluorescent spillover before analysis of treated samples as described in the software 

user guide (see Table 3-1). 

Table 3-1 BD Accuri C6 compensation settings for spectral overlap between fluorophores used in the 
Annexin V apoptosis assay. FL1 was used to detect FITC while FL3 was used to detect propidium iodide 
while other detectors (FL2 and FL4) were not used to generate date for this assay. The percentages 
below were subtracted from each detector channel after comparison of median fluorescence values 
for single stain (positive apoptosis and necrosis) controls as listed in the Accuri C6 Software User Guide 
and settings were applied to all assay datasets to ensure consistency. 

Detector FL1 FL2 FL3 FL4 

FL1  0.00 % 0.46 % 0.00 % 

FL2 13.16 %  0.00 % 0.00 % 

FL3 3.11 % 0.00 %  0.00 % 

FL4 0.00 % 3.53 % 0.00 %  

 

The flow cytometer was set up using excitation (blue laser at 488nm) with Annexin 

V-FITC detected with bandpass filter at 533/30 and propidium iodide detected with 

bandpass filter at 670 LP. As with the BD FACSVerse setup in section 3.3.2.1, no stain 

(Figure 3-2A), positive apoptosis control (Figure 3-2B) and positive necrosis control 

(Figure 3-2C) were used to add gates for viable cells for analysis (Forward vs Side 

Scatter plot), and add quadrants to identify healthy, early apoptosis, late apoptosis 

and necrosis cell populations.  

Compensation settings were then applied to all data sets for the apoptosis assay 

using the BC Accuri C6 and all FCS data files were analysed and exported to MS 

Excel via batch analysis in the C6 software. 
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Figure 3-2 BD Accuri C6 Apoptosis assay set up and gating. (A) No stain (viable) DAUDI cells were gated on Forward Scatter Area (FSC-A) versus Side Scatter Area 
(SSC-A) cell area to include viable cells for analysis. FITC was assigned to FL1-A channel and PI was assigned to FL3-A channel with no stain histogram plots for 
each fluorophore allowing for identification of true signal for each channel in treated samples by observation of the shift in signal from these baseline values. A 
quadrant was added to the FITC versus PI plot to allow identification of cells that were viable (lower left quadrant LL), early apoptotic (lower right quadrant LR), 
late apoptotic (upper right quadrant UR) and necrotic (upper left quadrant UL) and Forward Scatter Area (FSC-A) versus Forward Scatter Height (FSC-H) plot was 
further gates to include singlet cells only in analysis.  

Single Annexin V-FITC stain positive (apoptosis) control DAUDI cells (B) and single propidium iodide stain positive (necrosis) control DAUDI cells (C) were used to 
correct for spectral overlap between the two fluorophores and identify true signal for each population via comparison of the shift in signal in each histogram 
plot compared to no stain controls.  

(D) Data from a dual stained (Annexin V-FITC and PI) untreated DAUDI cell control sample, which displays signal for both FITC and PI on the histogram plots and 
corresponding positive cell populations on the FITC vs PI quadrants. 
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3.3.3 Cell Cycle Flow Cytometry gating and settings

3.3.4 ModFit LT 5.0 Analysis

3.3.4.1 Gating

Figure 3-3 ModFit LT 5.0 Manual Model strategy for gating cells on FSC-H vs SSC-H plot (A), and FL2-A 
vs FL2-W plot (B) for cell cycle analysis.

All Flow Cytometry Standard (FCS) files generated by the BD FACS Calibur were gated 

on Forward Scatter Height (FSC-H) vs Side Scatter Height (SSC-H) plot, with all 

individual data sets checked to ensure their cell populations were included within the 

gates for analysis (Figure 3-3A), to account for any inter-assay variability in cell 

populations or staining between assays, and to ensure that the same analysis 

template was applied to all data sets. An additional gate was added to FL2 channel 

(e.g., channel which detected Propidium Iodide) for the FL2-Area (FL2-A) vs FL2-

Width (FL2-W) plot (Figure 3-3B) to ensure only singlet populations were included in 

the analysis, to exclude cell doublets/clumps which could be misconstrued as cells 

with DNA-Tetraploid populations.

3.3.4.2 ModFit Setting Analysis Model

Data was analysed using a manual model, with the settings shown in Figure 3-4. A 

Manual Model was selected, due to the limitations of the ModFit LT 5.0 software on 

producing replicable data analysis when using its Auto Analysis tool. The Auto 

Analysis tool applied a different mathematical model to each individual dataset, 

highlighting multiple DNA-ploidy models, and for replicates identified as DNA-



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells

112

tetraploid, the software is unable to differentiate between true tetraploid 

populations and those cells that are in G2/M phase. Review of the data highlighted 

that thienopyridine treatments had no effect on the DNA index of DAUDI cells 

(Shankey et al., 1993).

Auto Analysis command options of ‘Debris’ and ‘Aggregates’ were included in the 

model. The Linearity setting of 1.94 was calculated using the mean G2/G1 ratio data 

from the untreated DAUDI + complete controls from each (Figure 3-4). Analysis of 

Apoptosis was done using the Annexin V/ Propidium Iodide assay see section 2.2.9

and was excluded from this analysis.

No internal standards were used in this set of experiments, as all cells used are of the 

DAUDI lineage. For Ploidy Determination, one cell cycle, with the ‘First cycle is 

diploid’ was selected to be modelled, as examination of the data sets showed no 

obvious aneuploidy populations across the data set, and this setting allowed for the 

generation of data showing total percentages for G0/G1, S and G2/M populations. All 

other settings were left as standard.

Figure 3-4 ModFit LT 5.0 Auto Analysis Settings for manual model applied to analysis of Cell Cycle FCS 
files.
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3.3.4.3 ModFit Peak Finder Settings

Figure 3-5 ModFit LT 5.0 Peak Finder Settings for Manual Analysis Model

ModFit ‘Peak Finder’ command settings were adjusted to those shown in Figure 3-5, 

and the same settings were applied across all datasets.

3.3.4.4 Applying Manual Model to Datasets

With ModFit settings adjusted as shown in Figure 3-3, 2 and 3, all FCS files for each 

assay were opened in the batch analysis tool within the software, and the ‘Fit’ of the 

manual model was checked across all replicates, to ensure that G0/G1, S and G2/M 

populations were identified correctly. ‘Fit’ was also checked to ensure that the model 

generated data with Reduced Chi Squared (RCS) values less than 5.0, with any 

replicates with an RCS value about 5.0 being excluded from the analysis (for ModFit 

RCS values of 1.0-3.0 show a ‘Good’ goodness of fit, values of 3.0-5.0 show a ‘Fair’ 

goodness of fit, while any values about 5.0 show ‘poor’ goodness of fit), and that % 

coefficient of variance (% CV) were less than 8 % threshold as advised in Sharkey et 

al (1993) ‘Guidelines for Implementation of Clinical DNA Cytometry’. The ‘Fit’ of the 

Manual Model was finalised using a Control (complete media treatment only) 

replicate in each dataset, and the ‘Choose Model’ command settings were used to 
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fix the Manual Model to this replicate with the options finalised as shown in Figure 

3-6. 

Figure 3-6 ModFit LT 5.0 Manual Analysis Settings for Manual Model applied to analysis of all data 
sets (A) and the settings applied by the Model during batch analysis (B).

The final option in ‘Choose Model’ command settings allows for adjusting the range 

positions, for where ModFit will look for the relevant G0/G1, G2/M and Debris cell 

populations as shown in Figure 3-7. To keep the Manual Model consistent across all 

replicates in each dataset, no adjustments were made to the range position, and the 

displayed range positions based on the ‘Fit’ of the Model for the Control replicate 

were accepted, to allow for replication of the data analysis.

The Manual Model Analysis was applied to all replicates using the batch analysis tool, 

with data exported to a database for further statistical analysis.
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Figure 3-7 ModFit 'Choose Model' command settings options for adjusting range positions. The above 
settings are the unmodified range positions recommended by the ModFit software. Debris range 
position corresponds to the ‘Auto Debris Compensation’ setting shown in Figure 3-6, while the Dip G1 
and Dip G2 positions were based on the ‘Fit’ of the model to an untreated control sample.

Debris – cell population that is sub-Diploid G1, Dip G1 – cell population corresponding to Diploid G1 
DNA content, Dip G2 – cell population corresponding to Diploid G2 DNA content.
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3.3.5 Data analysis 

All data was exported to Microsoft Excel and analysed using One-Way Analysis of 

Variance (ANOVA) and Dunnett’s post hoc test in GraphPad PRISM Version 9.2.0 

(332), with thienopyridine treated samples compared to untreated controls. 
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3.4 Results 

3.4.1 Effects of novel thienopyridines on cell viability and apoptosis 

The cell viability assay (MTS assay) was used to study the effect of the novel 

thienopyridines on DAUDI cells. Flow cytometry apoptosis assay (AVPI assay) with 

dual staining of cells with Annexin V and propidium iodide was used to study the 

effect of the novel thienopyridines on apoptosis and necrosis. 

3.4.1.1 Effects of novel thienopyridines with a cyclooctane moiety on cell viability 

Novel thienopyridines DJ0014, DJ0021, DJ0199, DJ0206 and DJ0209 all share a 

cyclooctane-moiety in their molecular structure, which together with the 

cycloheptane moiety, has been shown to promote more cytotoxic effects on cells 

treated with these compounds in previous studies, rather than cytostatic effects seen 

in the thienopyridine compounds with cyclohexanone rings (Arabshahi et al., 2015). 

3.4.1.1.1 DJ0014 effects on DAUDI cell viability  

Figure 3-8 to Figure 3-10 show viability (MTS) and apoptosis (AVPI) assay results for 

DAUDI cells cultured in the presence of novel thienopyridine DJ0014 for 24 hours, 48 

hours, and 72 hours respectively. For the viability assay, at 24 hours (Figure 3-8A), 

there was only slight increases in cell viability across all concentrations investigated , 

while at both 48 hours (Figure 3-9A) and 72 hours (Figure 3-10A), there was a 

statistically significant reduction in cell viability at 10 µM and 100 µM concentrations 

(P<0.001), with the most pronounced effects shown at 72 hours (16.9 % cell viability 

for 10 µM and 29.2 % for 100 µM). 

For the apoptosis assay, at 24 hours (Figure 3-8B), there were small but statistically 

significant increases in both early apoptotic and late apoptotic cell populations at 10 

µM and 100 µM concentrations (P<0.001), with corresponding decreases in the live 

cell population (P<0.001). There were larger increases in the early and late apoptotic 

cell populations at both 48 hours (Figure 3-9B) and 72 hours (Figure 3-10B), with a 

combined 63.4 % of cells apoptotic at 10 µM  (P<0.001) and 64.1 % at 100 µM 

(P<0.001) at 72 hours versus  15.3 % of cells in the untreated control replicates 

(DAUDI + complete media only).  
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Figure 3-8 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine
DJ0014 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0014 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0014 0.1 µM (E), DJ0014 1 µM (F), DJ0014 10 µM (G) 
and DJ0014 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-9 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0014 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0014 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0014 0.1 µM (E), DJ0014 1 µM (F), DJ0014 10 µM (G) 
and DJ0014 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-10 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0014 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0014 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0014 0.1 µM (E), DJ0014 1 µM (F), DJ0014 10 µM (G) 
and DJ0014 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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3.4.1.1.2 DJ0021 effects on DAUDI cell viability 

Figure 3-11 to Figure 3-13 show viability (MTS) and apoptosis (AVPI) assay results for 

DAUDI cells cultured in the presence of novel thienopyridine DJ0021 for 24 hours, 48 

hours, and 72 hours respectively. For the viability assay, at 24 hours (Figure 3-11A), 

48 hours (Figure 3-12A) and 72 hours (Figure 3-13B) there is a general trend of 

increased cell viability versus untreated control, with a statistically significant 

increase (P<0.05) at 0.001 µM at 48 hours of treatment.  

For the apoptosis assay, no effects are seen at 24 hours (Figure 3-11B), while at 48 

hours (Figure 3-12B) there is a small but statistically significant increase in late 

apoptotic cells at 10 µM (P<0.01) and 100 µM (P<0.001) with a corresponding 

decrease in necrotic cells, rather than a decrease in the live cell population as seen 

with DJ0014. For the cells treated with 0.1 µM there is a statistically significant 

decrease in both live cell and necrotic populations (P<0.05). 

At 72 hours (Figure 3-13B), there is a statistically significant increase in both early and 

late apoptotic populations, with corresponding decreases in live and necrotic cells at 

both 10 µM and 100 µM concentrations. 
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Figure 3-11 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0021 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett’s post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0021 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0021 0.1 µM (E), DJ0021 1 µM (F), DJ0021 10 µM (G) 
and DJ0021 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=3(MTS), n=6 (AVPI)). For MTS (A) data 
have been normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated 
with 50 % ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of 
n=3, untreated control n=6.
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Figure 3-12 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0021 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0021 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0021 0.1 µM (E), DJ0021 1 µM (F), DJ0021 10 µM (G) 
and DJ0021 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-13 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0021 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0021 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0021 0.1 µM (E), DJ0021 1 µM (F), DJ0021 10 µM (G) 
and DJ0021 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6 (MTS), N=5 (AVPI)). For MTS (A) data 
have been normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated 
with 50 % ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of 
n=3, untreated control n=6.
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3.4.1.1.3 DJ0199 effects on DAUDI cell viability 

Figure 3-14 to Figure 3-16 show viability (MTS) and apoptosis (AVPI) assay results for 

DAUDI cells cultured in the presence of novel thienopyridine DJ0199 for 24 hours, 48 

hours, and 72 hours respectively. 

For the viability assay, DJ0199 shows no statistically significant activity at 24 hours, 

but showed slight reductions in cell viability for 10 µM and 100 µM concentrations 

(Figure 3-14A). At both 48 hours (Figure 3-15A) and 72 hours (Figure 3-16A) post-

incubation with DJ0199, there is a significant reduction in cell viability at 1 µM 

(P<0.01) , 10 µM (P<0.001) and 100 µM (P<0.001). Cell viability for 10 µM and 100 

µM at 48 hours were 43.5 % and 28.8 %, and at 72 hours were 23.0 % and 25.9 % 

respectively, showing greater activity at the latter time point. 

For the apoptosis assay, there was a slight statistically significant increase in cells at 

late apoptosis for 10 µM (P<0.001) and 100 µM (P<0.001) at 24 hours (Figure 3-14B). 

More pronounced effects were seen at 48 hours (Figure 3-15B) and 72 hours (Figure 

3-16B), with significant increases in both early and late apoptotic populations, with 

corresponding decreases in live cell populations. At 48 hours, the combined early and 

late apoptotic populations for 10 µM was 51.8 % and for 100 µM was 47.4 % versus 

16.3 % for complete media control. At 72 hours, the combined early and late 

apoptotic cell populations for 1 µM, 10 µM and 100 µM were 33.7 % (P<0.001), 67.4 

% (P<0.001) and 70.5 % (P<0.001) versus 17.4 % for complete media control. 
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Figure 3-14 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0199 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0199 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0199 0.1 µM (E), DJ0199 1 µM (F), DJ0199 10 µM (G) 
and DJ0199 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-15 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0199 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0199 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0199 0.1 µM (E), DJ0199 1 µM (F), DJ0199 10 µM (G) 
and DJ0199 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=4 (MTS), n=6 (AVPI). For MTS (A) data 
have been normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated 
with 50 % ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of 
n=3, untreated control n=6.
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Figure 3-16 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0199 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0199 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0199 0.1 µM (E), DJ0199 1 µM (F), DJ0199 10 µM (G) 
and DJ0199 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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3.4.1.1.4 DJ0206 effects on DAUDI cell viability 

Figure 3-17 to Figure 3-19 show viability (MTS) and apoptosis (AVPI) assay results for 

DAUDI cells cultured in the presence of novel thienopyridine DJ0206 for 24 hours, 48 

hours, and 72 hours respectively. 

At 24 hours, DJ0206 shows no significant activity for the viability assay at any 

concentration (Figure 3-17A). At 48 hours, DAUDI cells treated with 0.1 µM DJ0206 

showed a significant (P<0.01) increase in cell viability of 184.8 % when normalised to 

complete media and 50 % EtOH treated DAUDI cells, while there were also non-

significant reductions in cell viability to 63.4 % for 10 µM, and 48.5 % for 100 µM 

treatments (Figure 3-18A). A similar pattern of activity was shown at 72 hours (Figure 

3-19A), with significant increases in cell viability at 0.001 µM and 0.01 µM (both 

P<0.01), while cells treated with 1-100- µM (all P<0.001) showing reductions in 

viability to 22.4 %, 18.1 % and -1.2 %, with the 100 µM value the lowest of any of the 

thienopyridines across all time points and concentrations investigated. 

For the apoptosis assay, at 24 hours post-treatment with DJ0206 (Figure 3-17B), the 

100 µM showed a small statistically significant increase in late apoptotic and necrotic 

cells (both P<0.01) with a corresponding decrease in live cell population (P<0.05). 

There was also an increase in late apoptosis for 1 µM (P<0.01) and necrosis for 10 

µM (P<0.01). Mirroring the MTS results for DJ0206, at 48 hours (Figure 3-18B) all 

concentrations showed significantly increased early and late apoptosis (0.1 µM: 

P<0.01, 1-100 µM: P<0.001), with reduced live cell populations (all P<0.001). The 

largest effects were seen at 1 µM, 10 µM and 100 µM which showed mean combined 

apoptotic populations of 49.9 %, 50.9 % and 52.9 % respectively, compared to 16.3 

% in the complete media treated cells. Cells treated with 10 µM DJ0206 again showed 

a small but statistically significant increase in necrosis (P<0.05). At 72 hours, there 

were increased effects at 1 µM to 100 µM (Figure 3-19B), with combined apoptotic 

populations of 70.3 % (P<0.001), 68.7 % (P<0.001) and 75.5 % (P<0.001) compared to 

17.4 % in complete media treated cells. An increase in early apoptosis and decrease 

in live cell was also seen at 0.1 µM concentration (both P<0.01).  
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Figure 3-17 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0206 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett’s post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0206 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0206 0.1 µM (E), DJ0206 1 µM (F), DJ0206 10 µM (G) 
and DJ0206 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6 (MTS, n=3 (AVPI)). For MTS (A) data 
have been normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated 
with 50 % ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of 
n=3, untreated control n=6.
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Figure 3-18 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0206 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0206 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0206 0.1 µM (E), DJ0206 1 µM (F), DJ0206 10 µM (G) 
and DJ0206 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-19 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0206 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0206 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0206 0.1 µM (E), DJ0206 1 µM (F), DJ0206 10 µM (G) 
and DJ0206 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+.

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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3.4.1.1.5 DJ0209 effects on DAUDI cell viability 

Figure 3-20 to Figure 3-22 show viability (MTS) and apoptosis (AVPI) assay results for 

DAUDI cells cultured in the presence of novel thienopyridine DJ0209 for 24 hours, 48 

hours, and 72 hours respectively. 

In keeping with the other cyclooctane ring containing thienopyridines, DJ0209 also 

showed no effects on cell viability at 24 hours (Figure 3-20A). At 48 hours, there were 

slight, non-statistically significant increases at 0.001 µM to 1 µM concentrations, 

while there were reductions in cell viability at both 10 µM (P<0.01) and 100 µM 

(P<0.001) (Figure 3-21B). At 72 hours, there were again no statistically significant 

results, however there was an increase in cell viability at 10 µM and 100 µM 

compared to complete media control cells (Figure 3-22B). 

For the apoptosis assay, no effects were seen at 24 hours (Figure 3-20B), apart from 

a decrease in necrotic cells at 100 µM (P<0.05). After 48 hours of treatment with 

DJ0209 (Figure 3-21B), there was an increase in early apoptosis at 0.1 µM (P<0.01), 

in late apoptosis at 1 µM (P<0.05) and in both early and late apoptosis at 10 µM and 

100 µM concentrations (all P<0.001), with corresponding decreases in live cell 

populations (0.1 µM / 1 µM P<0.05; 10 µM / 100 µM P<0.001). The combined mean 

early and late apoptotic cell populations for 10 µM and 100 µM were 33.1 % and 41.8 

%, compared to 21.6 % in complete media control cell replicates. At 72 hours (Figure 

3-22B), there was an increase in early apoptosis at 1 µM (P<0.05), and early and late 

apoptosis at 10 µM and 100 µM (both P<0.001) with corresponding decreases in live 

cell populations. There was also a slight increase in necrotic cells at 10 µM (P<0.01). 

The combined early and late apoptotic populations for 10 µM was 45.3 % while at 

100 µM it was 34.2 %, compared to 15.3 % for complete media treated cells, which 

is similar level to that seen at 48 hours. 

Across all datasets, there were increases in cell viability at lower concentrations of 

thienopyridine treatment, possible due to cell stress effects (D'Arcy, 2019). 
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Figure 3-20 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0209 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett’s post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0209 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0209 0.1 µM (E), DJ0209 1 µM (F), DJ0209 10 µM (G) 
and DJ0209 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-21 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0209 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0209 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0209 0.1 µM (E), DJ0209 1 µM (F), DJ0209 10 µM (G) 
and DJ0209 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-22 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0209 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0209 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0209 0.1 µM (E), DJ0209 1 µM (F), DJ0209 10 µM (G) 
and DJ0209 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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3.4.1.2 Effects of novel thienopyridines with a cycloheptane moiety on cell viability 

Novel thienopyridine compounds DJ0041 and DJ0081 both share a cycloheptane 

moiety in their chemical structure, which as described in section 3.4.1.1, has been 

shown to induce more cytotoxic effects on cells cultured in the presence of these 

compounds. 

3.4.1.2.1 DJ0041 effects on DAUDI cell viability 

Figure 3-23 to Figure 3-25 show viability (MTS) and apoptosis (AVPI) assay results for 

DAUDI cells cultured in the presence of novel thienopyridine DJ0041 for 24 hours, 48 

hours, and 72 hours respectively. 

For viability assay, cells treated with 10 µM of DJ0041 showed a statistically 

significant reduction in cell viability at 24 hours (Figure 3-23A: mean cell viability 87.9 

%, P<0.05), 48 hours (Figure 3-24A: mean cell viability 71.3 %, P<0.001), and at 72 

hours (Figure 3-25A: mean cell viability 40.7 %, P<0.01). 

Non-significant decreases in cell viability were seen at 48 hours at 100 µM (mean cell 

viability 89.6 %) and at 72 hours at 1 µM (84.5 %) and 100 µM (67.9 %), while at 

concentrations of 0.001-0.1 µM there was a general increase in cell viability 

compared to complete media control cell replicates across all three time points 

investigated. 

For the apoptosis assay, across all three time points, cells treated with DJ0041 at 10 

µM and 100 µM showed significant increases in early and late apoptotic cells, with a 

corresponding decrease in live cell populations: (all P<0.001). The combined early 

and late apoptosis at 48 hours (Figure 3-24B) for 10 µM and 100 µM treated cells was 

37.8 % and 41.1 % respectively, while at 72 hours (Figure 3-25B) this increased to 

55.8 % and 53.5 %. 

  



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells

138

Figure 3-23 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0041 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett’s post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0041 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0041 0.1 µM (E), DJ0041 1 µM (F), DJ0041 10 µM (G) 
and DJ0041 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-24 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0041 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0041 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0041 0.1 µM (E), DJ0041 1 µM (F), DJ0041 10 µM (G) 
and DJ0041 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-25 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0041 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0041 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0041 0.1 µM (E), DJ0041 1 µM (F), DJ0041 10 µM (G) 
and DJ0041 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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3.4.1.2.2 DJ0081 effects on DAUDI cell viability 

Figure 3-26 to Figure 3-28 show viability (MTS) and apoptosis (AVPI) assay results for 

DAUDI cells cultured in the presence of novel thienopyridine DJ0081 for 24 hours, 48 

hours, and 72 hours respectively. 

Similarly to DJ0041, at 24 hours on the viability assay, no effects were seen apart 

from a slight increase in cell viability compared to complete media control for all 

concentrations of DJ0081 (Figure 3-26A). At both 48 hours (Figure 3-27A) and 72 

hours (Figure 3-28A) similar effects were seen, with significant reduction in cell 

viability at 1 µM (mean cell viability:–48 h - 50.3 %/ 72 h -49.4 %; both P<0.01), 10 

µM (mean cell viability:–48 h - 51.3 %/ 72 h -37.7 %; both P<0.01) and 100 µM (mean 

cell viability: 48 h – 33.4 %/ 72 h -32.8 %; both <0.001).  

For the apoptosis assay, at 24 hours of treatment there was a small, statistically 

significant increase in cells at late apoptosis across all concentrations investigated, 

while 100 µM also showed an increase in early apoptotic cells as well as a 

corresponding decrease in live cell population (Figure 3-26B). Figure 3-27B shows 

that a larger increase in early and late apoptotic cells was seen at 48 hours both at 

10 µM (combined early and late apoptosis 31.9 %, both P<0.001) and at 100 µM 

(combined early and late apoptosis 48.3 %, both P<0.001) compared to 16.3 % total 

apoptosis in complete media controls. More pronounced effects were seen at 72 

hours (Figure 3-28B), with combined early and late apoptosis at 1 µM of 60.5 % (both 

P<0.001); 63.3 % at 10 µM (both P<0.001); and 69.6 % at 100 µM, with corresponding 

decrease in live cell populations (all P<0.001), compared to combined early and late 

apoptosis of 17.4 % in complete media control replicates. 

 

 

 

 



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells

142

Figure 3-26 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0081 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0081 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0081 0.1 µM (E), DJ0081 1 µM (F), DJ0081 10 µM (G) 
and DJ0081 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-27 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0081 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0081 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0081 0.1 µM (E), DJ0081 1 µM (F), DJ0081 10 µM (G) 
and DJ0081 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+.

Data are presented as mean ±SEM of n=3 (0.001 μM n=2 (MTS), untreated control n=4 (MTS), n=6 
(AVPI). For MTS (A) data have been normalised against 100 % survival for un-treated cells, and 0 % 
survival for cells treated with 50 % ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are 
presented as mean ±SEM of n=3, untreated control n=6.
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Figure 3-28 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0081 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0081 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0081 0.1 µM (E), DJ0081 1 µM (F), DJ0081 10 µM (G) 
and DJ0081 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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3.4.1.3 Effects of novel thienopyridines with a cyclohexanone moiety on cell 

viability 

The final three novel thienopyridine compounds DJ0097, DJ0109 and DJ0171 all 

share a cyclohexanone moiety in their chemical structure (see Table 2-8), which as 

described in sections 3.4.2.1 and 0 have been shown in previous research to induce 

more cytostatic effects on cells cultured in the presence of these compounds, in 

comparison to the more cytotoxic effects in cyclooctane and cycloheptane moiety 

containing thienopyridine. 

3.4.1.3.1 DJ0097 effects on DAUDI cell viability 

Figure 3-29 to Figure 3-31 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0097 for 24 hours, 48 hours, and 72 hours respectively. 

Figure 3-29A shows the viability assay results at 24 hours of treatment with DJ0097, 

where only slight, non-statistically significant reductions in cell viability are seen at 

0.01 to 100 µM concentrations. Figure 3-30A showed a mixed picture at 48 hours of 

treatment, with 0.001 µM, 0.1 µM (P<0.05) and 1 µM concentrations showed an 

increase in cell viability compared to complete media control, while the other 

concentrations showed a slight decrease. At 72 hours of treatment (Figure 3-31A), 

0.001 µM and 0.01 µM show large but non-statistically significant increases in cell 

viability (165.1 % and 137.6 % respectively), while 0.1 µM (59.4 % cell viability), 1 µM 

(28.7% cell viability, P<0.05), 10 µM (20.6 % cell viability, P<0.05) and 100 µM (cell 

viability 75.9%) all showed decreases. 

For the apoptosis assay, at both 24 hours (Figure 3-29B) and 48 hours (Figure 3-30B), 

there was a modest but statistically significant increase in early and late apoptosis, 

with a corresponding decrease in live cell populations (apart from 24 hour, 100 µM 

late apoptosis which was non-significant). However, the largest effects were seen at 

72 hours of incubation with DJ0097 (Figure 3-31B), where the combined early and 

late apoptotic populations for 1 µM was 50.8 % (early and late both P<0.001), at 10 

µM was 58.2 % (early and late; both P<0.001), and at 100 µM it was 51.7 % (early and 

late; both P<0.001), compared to 15.9 % for complete media treated cells, all with 

corresponding reductions in live cell populations.  
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Figure 3-29 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0097 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett’s post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0097 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0097 0.1 µM (E), DJ0097 1 µM (F), DJ0097 10 µM (G) 
and DJ0097 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-30 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0097 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0097 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0097 0.1 µM (E), DJ0097 1 µM (F), DJ0097 10 µM (G) 
and DJ0097 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6 (MTS), n=5(AVPI)). For MTS (A) data 
have been normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated 
with 50 % ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of 
n=3, untreated control n=6.
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Figure 3-31 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0097 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with D’nnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0097 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0097 0.1 µM (E), DJ0097 1 µM (F), DJ0097 10 µM (G) 
and DJ0097 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells 

149 
 

3.4.1.3.2 DJ0109 effects on DAUDI cell viability 

Figure 3-32 to Figure 3-34 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ00109 for 24 hours, 48 hours, and 72 hours respectively. 

Figure 3-32A and Figure 3-33A show viability assay results for 24 hour and 48 hour 

incubations, where the only significant result was a reduction in cell viability at 100 

µM at 24 hours (mean cell viability 83.5 %), while there was also a non-significant 

reduction at the same concentration at 48 hours (mean cell viability 83.5 %). In line 

with DJ0097 there was a general picture of slight non-significant increase at 0.001 

µM and 0.01 µM at 24 hours with slight increases at higher concentrations, and all 

concentrations apart from 100 µM showing slight increases at 48 hours. At 72 hours 

(Figure 3-34A), both 0.001 µM (mean cell viability 148.1 %, P<0.05) and 0.01 µM 

(mean cell viability 146.3 %, P0.05) showed increases, while 0.1 µM (mean cell 

viability 65.6 %), 1 µM (63.7 %), 10 µM (74.7 %) and 100 µM (85.9 %) showed non-

significant decreases. 

For the apoptosis assay, at 24 hours no significant effects are seen for DJ0109 (Figure 

3-32B), while at 48 hours there is a slight but statistically significant decrease in the 

live cell populations at all concentrations, with increases in early apoptosis at 0.1 µM 

and 1 µM, while 100 µM shows an increase in both early and late apoptosis (Figure 

3-33B). At 72 hours post-incubation with DJ0109, there are no effects at any 

concentration seen (Figure 3-34B). 
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Figure 3-32 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0109 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett’s post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0109 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0109 0.1 µM (E), DJ0109 1 µM (F), DJ0109 10 µM (G) 
and DJ0109 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-33 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0109 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0109 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0109 0.1 µM (E), DJ0109 1 µM (F), DJ0109 10 µM (G) 
and DJ0109 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-34 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0109 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett’s post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0109 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0109 0.1 µM (E), DJ0109 1 µM (F), DJ0109 10 µM (G) 
and DJ0109 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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3.4.1.3.3 DJ0171 effects on DAUDI cell viability 

Figure 3-35 to Figure 3-37 show the viability (MTS) and apoptosis (AVPI) results for 

DAUDI cells treated with various concentrations of novel thienopyridine DJ0171 for 

24 hours, 48 hours and 72 hours respectively. 

The results for the viability assay are broadly in keeping with those seen in DJ0097 

and DJ0109, at 24 hours with Figure 3-35A showing increases in cell viability at 0.01 

µM (P<0.01) and 0.1 µM (P<0.05), while all other concentrations showed non-

significant increases with only concentration 10 µM showing a non-significant 

decrease. At 48 hours, all concentrations tested showed a significant increase in cell 

viability (Figure 3-36A), while there were no significant results at 72 hours (Figure 

3-37A) and only DAUDI cells treated at 10 µM showed a non-significant reduction in 

cell viability to 58.3 % (SEM ±16.6%), with large SEM values likely contributing to the 

lack of statistical significance at this time point. 

For the apoptosis assay, at 24 hours of treatment with DJ0171 (Figure 3-35B), all 

concentrations tested showed a small but statistically significant increase in early 

apoptosis, while 0.1 µM, 10 µM and 100 µM showed a decrease in live cell 

populations and the lowest two concentrations also showed an increase in late 

apoptosis. At 48 hours, concentrations 1 µM to 100 µM showed a small but 

significant increase in both early and late apoptosis, with a decrease in live cell (Figure 

3-36B). Only at the 72 hour time point (Figure 3-37B) were larger increases in early 

and late apoptosis seen at 10 µM (combined early and late apoptosis 34.5 %) and 100 

µM (combined early and late apoptosis 53.2 %), compared to 15.9 % in the complete 

media control replicates, results that are broadly similar to DJ0097 although at higher 

concentrations. 
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Figure 3-35 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0171 for 24 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett’s post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0171 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0171 0.1 µM (E), DJ0171 1 µM (F), DJ0171 10 µM (G) 
and DJ0171 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.
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Figure 3-36 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0171 for 48 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0171 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0171 0.1 µM (E), DJ0171 1 µM (F), DJ0171 10 µM (G) 
and DJ0171 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6 (MTS), n=5 (AVPI)). For MTS (A) data 
have been normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated 
with 50 % ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of 
n=3, untreated control n=6.
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Figure 3-37 Cell viability assays for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0171 for 72 hours as determined by MTS assay (A) and Annexin V/Propidium Iodine Flow Cytometry 
(B), and Significance values for One-Way ANOVA with Dunnett's post-hoc test of Untreated Control 
(DAUDI + complete media) vs each concentration of DJ0171 (C). Representative dot plots for Annexin 
V/PI Flow Cytometry Untreated Control (D), DJ0171 0.1 µM (E), DJ0171 1 µM (F), DJ0171 10 µM (G) 
and DJ0171 100 µM (H) are presented where Early Apoptosis (Lower Right Quadrant (LR)) = Annexin 
V+/PI-, Late Apoptosis (Upper Right Quadrant (UR)) = Annexin V+/PI+, Live Cell (Lower Left Quadrant 
(LL)) = Annexin V-/PI-, Necrosis (Upper Left Quadrant (UR)) = Annexin V-/PI+. 

Data are presented as mean ±SEM of n=3 (untreated control n=6). For MTS (A) data have been 
normalised against 100 % survival for un-treated cells, and 0 % survival for cells treated with 50 % 
ethanol for 24 h. For Annexin V/Propidium Iodide (B) data are presented as mean ±SEM of n=3, 
untreated control n=6.



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells 

157 
 

3.4.2 Effects of novel thienopyridines on cell cycle 

Flow cytometry with single staining of cells using propidium iodide was used to study 

the effects of novel thienopyrines on the cell cycle progression of DAUDI cells. 

3.4.2.1 Effects of novel thienopyridines with a cyclooctane moiety on cell cycle 

3.4.2.1.1 DJ0014 effects on DAUDI cell cycle 

Figure 3-38 to Figure 3-40 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0014 for 24 hours, 48 hours, and 72 hours respectively. 

At 24 hours (Figure 3-38), DJ0014 showed small but statistically significant increases 

in G2/M populations at 1 μM (5.85 % cells), 10 μM (14.99 % cells) and 100 μM (14.76 

% cells) vs 3.56 % of cells in G2/M in the untreated controls (1 μM: P < 0.05; 10 μM 

and 100 μM: both P < 0.001), with corresponding significant decreases in G1 and S 

phase cells. 

At 48 (Figure 3-39) and 72 hours (Figure 3-40), there were pronounced, significant 

increases in G2/M cells at 10 μM and 100 μM concentrations (All: P < 0.001), while 

no effects were seen at 1 μM. 

Untreated control cells at 48 hours showed 9.12 % G2/M phase cells compared to 

67.01 % at 10 μM and 64.91 % at 100 μM of compound DJ0014, with similar results 

seen at 72 hours (11.82 % Control G2/M vs 67.98 % for 10 μM and 67.25 % for 100 

μM). 
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Figure 3-38 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0014 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0014. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0014 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0014 1 µM (E); DJ0014 10 µM (F); and DJ0014 100 µM (G).
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Figure 3-39 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0014 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test. 

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0014. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0014 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0014 1 µM (E); DJ0014 10 µM (F); and DJ0014 100 µM (G).
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Figure 3-40 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0014 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0014. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0014 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0014 1 µM (E); DJ0014 10 µM (F); and DJ0014 100 µM (G).
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3.4.2.1.2 DJ0021 effects on DAUDI cell cycle 

Figure 3-41 to Figure 3-43 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0021 for 24 hours, 48 hours, and 72 hours respectively. 

Unlike DJ0014, DJ0021 showed no effects across 24 hour (Figure 3-41), 48 hour 

(Figure 3-42), or 72 hour incubations (Figure 3-43) apart from at 100 μM 

concentration at 72 hours which showed a small, significant reduction in G2/M 

population vs untreated control DAUDI cell (8.47 % vs untreated control 11.71 %; P < 

0.01). 
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Figure 3-41 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0021 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test. 

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0021. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0021 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0021 1 µM (E); DJ0021 10 µM (F); and DJ0021 100 µM (G).
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Figure 3-42 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0021 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0021. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0021 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0021 1 µM (E); DJ0021 10 µM (F); and DJ0021 100 µM (G).
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Figure 3-43 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0021 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0021. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0021 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0021 1 µM (E); DJ0021 10 µM (F); and DJ0021 100 µM (G).
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3.4.2.1.3 DJ0199 effects on DAUDI cell cycle 

Figure 3-44 to Figure 3-46 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ00199 for 24 hours, 48 hours, and 72 hours respectively. 

No effects were seen following a 24 hour incubation with DJ0199 (Figure 3-44), 

however akin to DJ0014, significant increases in G2/M populations were seen at all 

concentrations at 48 hour (Figure 3-45) and 72 hour (Figure 3-46) timepoints (all P < 

0.001). Where untreated DAUDI cells at 48 hours of incubation showed 11.48 % of 

cells in G2/M, this increased to 17.11 % at 1 μM, 66.17 % at 10 μM and 66.26 % at 

100 μM concentrations of DJ0199, whereas at 72 hours of incubation a larger 

increase in G2/M cells was seen at 1 μM concentration (27.45 % vs untreated control 

11.71 %) while 10 μM (65.53 %) and 100 μM (63.82 %) showed similar levels to the 

48 hour incubation, suggesting that the effects are relative to both concentration and 

duration of exposure to the thienopyridines. 
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Figure 3-44 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0199 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0199. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0199 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0199 1 µM (E); DJ0199 10 µM (F); and DJ0199 100 µM (G).
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Figure 3-45 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0199 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0199. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0199 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0199 1 µM (E); DJ0199 10 µM (F); and DJ0199 100 µM (G).
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Figure 3-46 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0199 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0199. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0199 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0199 1 µM (E); DJ0199 10 µM (F); and DJ0199 100 µM (G).
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3.4.2.1.4 DJ0206 effects on DAUDI cell cycle 

Figure 3-47 to Figure 3-49 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ00206 for 24 hours, 48 hours, and 72 hours respectively. 

From the thienopyridine compounds with a cyclooctane moiety, DJ0206 is the most 

active across all three incubation timepoints and concentrations tested. At 24 hours 

(Figure 3-47), DJ0206 showed a significant (all P < 0.001) increased G2/M population 

at 1 μM (42.98 %), 10 μM (32.65 %) and 100 μM (32.17 %) compared to untreated 

control DAUDI cells (3.31 %). At 48 hours (Figure 3-48) these effects increased 

further, with 70.46 % DAUDI cells in G2/M at 1 μM, 66.72 % at 10 μM and 71.37 % at 

100 μM concentrations, compared to 11.48 % in untreated controls. Similar 

statistically significant (P < 0.001) shifts to G2/M were see following 72 hour 

incubation (Figure 3-49) with 1 μM (67.81 %), 10 μM (67.53 %) and 100 μM (58.97 %) 

showing increases compared to untreated controls (11.71 %). The lower percentage 

of cells treated with 100 μM DJ0206 may possibly be accounted for by the number 

of apoptotic cells seen in Figure 3-19B following 72 hours of incubation. 
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Figure 3-47 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0206 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0206. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0206 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0206 1 µM (E); DJ0206 10 µM (F); and DJ0206 100 µM (G).
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Figure 3-48 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0206 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0206. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0206 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1),
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0206 1 µM (E); DJ0206 10 µM (F); and DJ0206 100 µM (G).
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Figure 3-49 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0206 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0206. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0206 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0206 1 µM (E); DJ0206 10 µM (F); and DJ0206 100 µM (G).



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells 

173 
 

3.4.2.1.5 DJ0209 effects on DAUDI cell cycle 

Figure 3-50 to Figure 3-52 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0209 for 24 hours, 48 hours, and 72 hours respectively. 

Following 24 hours of incubation with DJ0209 (Figure 3-50), the only effect seen was 

a small, statistically significant (P < 0.001) increase in G2/M population at 100 μM. At 

48 hours, a mixed set of results was shown (Figure 3-51), with a small significant (p < 

0.05) decrease in G2/M population at 1 μM (12.13 %), while there were significant (P 

< 0.001) increased at both 10 μM (33.70 %) and 100 μM (19.96 %) compared to 14.33 

% in untreated controls. 

At 72 hours (Figure 3-52), there was a small, statistically significant decrease in G2/M 

at 1 μM (9.22 %, P < 0.05), 10 μM (8.73 %, P < 0.01) and 100 μM (8.54 %, P < 0.01). 

Like with DJ0206, this reduction in G2/M cell populations at 72 hours may be 

accounted for by apoptotic cell death seen in the annexin V/propidium iodine assay 

in Figure 3-22B. 
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Figure 3-50 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0209 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0209. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0209 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0209 1 µM (E); DJ0209 10 µM (F); and DJ0209 100 µM (G).



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells

175

Figure 3-51 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0209 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0209. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0209 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0209 1 µM (E); DJ0209 10 µM (F); and DJ0209 100 µM (G).
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Figure 3-52 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0209 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0209. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0209 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0209 1 µM (E); DJ0209 10 µM (F); and DJ0209 100 µM (G).
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3.4.2.2 Effects of novel thienopyridines with a cycloheptane moiety on cell cycle 

Figure 3-53 to Figure 3-55 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0041 for 24 hours, 48 hours, and 72 hours respectively. 

3.4.2.2.1 DJ0041 effects on DAUDI cell cycle 

Compound DJ0041 showed statistically significant increases in G2/M populations 

across all concentrations and timepoints tested. Smaller statistically significant 

increases (all P <0.001) were seen at 24 hours (Figure 3-53) with 1 μM (12.06 %), 10 

μM (12.41 %) and 100 μM (12.50 %) broadly showing similar effects when compared 

to untreated control DAUDI cells (3.56 %). Larger increases in G2/M populations were 

seen at 48 hours (Figure 3-54) where 1 μM, 10 μM and 100 μM showed increases to 

26.01 %, 70.94 % and 68.23 % respectively (all P < 0.001) compared to untreated 

controls (14.33 %), while similar increases were seen post 72 hours of incubation 

(Figure 3-55) with 1 μM (29.13 %), 10 μM (68.87 %) and 100 μM (63.09 %) (all P < 

0.001). 
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Figure 3-53 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0041 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0041. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0041 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0041 1 µM (E); DJ0041 10 µM (F); and DJ0041 100 µM (G).
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Figure 3-54 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0041 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0041. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0041 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0041 1 µM (E); DJ0041 10 µM (F); and DJ0041 100 µM (G).
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Figure 3-55 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0041 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0041. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0041 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0041 1 µM (E); DJ0041 10 µM (F); and DJ0041 100 µM (G).
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3.4.2.2.2 DJ0081 effects on DAUDI cell cycle 

Figure 3-56 to Figure 3-58 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0081 for 24 hours, 48 hours, and 72 hours respectively. 

Unlike DJ0041, DJ0081 did not show any effects, at any of the concentrations tested 

at 24 hours (Figure 3-56). However, at 48 hours post incubation (Figure 3-57), a 

comparatively larger, statistically significant effect was seen at 1 μM concentration 

(54.52 %, P <0.001) for DJ0081 that for DJ0041 at the same timepoint, while similar 

sized increases in G2/M cells were seen at 10 μM (62.84 %, P <0.001) and 100 μM 

(54.53 %, P <0.001) compared to 11.48 % of cells in untreated controls. This pattern 

of results was continued post the 72 hour incubation (Figure 3-58) with increases to 

59.20 % (1 μM, P <0.001), 67.97 % (10 μM, P < 0.001) and 58.65 % (100 μM, P < 0.001) 

against 11.71 % of cells in untreated controls. 

From the two cycloheptane moiety containing thienopyridine compounds, DJ0041 

appears to show greater effect sizes on the cell cycle than DJ0081, apart from at 1 

μM concentration at 48 and 72 hours. 
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Figure 3-56 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0081 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0081. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0081 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0081 1 µM (E); DJ0081 10 µM (F); and DJ0081 100 µM (G).
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Figure 3-57 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0081 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0081. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0081 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0081 1 (E); DJ0081 10 µM (F); and DJ0081 100 µM (G).



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells

184

Figure 3-58 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0081 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0081. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0081 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0081 1 µM (E); DJ0081 10 µM (F); and DJ0081 100 µM (G).
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3.4.2.3 Effects of novel thienopyridines with a cyclohexanone moiety on cell cycle 

3.4.2.3.1 DJ0097 effects on DAUDI cell cycle 

Figure 3-59 to Figure 3-61 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0097 for 24 hours, 48 hours, and 72 hours respectively. 

Post 24 hours of incubation in the presence of DJ0097 (Figure 3-59), all three 

concentrations tested showed a statistically significant shift towards G2/M cell 

populations (all P < 0.001), with 1 μM (17.28 %), 10 μM (36.23 %) and 100 μM (28.85 

%) showing increases when compared to untreated controls (3.31 %). 

These effects increased in line with the duration of incubation, with 1 μM (48.85 %), 

10 μM (67.13 %) and 100 μM (48.22 %) versus 14.33 % in untreated controls at 48 

hours (Figure 3-60) and 1 μM (58.61 %), 10 μM (66.68 %) and 100 μM (64.31 %) versus 

11.82 % in untreated controls at 72 hours (Figure 3-61) (all P < 0.001). 
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Figure 3-59 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0097 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0097. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0097 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0097 1 µM (E); DJ0097 10 µM (F); and DJ0097 100 µM (G).
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Figure 3-60 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0097 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0097. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0097 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0097 1 (E); DJ0097 10 µM (F); and DJ0097 100 µM (G).
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Figure 3-61 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0097 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0097. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0097 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0097 1 µM (E); DJ0097 10 µM (F); and DJ0097 100 µM (G).
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3.4.2.3.2 DJ0109 effects on DAUDI cell cycle 

Figure 3-62 to Figure 3-64 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0109 for 24 hours, 48 hours, and 72 hours respectively. 

Across all timepoints, DJ0109 showed no significant differences in G2/M phase of the 

cell cycle when compared to the respective untreated controls at 24 hours (Figure 

3-62), 48 hours (Figure 3-63) apart from a decrease in G2/M at 72 hours (Figure 3-64) 

at 100 μM (9.15 % vs 11.82 % untreated control; P <0.05), with a corresponding 

increase in G1 phase cells. 
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Figure 3-62 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0109 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0109. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0109 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0109 1 µM (E); DJ0109 10 µM (F); and DJ0109 100 µM (G).
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Figure 3-63 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0109 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (Control) versus 1-100 µM of DJ0109. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0109 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0109 1 (E); DJ0109 10 µM (F); and DJ0109 100 µM (G).
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Figure 3-64 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0109 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (Control) versus 1-100 µM of DJ0109. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0109 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0109 1 µM (E); DJ0109 10 µM (F); and DJ0109 100 µM (G).
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3.4.2.3.3 DJ0171 effects on DAUDI cell cycle 

Figure 3-65 to Figure 3-67 show the results for DAUDI cells cultured in the presence 

of novel thienopyridine DJ0171 for 24 hours, 48 hours, and 72 hours respectively. 

At all three timepoints tested, DJ0171 showed a statistically significant (all P < 0.001) 

increase in G2/M phase cells at 10 μM and 100 μM concentrations when compared 

to untreated controls. Following 24 hours of incubation, 18.52 % cells at 10 μM and 

25.75 % cells at 100 μM were in G2/M phase compared to 3.31 % in untreated 

controls (Figure 3-65). At 48 hours, this increased to 38.92 % for 10 μM and 27.32 % 

for 100 μM versus 14.33 % in untreated controls (Figure 3-66), with similar effects 

also seen post 72 hours of treatment (10 μM 26.72 % / 100 μM 50.23 % compared to 

11.71 % untreated G2/M phase DAUDI cells) (Figure 3-67). 
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Figure 3-65 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0171 for 24 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (Control) versus 1-100 µM of DJ0171. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0171 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0171 1 µM (E); DJ0171 10 µM (F); and DJ0171 100 µM (G).



Chapter 3: Effect of Novel Thienopyridine Compounds on Cell Viability, Cell Death and Cell Cycle of DAUDI Cells

195

Figure 3-66 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0171 for 48 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (Control) versus 1-100 µM of DJ0171. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0171 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0171 1 µM (E); DJ0171 10 µM (F); and DJ0171 100 µM (G).
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Figure 3-67 Cell cycle analysis for DAUDI cells treated with various concentrations of Thienopyridine 
DJ0171 for 72 hours as determined by propidium Iodide flow cytometry. Cell cycle flow cytometry RCS 
files were analysed using a fixed manual model in ModFit LT 5.0 and data were analysed using the 
one-way ANOVA with Dunnett’s post hoc test.

(A) Comparison of cell cycle phases (G0/G1, S and G2/M phase) of DAUDI cells treated with complete 
media (control) versus 1-100 µM of DJ0171. (B) Results from One-way ANOVA with Dunnett’s post hoc 
test comparing cell cycle phases of the DJ0171 treated cells vs complete media (Control). (C) Descriptive 
statistics for cell cycle analysis, showing mean ratio of G2/M channel over G0/G1 channel (G2/G1), 
mean % coefficient of variance (% CV), mean reduced chi squared (RCS) and number of replicates for 
each data set (n). (D-G) Representative histogram for Cell Cycle analysis for Control (complete media) 
(D); DJ0171 1 µM (E); DJ0171 10 µM (F); and DJ0171 100 µM (G).
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3.4.3 Summary of the effects of thienopyridines with a cyclooctane moiety on cell 

viability and cell cycle 

Table 3-2 summarises the results for the cell viability (MTS), cell death (Annexin V- 

Propidium Iodide flow cytometry and cell cycle (G2/M cell population identified via 

single stain propidium iodide flow cytometry) for novel thienopyridines DJ0014, 

DJ0021, DJ0199, DJ0206 and DJ0209. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-2 Summary of cyclooctane-ring containing Thienopyridines on cell viability, cell death and cell 
cycle.  

*For cell viability results that showed an increase above 100 % viability, this is reflective of increased 
mitochondrial metabolism, presumably a cell stress or autophagy response.
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Compound 
Name 

Time 
Point 

(Hours) 

MTS 

(Cell Viability) 

AVPI 

(Cell Death) 

Cell Cycle 

(G2/M population) 

DJ0014 

24 Significant increase  
(0.001 - 100 μM) 

Small significant increase in 
early/late apoptosis  

(10 - 100 μM) 

Small significant G2/M 
increase  

(1 – 100 μM) 

48 Significant decrease  
(10 - 100 μM) 

Large significant increase in 
early/late apoptosis  

(10 - 100 μM) 

Large significant G2/M 
increase  

(10 – 100 μM) 

72 Significant decrease  
(10 - 100 μM) 

Large significant increase in 
early/late apoptosis  

(10 - 100 μM) 

Large significant G2/M 
increase  

(10 – 100 μM) 

DJ0021 

24 Non-significant increase No effects No effects 

48 Non-significant increase Small significant increase 
late apoptosis (10 μM) No effects 

72 Non-significant increase Significant increase late 
apoptosis (10 - 100 μM) 

No effects apart from 
significant decrease in 

G2/M (100 μM) 

DJ0199 

24 Non-significant decrease 
(10 - 100 μM) 

Small significant increase 
late apoptosis (10 - 100 μM) No effects 

48 Significant decrease  
(1 - 100 μM) 

Large significant increase in 
early/late apoptosis  

(10 - 100 μM) 

Large significant G2/M 
increase  

(1 – 100 μM) 

72 Significant decrease  
(1 - 100 μM) 

Large significant increase in 
early/late apoptosis  

(1 - 100 μM) 

Large significant G2/M 
increase  

(1 – 100 μM) 

DJ0206 

24 No effects 
Significant increase late 
apoptosis and necrosis  

(100 μM) 

Large significant G2/M 
increase  

(1 – 100 μM) 

48 Significant increase  
(0.1 μM) 

Large significant increase in 
early/late apoptosis  

(0.1 - 100 μM) 

Large significant G2/M 
increase  

(1 – 100 μM) 

72 

Significant increase  
(0.001 – 0.01 μM). 

Significant decrease  
(1 -100 μM) 

Large significant increase in 
early/late apoptosis  

(1 - 100 μM) 

Large significant G2/M 
increase  

(1 – 100 μM) 

DJ0209 

24 No effects No effects Small significant G2/M 
increase (100 μM) 

48 Significant decrease  
(10 - 100 μM) 

Significant increase in 
early/late apoptosis  

(1 - 100 μM) 

Small significant G2/M 
decrease (1 μM) 

Significant G2/M increase 
(10 - 100 μM) 

72 No effects 
Significant increase in 
early/late apoptosis  

(1 - 100 μM) 

Small significant G2/M 
decrease  

(1 - 100 μM) 
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3.4.4 Summary of the effects of thienopyridines with a cycloheptane moiety on 

cell viability and cell cycle 

Table 3-3 summarises the results for the cell viability (MTS), cell death (Annexin V- 
Propidium Iodide flow cytometry and cell cycle (G2/M cell population identified via 
single stain propidium iodide flow cytometry) for novel thienopyridines DJ0041 and 
DJ0081. 
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Table 3-3 Summary of cycloheptane-ring containing Thienopyridines on cell viability, cell death and 
cell cycle.  

*For cell viability results that showed an increase above 100 % viability, this is reflective of increased 
mitochondrial, presumably a cell stress or autophagy response. 

Compound 
Name 

Time 
Point 

(Hours) 

MTS 

(Cell Viability) 

AVPI 

(Cell Death) 

Cell Cycle 

(G2/M population) 

DJ0041 

24 Small significant decrease  
(10 μM) 

Small significant increase in 
early/late apoptosis  

(10 - 100 μM) 

Small significant G2/M 
increase  

(1 - 100 μM) 

48 

Significant increase  
(0.001 – 1 μM) 

Significant decrease  
(10 μM) 

Significant increase in 
early/late apoptosis  

(10 - 100 μM) 

Large significant G2/M 
increase  

(1 - 100 μM) 

72 

Significant increase  
(0.01 – 1 μM) 

Significant decrease  
(10 μM) 

Significant increase in 
early/late apoptosis  

(10 - 100 μM) 

Large significant G2/M 
increase  

(1 - 100 μM) 

DJ0081 

24 Non-significant increase (all 
concentrations) 

Small significant increase in 
late apoptosis (0.1 – 10 

μM), early/late apoptosis 
(100 μM) 

No effects 

48 Significant decrease  
(1 - 100 μM) 

Significant increase in 
early/late apoptosis  

(10 - 100 μM) 

Large significant G2/M 
increase  

(1 - 100 μM) 

72 Significant decrease  
(1 - 100 μM) 

Significant increase in 
early/late apoptosis  

(1 - 100 μM) 

Large significant G2/M 
increase  

(1 - 100 μM) 
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3.4.5 Summary of the effects of thienopyridines with a cyclohexanone moiety on 

cell viability and cell cycle 

Table 3-4 summarises the results for the cell viability (MTS), cell death (Annexin V- 
Propidium Iodide flow cytometry and cell cycle (G2/M cell population identified via 
single stain propidium iodide flow cytometry) for novel thienopyridines DJ0097, 
DJ0109 and DJ0171. 
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Table 3-4 Summary of cyclohexanone-ring containing Thienopyridines on cell viability, cell death and 
cell cycle.  

*For cell viability results that showed an increase above 100 % viability, this is reflective of increased 
mitochondrial, presumably a cell stress or autophagy response. 

Compound 

Name 

Time 
Point 

(Hours) 

MTS 

(Cell Viability) 

AVPI 

(Cell Death) 

Cell Cycle 

(G2/M population) 

DJ0097 

24 
Slight non-significant 

decrease  
(1 – 100 μM) 

Small significant increase 
early/late apoptosis  

(0.1 - 100 μM) 

Moderate significant G2/M 
increase  

(1 – 100 μM) 

48 Significant increase  
(0.1 μM) 

Small significant increase 
early/late apoptosis  

(0.1 - 100 μM) 

Large significant G2/M 
increase  

(1 – 100 μM) 

72 
Slight non-significant 

decrease  
(1 – 10 μM) 

Large significant increase 
early/late apoptosis  

(1 - 100 μM) 

Large significant G2/M 
increase  

(1 – 100 μM) 

DJ0109 

24 Small significant decrease 
(100 μM) 

No effects No effects 

48 Non-significant decrease 
(100 μM) 

Small significant increase 
early apoptosis (0.1 – 1 
μM), increase early/late 

apoptosis (100 μM) 

No effects 

72 Non-significant decrease 
(0.1 - 100 μM) 

Significant increase 
early/late apoptosis  

(10 - 100 μM) 

Small significant G2/M 
decrease  
(100 μM) 

DJ0171 

24 
Significant increase (0.01 - 

0.1 μM), non-significant 
decrease (10 μM) 

Small significant increase 
early apoptosis  

(all concentrations) 

Moderate significant G2/M 
increase  

(10 – 100 μM) 

48 Significant increase (all 
concentrations 

Small Significant increase 
early/late apoptosis  

(1 – 100 μM) 

Large significant G2/M 
increase  

(10 – 100 μM) 

72 Non-significant reduction 
(10 μM) 

Moderate significant 
increase early/late 

apoptosis  
(10 – 100 μM) 

Large significant G2/M 
increase  

(10 – 100 μM) 
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3.5 Discussion 

Across MTS and AVPI assays, there was a general trend of reduced cell viability at 10 

µM and 100 µM at 48 hour and 72 hour time points, in similar effects demonstrated 

in this compound family by NCI 60 cell panel testing (Shoemaker, 2006; Feng et al., 

2012) and in further testing in breast cancer cell lines (Leung et al., 2014). 

The most potent inducers of apoptosis from each thienopyridine compound grouping 

were DJ0206 from the cyclooctane-ring family (see section 3.4.1.1), DJ0041 from the 

cycloheptane thienopyridines (3.4.1.2), and DJ0097 from the cyclohexanone-ring 

compounds (see section 3.4.1.3). The pattern of effects for these three compounds 

also confirms data on the size of the cyclic carbon ring moiety modifying the 

cytotoxicity of the novel thienopyridine (Leung et al., 2016), with DJ0206 showing 

activity at 48 hours and lower concentrations, with DJ0041 the next most effective 

followed by DJ0097 in this DAUDI cell model. Based on the DJ0097 AVPI and MTS 

results taken in isolation, this compound seemed to have limited effects, however at 

cell cycle, it demonstrated a clear shift to tetraploidy and presumed G2/M arrest (see 

3.4.2.3). which is supportive of using multiple strategies to investigate novel 

compounds (Ediriweera et al., 2019). 

Treatments at 10 μM and 100 μM at 48 hours seem most effective at causing 

apoptotic cell death and a shift to G2/M phase of cell cycle, however effects at 72 

hours could be masked by the increase in cell death at that timepoint, with apoptosis 

an established pathway for cell fate in unresolved cell stress (Fesik, 2005). 

DJ00206, DJ0041 and DJ0097 all showed the most pronounced effects on the cell 

cycle out of the thienopyridines tested, but there is no apparent pattern related to 

the aryl-ring substitutions in these compounds (see Table 2-8), other than the meta-

substitution chlorine/bromine-groups present on DJ0206 and DJ0097 (Arabshahi et 

al., 2014; Hung et al., 2014). DJ0041 has no aryl-substitutions, so this does not seem 

a hindrance to the effect of this compound in vitro. 
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These assays also highlight some of the limitations in the use of MTS as a basic cell 

function assay, with almost all compounds displaying percentage survival values in 

excess of 100 % at lower concentrations of thienopyridines. This is a presumed cell 

stress, or autophagy response (Mizushima et al., 2008; Jeon et al., 2012; D'Arcy, 

2019) but the inclusion of lower concentrations in these assays may have masked 

statistical significance at the higher concentrations. G2/M arrest induced by paclitaxel 

has also been shown to increase ROS production (Hao et al., 2022), so important to 

elucidate the mechanism for G2/M arrest, whether this is microtubule destabilisation 

or DNA damage response related. 
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3.6 Conclusions 

• Novel thienopyridines demonstrate cytotoxicity and cell cycle arrest in a 

DAUDI B cell model of leukaemia. 

• The most potent thienopyridines from each chemical grouping were DJ0206, 

DJ0041 and DJ0097 respectively. 

• MTS assay is limited in its findings, however both AVPI and Cell Cycle flow 

cytometry can be used successfully to investigate the activity of novel 

compounds. 
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4. NOVEL THIENOPYRIDINES 
INDUCE TUBULIN 

DESTABILISATION AND MITOTIC 
DYSFUNCTION 
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4 CHAPTER 4: NOVEL THIENOPYRIDINES INDUCE TUBULIN 

DESTABILISATION AND MITOTIC DYSFUNCTION 

4.1 Introduction 

In the field of novel compound identification and testing, discovery of compounds 

which show anti-tubulin or G2/M arrest is a frequent finding (Miao et al., 2018; Wang 

et al., 2020; Wang et al., 2021), and there are likely thousands of synthesised of 

compounds in existence with these properties (Ebenezer et al., 2022), however few 

journal articles go beyond the establishment of these effects without identifying 

potential underlying mechanisms for how the compounds effect cells and model 

organisms in vitro and in vivo (Romagnoli et al., 2013).  

4.1.1 Tubulin in normal physiological conditions 

Tubulin is a key cytoskeletal protein, with intracellular microtubules formed from 

repeated heterodimers of α- and β-tubulin monomer subunits (Naaz et al., 2019). 

Microtubule formation is characterised by dynamic instability (Pasquier and 

Kavallaris, 2008), with polymerisation and depolymerisation occurring in a GTP 

dependent manner (Dumontet and Jordan, 2010). Microtubules play a role in the 

maintenance of cell structure, vesicle trafficking and cell migration (H. Guo et al., 

2019), but they are of particular significance during cellular mitosis (Jordan et al., 

1992). Spindle assembly is coordinated by microtubule organising centres (MTOCs), 

pairs of centrosomes from which the spindle polymerises via interaction with the 

microtubule associated protein γ-tubulin (Petry, 2016; Kapoor, 2017; Sanchez and 

Feldman, 2017). Correct orientation and chromosome attachment to the mitotic 

spindle is a key regulatory step in cell cycle progression, as is correct polarity of the 

spindle (Fukuyama et al., 2022) with failure of the spindle leading to mitotic arrest or 

to potential mitotic slippage, whereby cells proceed with mitosis despite cell cycle 

checkpoint activation (London and Biggins, 2014; Hayward et al., 2019; Lara-Gonzalez 

et al., 2019). 
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4.1.2 Tubulin binding domains 

The α- and β-tubulin monomers both feature a number of domains which existing 

anti-tubulin treatments have been shown to bind to and inhibit polymerisation 

(Steinmetz and Prota, 2018). Binding domains on α- and β-tubulin which targets 

tubulin stabilisation include: 

• Taxol binding site (Weaver, 2014) 

While tubulin destabilisation occurs with drugs binding to the following targets: 

• Vinca-binding site (Gigant et al., 2005) 
• Colchicine-binding site (Ravelli et al., 2004) 
• Maytansine-binding site (Lopus et al., 2010) 

 

4.1.3 Existing anti-tubulin drugs and their effects at mitosis 

There are a number of established compounds in both clinical (Jordan, 2002; Jordan 

and Wilson, 2004; Dumontet and Jordan, 2010; Kavallaris, 2010) and laboratory use 

with known anti-tubulin activity. 

4.1.3.1 Paclitaxel 

Paclitaxel has been demonstrated to stabilise microtubule polymerisation in vitro via 

binding to the taxol binding site on β-tubulin (Weaver, 2014; Steinmetz and Prota, 

2018) leading to the arrest of mitosis at prometaphase via the activation of the 

spindle assembly checkpoint (Silva et al., 2017). This is observable microscopically as 

a pattern of astral microtubule fibre projections at the mitotic spindle with loss of 

cell polarity and leads to reduced cell proliferation at higher concentrations of 

paclitaxel (Jordan et al., 1993). 

4.1.3.2 Nocodazole 

Nocodazole is a potent tubulin destabiliser which binds to the colchicine-binding site 

on β-tubulin (Jordan et al., 1998; Steinmetz and Prota, 2018), reduces the dynamic 

polymerisation of microtubules (Vasquez et al., 1997) and induces star-shaped 

pattern of tubulin bundles at mitosis (Jordan et al., 1992). Indeed, it can be utilised 

in in vitro experiments to synchronise the cell cycle (Zieve et al., 1980; Matsui et al., 
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2012) with a speedy recovery with the removal of the microtubule block (Kuo et al., 

2021). 

4.1.3.3 Colchicine 

Colchicine is in clinical use as a remedy for gout and is one of the most established 

tubulin binding agents (Jordan et al., 1998; Ravelli et al., 2004). Nocodazole 

completes with colchicine for binding to microtubules, indicating both bind via the 

colchicine site.  

4.1.3.4 Novel thienopyridines and anti-tubulin effects 

Several of the thienopyridines synthesised by the New Zealand group34 have 

demonstrated G2/M arrest and  anti-tubulin effects in both breast cancer cell lines 

(Reynisson et al., 2016) and sea urchin embryo models (Eurtivong et al., 2017), while 

thienopyridine compounds synthesised by other groups have also demonstrated 

effects via the colchicine binding site (Romagnoli et al., 2013), so there is potential 

for similar effects to be demonstrated in B lymphocytes in this study. 

 

 

 

 

 

 

 

 

  

 
 
4 The New Zealand Group refers to all works produced by Professor David Barker's 

lab in the School of Chemical Sciences, University Of Auckland, New Zealand 
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4.2 Aims and objectives 

4.2.1 Aims 

The aim of this chapter was to investigate whether the arrest demonstrated by the 

ten novel thienopyridine compounds in Chapter 3 was at G2/M, or at prometaphase 

by SAC activation as a result of spindle microtubule perturbation. 

 

4.2.2 Objectives 

• to observe if novel thienopyridine compounds show direct effects on 
isolated tubulin via tubulin polymerisation assay. 
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4.3 Methods 

4.3.1 Tubulin Polymerisation 

All methods were performed as per section 2.2.11 of main methods chapter. 
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4.4 Results 

4.4.1 Effects of novel thienopyridines on α-tubulin at mitosis and polymerisation 

in vitro 

4.4.1.1 The arrangement of α-tubulin at mitosis and polymerisation in vitro of 

untreated DAUDI cells 

Unperturbed tubulin polymerisation is shown as the G-PEM control in Figure 4-1A, 

Figure 4-2A and Figure 4-3A. Percentage fold change of the average rate of 

polymerisation reaction (absorbance/second) for all the novel thienopyridine, 

nocodazole and paclitaxel treatments, expressed as a ratio of G-PEM activity, is 

shown in (Figure 4-1, 10 and 14B), with the known tubulin destabiliser nocodazole 

exhibiting a -43.5 % reduction in rate of reaction, while know tubulin stabiliser 

paclitaxel showed +84.4 % increase rate of polymerisation. 

4.4.1.2 Effects of novel thienopyridines with a cyclooctane moiety on α-Tubulin and 

tubulin polymerisation in vitro 

 Direct treatment of tubulin with DJ0014 showed a 28.8 % decreased average rate of 

polymerisation when compared to G-PEM controls Figure 4-1, which while was 

approaching the 43.5 % reduction shown by the tubulin destabiliser nocodazole. 

DJ0014 compound features a cyclooctane ring, thought to promote more potent 

cytotoxicity rather than cytostatic effects on the cell (Arabshahi et al., 2015). 

DJ0021 showed negligible direct effects on tubulin polymerisation, with a fold 

reduction of -0.3 % compared to G-PEM controls, furthering the evidence of the 

inhibitory effect of the methoxy-side chain (see Figure 4-1A-B). 

Similarly, to DJ0014, DJ0199 also showed reduced average rate of tubulin 

polymerisation (see Figure 4-1A-B), with a fold reduction of -21.9 % compared to the 

G-PEM control, again displaying a trend towards reduced polymerisation like DJ0014 

and nocodazole control. 

DJ0206 induced significant G2/M arrest at 1 µM concentration during cell cycle 

analysis via flow cytometry (Chapter 3), while other thienopyridines featuring a 

cyclooctane ring induced effects from 10 µM concentration. This could be due to the 
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presence of both ortho (methyl) and meta (Bromine) substitutions on the benzene 

ring of the compound, both of which have been shown to be advantageous for 

growth inhibition (Arabshahi et al., 2014). DJ0206 demonstrated the biggest 

decrease in the average rate of tubulin polymerisation of any of the thienopyridines 

tested, with a reduction of 42.9 % comparable to the 43.5 % fold decreased shown 

by nocodazole inhibition of tubulin (see Figure 4-1A-B). 

DJ0209 also only showed a slightly increased average rate of tubulin polymerisation 

compared to G-PEM control, showing +7.7 % fold increase (see Figure 4-1A-B), which 

shows similar effects to the para-substituted DJ0021 compound than ortho-

substituted DJ0014. DJ0209 would be expected to share the same cytotoxic 

properties as the other cyclooctane thienopyridines, as it features a chloride 

substitution at the ortho-position of the benzene ring (Arabshahi et al., 2014; 

Arabshahi et al., 2015; Leung et al., 2016). 
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4.4.1.2.1 Cyclooctane Thienopyridines Tubulin Polymerisation

Figure 4-1 Effects of novel cyclooctane-ring thienopyridines on tubulin polymerisation in vitro. 
Tubulin was exposed to 10 μM thienopyridine compounds, nocodazole, paclitaxel controls with G-
PEM buffer acting as an untreated control. Increasing absorbance at 340 nm is used as a marker for 
tubulin polymerisation (A) Time vs absorbance at 340 nm plot for tubulin polymerisation kinetic 
assay, with plotted line mean of n=2 replicates. The average rate of tubulin polymerisation was
calculated using the SkanIt software from this data. (B) Percentage change relative to the G-PEM 
untreated control of the average rate of tubulin polymerisation (calculated from data presented in 
(A)) for each treatment.
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4.4.1.3 Effects of novel thienopyridines with a cycloheptane moiety on α-Tubulin 

and tubulin polymerisation in vitro 

Both cycloheptane compounds showed slightly different direct effects on tubulin 

polymerisation, with DJ0081 showing -11.5 % change, and DJ0041 showing +2.5 % 

increased polymerisation (see Figure 4-2A-B). Indeed, this may be due to the 

presence of the methyl- and chloro- groups in the ortho and para positions of 

benzene ring of compound DJ0081 compared to the unsubstituted benzene ring 

present in DJ0041 (see Table 2-9). 

 

 



Chapter 4: Novel Thienopyridines Induce Tubulin Destabilisation And Mitotic Dysfunction

216

4.4.1.3.1 Cycloheptane Thienopyridines Tubulin Polymerisation

Figure 4-2 Effects of novel cycloheptane-ring thienopyridines on tubulin polymerisation in vitro. 
Tubulin was exposed to 10 μM thienopyridine compounds, nocodazole, paclitaxel controls with G-
PEM buffer acting as an untreated control Increasing absorbance at 340 nm is used as a marker for 
tubulin polymerisation (A) Time vs absorbance at 340 nm plot for tubulin polymerisation kinetic 
assay, with plotted line mean of n=2 replicates. The average rate of tubulin polymerisation was 
calculated using the SkanIt software from this data. (B) Percentage change relative to the G-PEM 
untreated control of the average rate of tubulin polymerisation (calculated from data presented in 
(A)) for each treatment.



Chapter 4: Novel Thienopyridines Induce Tubulin Destabilisation and Mitotic Dysfunction 
 

217 
 

4.4.1.4 Effects of novel thienopyridines with a cyclohexanone moiety on α-Tubulin 

and tubulin polymerisation in vitro 

The effects of the cyclohexanone-ring thienopyridines on average rate of reaction of 

tubulin polymerisation was broadly similar across all three compounds, with DJ0109 

surprisingly showing the most activity in vitro with increased polymerisation followed 

by DJ0097 and DJ0171 (fold change +35.2 %, +29.5 % and +25.1 % respectively) 

(Figure 4-3A-B). These were the biggest increases of any thienopyridine compounds 

tested, albeit not at the magnitude displayed in the paclitaxel control, +84.4 % fold 

change (see Figure 4-3B), and a somewhat surprising result for DJ0109, which 

showed no cytotoxicity or G2/M arrest in Chapter 3.  

Compound DJ0171 appears to have a similar effect on the tubulin polymerisation as 

compound DJ0097 (Figure 4-3A-B ), while DJ0097 had more potent effects on the cell 

cycle (see section 3.4.2.3) and at inducing apoptosis (section 3.4.1.3) shown in 

Chapter 3, which may be due to the position of the chloride ion in the para position 

of the benzene ring of DJ0097 compared to its presence in the ortho position of 

DJ0171 (see Table 2-10). 
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4.4.1.4.1 Cyclohexanone Thienopyridines Tubulin Polymerisation

Figure 4-3 Effects of novel cyclohexanone-ring thienopyridines on tubulin polymerisation in vitro. 
Tubulin was exposed to 10 μM thienopyridine compounds, nocodazole, paclitaxel controls with G-
PEM buffer acting as an untreated control. Increasing absorbance at 340 nm is used as a marker for 
tubulin polymerisation (A) Time vs absorbance at 340 nm plot for tubulin polymerisation kinetic 
assay, with plotted line mean of n=2 replicates. The average rate of tubulin polymerisation was 
calculated using the SkanIt software from this data. (B) Percentage change relative to the G-PEM 
untreated control of the average rate of tubulin polymerisation (calculated from data presented in 
(A)) for each treatment.
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4.4.2 Summary of the effects of thienopyridines with a cyclooctane moiety on 

tubulin polymerisation 

Table 4-1 summarises the results of the cyclooctane moiety containing novel 

thienopyridines on tubulin polymerisation. 

Table 4-1 Summary of results for cyclooctane thienopyridines on tubulin polymerisation 

Compound 
Name 

Effect on tubulin polymerisation 
(vs untreated GPEM control) 

DJ0014  28.8 % decrease 

DJ0021  0.3 % decrease 

DJ0199  21.9 % decrease 

DJ0206  42.9 % decrease 

DJ0209  7.7 % increase 

 

 

 

4.4.3 Summary of the effects of thienopyridines with a cycloheptane moiety on 

tubulin polymerisation 

Table 4-2 summarises the results of the cycloheptane moiety containing novel 

thienopyridines on tubulin polymerisation. 

Table 4-2 Summary of results for cycloheptane thienopyridines on tubulin polymerisation 

Compound 
Name 

Effect on tubulin polymerisation 
(vs untreated GPEM control) 

DJ0041  11.5 % decrease 

DJ0081  2.5 % increase 
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4.4.4 Summary of the effects of thienopyridines with a cyclohexanone moiety on 

tubulin polymerisation 

Table 4-3 summarises the results of the cyclohexanone moiety containing novel 

thienopyridines on tubulin polymerisation. 

Table 4-3 Summary of results for cyclohexanone thienopyridines on tubulin polymerisation 

Compound 

Name 

Effect on tubulin polymerisation 
(vs untreated GPEM control) 

DJ0097  35.2 % increase 

DJ0109  29.5 % increase 

DJ0171  25.1 % increase 
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4.5 Discussion 

 

DJ0021 and DJ0109 both feature the methoxy para-substitution which was predicted 

to limit their cellular activity, and this was borne out in the data in Chapter 3 as well 

as both the confocal microscopy and tubulin polymerisation in this chapter (see 

section 4.4.1.2 and 4.4.1.4), showing that the aryl-side chain modifications limit 

presumed increased cytotoxicity of the cyclooctane-ring in DJ0021 over the 

cytostatic cyclohexanone-ring in DJ0109 (Arabshahi et al., 2014; Arabshahi et al., 

2015; Leung et al., 2016). DJ0109 showed an increase in the average rate of tubulin 

polymerisation (Figure 4-3B) but this was not reflected in the Chapter 3 results, with 

no effects observed on G2/M arrest.  

DJ0209 also showed limited activity against tubulin, and while it shares a very similar 

chemical structure to compounds DJ0014 (which showed decreased polymerisation 

and disruption of α-tubulin), it appears that the fluoro-substitution at the ortho-

position increases cell activity (DJ0014) relative to a chloro-substitution (DJ0209) 

(Arabshahi et al., 2014; Arabshahi et al., 2015; Leung et al., 2016). DJ0209 did show 

small effects on G2/M arrest in Chapter 3 at 10 μM concentration at 48 hours of 

treatment with DAUDI cells, but this was a comparatively smaller effect that the 

other active cyclooctane-ring thienopyridines.  

DJ0014 reduced tubulin polymerisation to a greater extent a than DJ0199 (Figure 4-1, 

percentage fold change -28.9 % vs -21.9 % respectively), while DJ0199, with no aryl-

ring substitutions in its chemical structure, demonstrated G2/M arrest at 1 μM 

concentration at the 48 hour time points (section 3.4.2.1), so the fluoro-substitution 

may influence any direct effects on α-tubulin while showing comparable cytotoxic 

and anti-tubulin effects.  

Of the cyclooctane ring containing thienopyridines DJ0206, in line with the 

cytotoxicity and cell cycle results highlighted in Chapter 3, was also the most active 

compound, inducing an average rate of polymerisation reduction comparable with 
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nocodazole (see Figure 4-1). DJ0206 features a dual substitution of its aryl-ring with 

CH3 group in the ortho-position and a bromo-group in the meta-position (see Figure 

1-8). DJ0081 has a similar chemical structure to DJ0206, albeit with a cycloheptane-

ring and a chloro-group in place of the bromine ion in the meta-position, but 

demonstrated lower reduction in the average rate of tubulin polymerisation than 

DJ0206, -11.5 % vs -42.9 % reductions respectively (See Figure 4-1B and Figure 4-2B). 

This suggests a Br > Cl > F order of halide substitutions in terms of the magnitude of 

their cellular effects, and that, as predicted, cyclooctane-ring containing 

thienopyridines are more cytotoxic than its cycloheptane counterparts (Arabshahi et 

al., 2014; Arabshahi et al., 2015; Leung et al., 2016)). 

Of the cyclohexanone compounds which showed activity in Chapter 3, DJ0097 and 

DJ0171 both showed an increase in rate of tubulin polymerisation while displaying 

similar effects on α-tubulin by confocal microscopy (see section 4.4.1.4).  
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4.5.1 Conclusions 

Compounds DJ0014, DJ0041, DJ0081, DJ0199 and DJ0206 appear to be successful 

destabilisers of microtubule dynamics, while DJ0097 and DJ0171 show stabilising 

effects (Jordan and Wilson, 2004). Compounds with a thienopyridine structure have 

previously been identified as causing G2/M arrest via the colchicine-binding site, 

which could be a possibility with these compounds (Romagnoli et al., 2013) as was 

demonstrated in alternate cell models (Reynisson et al., 2016; Eurtivong et al., 2017). 
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5 CHAPTER 5: IDENTIFICATION OF RT-QPCR STABLE 

REFERENCE GENES 

5.1 Introduction 

5.1.1 Stable reference genes in RT-qPCR 

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) is a 

commonly used, robust technique in molecular biology to establish the regulation of 

genes in response to disease states (Pede et al., 2013), changes in physiological 

condition (Engelstoft et al., 2013) or in response to treatment with drugs (Patel et al., 

2017). The quantitative aspect of RT-qPCR relies on normalisation of genes of interest 

to stable reference genes, that is genes that are stably expressed and not effected by 

the experimental conditions being investigated in a research study (De Spiegelaere 

et al., 2015). There are several well-established methods for RT-qPCR normalisation, 

including the ΔCt (relative quantification method); 2-∆ΔCT (Livak and Schmittgen, 

2001); Pfaffl method (incorporating primer efficiencies) (Pfaffl, 2001); Vandesompele 

Method (normalisation to multiple reference genes) (Vandesompele et al., 2002); as 

well as numerous iterative modifications to these methods since their publication 

(Rao et al., 2013; Riedel et al., 2014). The identification of stable reference genes 

requires that the candidate reference genes have been tested for stability in relation 

to experimental conditions being investigated and there are multiple robust 

algorithms to establish reference gene stability including GeNorm (Vandesompele et 

al., 2002), BestKeeper (Pfaffl et al., 2004) and NormFinder (Andersen et al., 2004). 

Following the publication of ‘The MIQE guidelines: Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments’ by Bustin et al (2009), 

normalisation to a single reference gene is not recommended (with validation against 

3 or more reference genes suggested (Derveaux et al., 2010)) and a specified stability 

algorithm should be used to identify the optimal number of reference genes (Bustin 

et al., 2009). However, research articles regularly report the use of single 

‘housekeeper’ genes (e.g., GAPDH, β-Actin) without reference to how they were 

selected for normalisation (X. Liu et al., 2020; Alsubaie et al., 2021) or consideration 

of how poor selection of reference gene could severely skew results (Ma et al., 2018).  
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5.1.2 Rationale 

DAUDI (ECACC 85011437) cells are an immortalised, mature B lymphocyte cancer cell 

line derived from a 16-year-old patient with Burkitt’s Lymphoma (ECACC General Cell 

Collection: DAUDI, Catalogue No.: 85011437) and for this study are being used as a 

model for the mature B cell malignancy of Chronic Lymphocytic Leukaemia. A basic 

literature search returned a limited number of candidate reference genes, with 

frequent use of single reference genes or use of ‘housekeeper’ genes reported (M. 

Ma et al., 2016; Li et al., 2017; Koike et al., 2020; Pastuszak-Lewandoska et al., 2020), 

necessitating a wider search for relevant literature. 

 

5.2 Aims and objectives 

5.2.1 Aims 

The primary aim of this chapter was to screen the available literature to identify a 

panel of candidate reference genes to use in normalisation of experimental data 

generated from the treatment of DAUDI cells with ten novel thienopyridine 

compounds, as well as paclitaxel and nocodazole controls. 

5.2.2 Objectives 

The objectives were; 

• to design primers for each identified candidate reference gene from the 

literature search. 

• to generate data on Ct values in RT-qPCR assays using the designed primers. 

• To analyse the generated data, using GeNorm, to identify stable reference 

genes that could be used to normalise all experimental data from 

thienopyridine-treated DAUDI cells in subsequent RT-qPCR experiments 

performed in Chapter 6. 
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5.3 Methods 

All methods described in section 5.3.1 to section 5.3.2.7 were drafted as per the 

guidance in the ’Preferred reporting items for systematic review and meta-analysis 

protocols (PRISMA-P) 2015’ guidelines (Moher et al., 2015; Shamseer et al., 2015), 

and acted as the protocol followed while conducting the database searches and 

systematic review of the literature in this chapter. Planning of the systematic review, 

search strategies, data collection and analysis was done in accordance with the 

PRISMA (2020) guidelines (Page et al., 2021b; Page et al., 2021a). 

5.3.1 Systematic review of literature 

5.3.1.1 Eligibility Criteria 

Literature was selected based on the following inclusion/exclusion criteria: 

Inclusion criteria: 

Study title, abstract or keywords mention: 

• PCR, qPCR or RT-qPCR 

• DAUDI cells 

• B lymphocytes 

• Plasma cells 

• Reference genes 

• Human research subjects or human derived cell lines 

• Published post-2000 

• Published in English 

• Able to access full text article 

Exclusion criteria: 

Study title, abstract or keywords mention: 

• The study used reference genes for non-mRNA targets (e.g., miRNA, rRNA, 

sRNA, tRNA) 

• The study used reference genes for other cell lines 
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• The study focuses on other haematopoietic cell lines (e.g., monocytes, 

neutrophils, dendritic cells, basophils, eosinophils, T lymphocytes) 

• Non-human cell lines or organisms 

• Published pre-2000 

• Not published in English 

• Full text article not available 

• No details of RT-qPCR in full text 

5.3.1.2 and Information Sources 

MEDLINE (OVID interface, 1946 onwards) and EMBASE (OVID interface, 1980 

onwards) databases were searched for two combinations of key words. Additionally, 

a Google Scholar search for key words was used to identify additional literature that 

may be held outside of OVID. 
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5.3.1.3 Literature Search Strategy

5.3.1.4 Search 1 for ‘PCR and DAUDI Cells’

Figure 5-1 OVID database search terms using the Medline and EMBASE databases for PCR and DAUDI
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5.3.1.5 Search 2 for ‘B-cells and reference genes’

Figure 5-2 OVID database search terms using the Medline and EMBASE databases for B Lymphocytes 
and reference genes
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5.3.1.6 Search 3 in Google Scholar for additional sources of information 

In addition to the two searches conducted in MEDLINE and EMBASE, the Google 

Scholar advance search function was populated with the following information: 

Find articles: 

with all of the words: lymphocyte qPCR  

with at least one of the words: genorm normfinder bestkeeper 

without the words: porcine bovine mouse rat equine ovine plant canine 

chicken 

 

5.3.2 Study Records 

5.3.2.1 Data Management 

All records returned in Medline/EMBASE search 1 (Section 5.3.1.4), search 2 (Section 

5.3.1.5) and the records additional records identified in search 3 (Section 5.3.1.6) of 

the literature search were screened against the inclusion/exclusion criteria in Section 

5.3.1.1 with full articles sought for all records deemed eligible. 

5.3.2.2 Selection Process 

Eligible literature search results were collated in Microsoft Excel and duplicate 

entries were identified in ENDNOTE referencing software (Bramer et al., 2017). Full 

articles (where available) were then reviewed to confirm that studies met the 

inclusion/exclusion criteria. 

5.3.2.3 Data Collection Process 

Full reports for all titles, abstracts and keywords were then screened for mention of 

named genes used as stable reference genes in data normalisation by any 

normalisation method. A list of candidate reference genes was then collated in a 

Microsoft Excel table to enable cross-reference of publications with candidate 

reference genes. 
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5.3.2.4 Data Items 

The names of all potential candidate genes listed in Section 5.3.2.3 were collated, 

and had duplicates removed, until a final list of candidate reference genes was 

produced as a narrative synthesis (See section 5.4.2). This list of candidate reference 

genes were then taken forward to primer design and evaluation in RT-qPCR Tm 

plates, via gel electrophoresis to check product size and finally RT-qPCR reactions 

with DAUDI cDNA samples generated in section 2.2.13. 

5.3.2.5 Outcomes and prioritization 

The primary outcome of this systematic review was the creation of a list of candidate 

reference genes for investigation for use as stable reference genes in normalisation 

and analysis of RT-qPCR data generated to assess the regulation of genes of interest 

in relation to treatment of DAUDI cells with novel thienopyridine compounds. 

5.3.2.6 Risk of Bias 

Not assessed as narrative synthesis of primary research data. 

5.3.2.7 Data Synthesis 

Candidate reference genes were collated in Microsoft Excel, tabulated (see Table 5-1) 

and described by narrative synthesis in section 5.4.2. 
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5.3.3 Identification of candidate reference genes 

Completion of the systematic review resulted in 499 total records for screening (see 

Figure 5-3). Screening of abstracts against the inclusion/exclusion criteria (see 

section 5.3.1.1) and full text searches brought this down to 123 journal 

articles/abstracts for in depth review. A total of 90 full text documents were included 

in the review (see Table 5-1), with 33 excluded (see Table 5-2). One candidate 

reference gene (PABPC4) was identified locally outside of any literature search. 
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Figure 5-3 PRISMA Flow Diagram listing the stages of systematic review of literature identified by the 
EMBASE, MEDLINE and Google Scholar database searches.
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Table 5-1 Results of systematic review of literature. All candidate references genes listed were included in the GeNorm stability assessment in CFX Maestro following 
completion of RT-qPCR assays. 

Candidate 
Reference 
Gene 

Full Gene Name Referenced by 
Number 
of 
references 

ABL1 
Homo sapiens ABL proto-
oncogene 1, non-receptor 
tyrosine kinase (ABL1) 

 (Tajeddine et al., 2006; Green et al., 2009; Diamantopoulos et al., 2011; Sevinc et al., 
2011; Pira et al., 2012; Wolach et al., 2012; Papakonstantinou et al., 2013; Pede et al., 
2013; Hansen et al., 2020) 

9 

ACTB Homo sapiens actin beta 
(ACTB) 

 (Naves et al., 2006; Hu et al., 2009; Yan et al., 2010; Kristensen et al., 2011b; 2011a; Huang 
et al., 2012; Arababadi, 2014; Kristensen et al., 2015; Potashnikova et al., 2015; M. Ma et 
al., 2016; Jahid et al., 2018; Ge et al., 2019; Jha et al., 2019; Yousefi et al., 2019; Wu et al., 
2020; Caballero-Palacios et al., 2021) 

16 

B2M Homo sapiens beta-2-
microglobulin (B2M) 

 (Valceckiene et al., 2010; Shlapatska et al., 2014; Appe et al., 2015; Azoulay et al., 2016; 
Istasi et al., 2017; Zavridou et al., 2018) 7 

CD19 Homo sapiens CD19 
molecule (CD19)  (Azoulay et al., 2016) 1 

EIF2B1 
Homo sapiens eukaryotic 
translation initiation factor 
2B subunit alpha (EIF2B1) 

 (Przybyl et al., 2014) 1 

GAPDH 
Homo sapiens 
glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) 

 (Congmin et al., 2006; Krumbholz et al., 2008; Drolet et al., 2010; Han et al., 2010; 
Ichinohasama et al., 2010; Murphy et al., 2010; Schmeisser et al., 2010; Yan et al., 2010; 
Yang et al., 2010; De Cassia Carvalho Melo et al., 2011; Ebi et al., 2011; Feng et al., 2011; 
Nishimura et al., 2011; Adamski et al., 2012; Okumura et al., 2012; Brugnoletti et al., 2013; 
Pop et al., 2014; Bosl et al., 2015; Kozmus and Potočnik, 2015; Lou et al., 2015; Rene et al., 
2015; Di Nisio et al., 2016; Liu et al., 2016; Murphy et al., 2016; Desjardins et al., 2017; Li 
et al., 2017; Matou-Nasri et al., 2017; Makino et al., 2018; Zhang et al., 2018; Himi et al., 

35 
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2020; Koike et al., 2020; Zhang et al., 2020; Alsubaie et al., 2021; Caballero-Palacios et al., 
2021; Mao et al., 2021) 

GUSB Homo sapiens glucuronidase 
beta (GUSB 

 (Green et al., 2009; Rocci et al., 2010a; Rocci et al., 2010b; Valceckiene et al., 2010; 
Gambella et al., 2013; Appe et al., 2015; Roisman et al., 2015; Hansen et al., 2020) 9 

HMBS 
Homo sapiens 
hydroxymethylbilane 
synthase (HMBS) 

 (Bernasconi et al., 2006; Sánchez-Espiridión et al., 2009) 2 

HPRT1 
Homo sapiens hypoxanthine 
phosphoribosyltransferase 1 
(HPRT1) 

 (Gladkikh et al., 2010; Valceckiene et al., 2010; De Cassia Carvalho Melo et al., 2011; 
Potashnikova et al., 2012; Oturai et al., 2016; Urrutia et al., 2016; Torun et al., 2021) 7 

MRPL19 
Homo sapiens mitochondrial 
ribosomal protein L19 
(MRPL19) 

 (Valceckiene et al., 2010) 1 

PABPC4 
Homo sapiens poly(A) 
binding protein cytoplasmic 
4 (PABPC4) 

Identified locally 1 

POLR2A 
Homo sapiens RNA 
polymerase II subunit A 
(POLR2A) 

 (Urrutia et al., 2016) 1 

PPIA Homo sapiens peptidylprolyl 
isomerase A (PPIA)  (Krumbholz et al., 2008; Ferraresso et al., 2015) 2 

PSMC4 
Homo sapiens proteasome 
26S subunit, ATPase 4 
(PSMC4) 

 (Przybyl et al., 2014) 1 

RPL4 Homo sapiens ribosomal 
protein L4 (RPL4)  (Ferraresso et al., 2015) 1 
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RPL13A Homo sapiens ribosomal 
protein L13a (RPL13A)  (Ritz et al., 2013) 1 

RPL19 Homo sapiens ribosomal 
protein L19 (RPL19)  (Urrutia et al., 2016) 1 

RPLP0 
Homo sapiens ribosomal 
protein lateral stalk subunit 
P0 (RPLP0) 

 (Kim et al., 2010; Vukić et al., 2015; Magne et al., 2018) 3 

RPS17 Homo sapiens ribosomal 
protein S17 (RPS17)  (Usarek et al., 2017) 1 

TBP Homo sapiens TATA-box 
binding protein (TBP) 

 (Nikitin et al., 2007; Green et al., 2009; Cozen et al., 2013; Rene et al., 2015; Gordiienko 
et al., 2016; Urrutia et al., 2016; Kovalevska and Kashuba, 2020) 7 

UBC Homo sapiens ubiquitin C 
(UBC) 

 (Gladkikh et al., 2010; Potashnikova et al., 2012; Potashnikova et al., 2015; Oturai et al., 
2016) 4 

UBE2D2 
Homo sapiens ubiquitin 
conjugating enzyme E2 D2 
(UBE2D2) 

 (Oturai et al., 2016) 1 

YWHAZ 

Homo sapiens tyrosine 3-
monooxygenase/tryptophan 
5-monooxygenase 
activation protein zeta 
(YWHAZ) 

 (Gladkikh et al., 2010; Potashnikova et al., 2012; Potashnikova et al., 2015) 3 

18S Homo sapiens RNA, 18S 
ribosomal N1 (RNA18SN1)  (Green et al., 2009; Perez-Chacon et al., 2014; Jahid et al., 2018) 2 
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Table 5-2 List of full text exclusions from systematic review and with reason for omission from study 

Reason for full text exclusion Reference 
Number 
of 
references 

No details of Rt-qPCR 

 (Goff et al., 2000; Ma et al., 2000; Wu et al., 2000; Yu et al., 2000; De Bont et al., 2001; Gamper 
et al., 2001; Hattori et al., 2001; Morelon et al., 2001; Oshima et al., 2001; Efferth et al., 2002; 
Jiang et al., 2002; Huang et al., 2003; Garcia-Vallejo et al., 2004; Hansen et al., 2005; Horiguchi-
Yamada et al., 2005; Quer et al., 2005; Alisi et al., 2007; Jasinski-Bergner et al., 2018; Yan et al., 
2020; Zhong et al., 2020) 

20 

Excluded cell line used  (Carvalheiro et al., 2012b; Carvalheiro et al., 2012a; Blengio et al., 2013; Pierobon et al., 2013; 
Ryynänen et al., 2013; Azzaoui et al., 2016; Torrance et al., 2018; Dwivedi et al., 2020) 8 

No reference gene used  (X. Liu et al., 2020) 1 
miRNA target  (Watanabe et al., 2014; de Siqueira Figueredo et al., 2015; Pastuszak-Lewandoska et al., 2020) 3 
Retracted  (Zhang and Li, 2015) 1 
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5.3.4 Primer design 

5.3.4.1 Primer sequences and expected product sizes 

Based on the list of identified candidate reference genes in Table 5-1, primers were 

designed using NCBI Primer-BLAST webtool as described in section 2.2.13.6 (Ye et al., 

2012). NCBI Primer-BLAST was selected so all primers could be designed consistently. 

All forward and reverse primer sequences for candidate reference genes are shown 

in Table 5-3, together with the expected primer product size, the NCBI accession 

number (that the primers were designed against), and the short and full names of 

the genes used to identify each target. 

5.3.5 Primer reconstitution 

See section 2.2.13.7. 

5.3.6 Temperature gradient (Tm) Plates 

See section 2.2.13.8.1. 

5.3.7 Screening of Tm plate primer products 

Data from Tm plates was reviewed in CFX Maestro to compare melt peak data 

between all temperature points tested (see section 5.3.6) for each primer pair. Melt 

peak charts were used to visually check primer products, and in conjunction with the 

Ct values for each temperature point, were used to identify the optimum annealing 

temperature for use in RT-qPCR reactions with thienopyridine-treated cDNA samples 

for each set of primers. Tm plate primer products were then assessed via agarose gel 

electrophoresis to confirm digital screening of primers. 
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Table 5-3 Forward and reverse primers sequences and expected primer product sizes of all candidate 
reference genes investigated as potential stable reference genes for use in RT-qPCR data 
normalisation. 

 

 

 

  

Primer sequence (5' to 3') Primer Short Name
NCBI Accession 

Number
NCBI Input PCR template

Primer 
Product 

Size

% 
Efficiency

Standard 
Dilutions?

GCTGTTATCTGGAAGAAGCCCT ABL1 Forward
GCAACGAAAAGGTTGGGGTC ABL1 Reverse
CTCACCATGGATGATGATATCGC ACTB forward
AGGAATCCTTCTGACCCATGC ACTB reverse
TGGAGGCTATCCAGCGTACT B2M Forward
CGGATGGATGAAACCCAGACA B2M Reverse
GTCGCCAGGACAATGGACTT CD19 FWD
TGGGGACTTGAGGAGATCCA CD19 RVS
AGATGCTGCTGTCGGCTAC EIF2B1 Forward
TGGAAAGAGCCGGACAAACT EIF2B1 Reverse
CGGATTTGGTCGTATTGGGCG GAPDH forward
GCCTTCTCCATGGTGGTGAAGAC GAPDH reverse
TGCAGCGGTCTGTACTTCTG GUSB Forward
TGGTAATTCACCAGCCCACT GUSB Reverse
ACTGACACCTCCAAGTATCCCA GUSB FWD 2
CAGGTTACTGCCCTTGACAGA GUSB RVS 2
GCTGCAACGGCGGAAGA HMBS Forward
CCCTGTGGTGGACATAGCAA HMBS Reverse
CCCTGGCGTCGTGATTAGTG HPRT1 Forward
TCGAGCAAGACGTTCAGTCC HPRT1 Reverse
AACCGGAACGCAGGTTCTT MRPL19 Forward
TGGCTGATTTTTCCACTGGC MRPL19 Reverse
AAGCCAATCCGCATCATGTG PABPC4 forward
CTCTTGGGTCTCGAAGTGG PABPC4 reverse
CGGCCTGTCATGGGTATTGT POLR2A Forward
TTCATCACTTCACCCCGCTC POLR2A Reverse
TCCTCGCATGATTGTCACCC POLR2A FWD 2
GTTCATCACTTCACCCCGCT POLR2A RVS 2
CCACCGTGTTCTTCGACATTG PPIA Forward
GTCTGCAAACAGCTCAAAGG PPIA Reverse
GGAGGTGCAGGAGGAATACAT PSMC4 Forward
CGCACATAATAGTTGGAGCCTGT PSMC4 Reverse
GCCGCTTCCCTCAAGAGTAA RPL4 Forward
GCGATGGATCTTCTTGCGTG RPL4 Reverse
TAAACAGGTACTGCTGGGCCG RPL13A Forward
CTCGGGAAGGGTTGGTGTTC RPL13A Reverse
CAATGCCAACTCCCGTCAGC RPL19 Forward
GACCTTCTCTGGCATTCGGG RPL19 Reverse
GAGCGAGCTCTTTCCTTTCGC RPL19 FWD 2
ACCCTTCCGCTTACCTATGCC RPL19 RVS 2
GCAGCAGATCCGCATGTCCC RPLP0 forward
TCCCCCGGATATGAGGCAGCA RPLP0 reverse
ACCAAAACCGTGAAGAAGGC RPS17 Forward
ATGCGTGACATAACCTGCTA RPS17 Reverse
CCACGCCAGCTTCGGAGAGT TBP forward
TCAGTGCCGTGGTTCGTGGC TBP reverse
CGTCGCAGCCGGGATTTG UBC Forward
CACGAAGATCTGCATTGTCAAGT UBC Reverse
GAGAATCCACAAGGAATTGAATGA UBE2D2 FWD
TCCACCCTGATAGGGACTGT UBE2D2 RVS
CTGGGTCTGGCCCTTAACTT YWHAZ Forward
TGGCTTCATCAAAAGCTGTCT YWHAZ Reverse
	CGGCGACGACCCATTCGAAC 18S FWD
	GAATCGAACCCTGATTCCCCGTC 18S RVS

1:10 
(4 logs)

1:10 
(5 logs)

1:10 
(5 logs)

1:10 
(5 logs)

1:10 
(5 logs)

1:10 
(4 logs)

1:10 
(4 logs)

1:10 
(5 logs)

1:10 
(5 logs)

Redesigned 
Primers

1:10 
(5 logs)

1:10 
(5 logs)

1:10 
(4 logs)

91.30%

100.40%

1:10 
(3 logs)

1:10 
(4 logs)

1:10 
(5 logs)

1:10 
(4 logs)

1:10 
(5 logs)

Redesigned 
Primers

1:10 
(5 logs)

1:10 
(5 logs)

1:10 
(4 logs)

1:10 
(5 logs)

Redesigned 
Primers

1:10 
(4 logs)

1:10 
(4 logs)

1:10 
(5 logs)

94.30%

108.10%

99.60%

98.30%

102.20%

Failed 
Primers

98.10%

92.50%

98.90%

99.70%

Failed 
Primers

101.40%

97.80%

94.70%

92.80%

Failed 
primers

101.90%

95.20%

102.40%

101.60%

104.30%

92.40%

93.10%

101.00%

92.00%

NM_003339.3

NR_145820.1

Homo sapiens ubiquitin C (UBC), mRNA

Homo sapiens RNA polymerase II subunit A (POLR2A), 
mRNA

Homo sapiens glucuronidase beta (GUSB), transcript 
variant 1, mRNA

Homo sapiens ribosomal protein L19 (RPL19), 
transcript variant 1, mRNA

Homo sapiens CD19 molecule (CD19), transcript 
variant 2, mRNA

Homo sapiens ubiquitin conjugating enzyme E2 D2 
(UBE2D2), transcript variant 1, mRNA

Homo sapiens RNA, 18S ribosomal N1 (RNA18SN1), 
ribosomal RNA 

NM_021009.7

NM_000937.5

NM_000181.4

NM_000981.4

NM_001770.6

133

99

77

124

198

286

298

NM_005157.6
Homo sapiens ABL proto-oncogene 1, non-receptor 
tyrosine kinase (ABL1), transcript variant a

139

Homo sapiens hydroxymethylbilane synthase 
(HMBS), transcript variant 1

159

NM_004048.4 Homo sapiens beta-2-microglobulin (B2M) 108

NM_001414.4
Homo sapiens eukaryotic translation initiation factor 
2B subunit alpha (EIF2B1)

184

NM_001101.5 Homo sapiens actin beta (ACTB) 163

NM_000181.4
Homo sapiens glucuronidase beta (GUSB), transcript 
variant 1

NM_003406.4
Homo sapiens tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase 

97

NM_000981.4
Homo sapiens ribosomal protein L19 (RPL19), 
transcript variant 1

181

NM_003194.5
Homo sapiens TATA-box binding protein (TBP), 
transcript variant 1

183

NM_001021.6
Homo sapiens ribosomal protein S17 (RPS17), 
transcript variant 1

153

NM_001002.4
Homo sapiens ribosomal protein lateral stalk subunit 
P0 (RPLP0), transcript variant 1

134

NM_002046.7
Homo sapiens glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), transcript variant 1

297

NM_000968.4 Homo sapiens ribosomal protein L4 (RPL4) 126

NM_006503.4
Homo sapiens proteasome 26S subunit, ATPase 4 
(PSMC4), transcript variant 1

180

NM_000937.5

100

NM_000190.4

NM_001135653.2

Homo sapiens hypoxanthine 
phosphoribosyltransferase 1 (HPRT1)

139

NM_014763.4

Homo sapiens poly(A) binding protein cytoplasmic 4 
(PABPC4), transcript variant 1

210

NM_000194.3

NM_012423.4
Homo sapiens ribosomal protein L13a (RPL13A), 
transcript variant 1

134

Homo sapiens mitochondrial ribosomal protein L19 
(MRPL19)

187

Homo sapiens RNA polymerase II subunit A (POLR2A) 92

NM_021130.5
Homo sapiens peptidylprolyl isomerase A (PPIA), 
transcript variant 1

71
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5.3.7.1 Data quality control and melt peak analysis 

Following data collection from Tm plates, melt peak data (see Figure 5-4) for each set 

of primers was screened in CFX Maestro software to check for the presence of any 

unexpected peaks that indicated contamination with genomic DNA or peaks that 

indicated the presence of primer dimer formation, and for confirmation of negative 

no template controls (an additional check for primer dimer formation as well as 

contamination of RT-qPCR reagents). Melt peaks that showed a single PCR product 

(as shown in Figure 5-4A) and a negative NTC (blue line in Figure 5-4A) were 

considered suitable for further investigation with thienopyridine-treated DAUDI 

cDNA. Any primer pair melt peaks that showed multiple PCR products (as shown by 

red arrow in Figure 5-4B) or that displayed evidence of positive NTCs (as shown by 

red line in Figure 5-4B) were considered unsuitable for further investigation, and 

primers were then re-designed as per section 5.3.4 and repeat Tm plates and 

screening was conducted.  
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Figure 5-4 Comparison of SYBR Green RT-qPCR melt peak data showing formation of a single PCR 
product across multiple cDNA samples and a negative no template control (NTC – indicated by melt 
peak highlighted in blue) (A) and RT-qPCR melt peak data showing evidence of primer dimer formation 
(peaks indicated by the red arrow) as well as a positive no template control (indicated by melt peak 
highlighted in red) (B).

5.3.7.2 Agarose gel electrophoresis and analysis

The primer products from the temperature gradient point with the lowest Ct value, 

as identified in Section 5.3.7.1, was then run on a 2.5 % agarose gel in TAE buffer as 

described in section 2.2.13.8.4 and the size of the electrophoresis separated PCR 

products were compared to the predicted product sizes listed in Table 5-3. Any 
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product size that deviated from its predicted size, any lanes that showed multiple 

bands, or any NTCs that showed the presence of a primer product were used to 

further screen primer pairs, was used to indicate any primers that may require 

redesign prior to their inclusion in the data collection part of this chapter. 

5.3.7.3 Primer redesign 

Any primer pairs which failed the quality control steps in Sections 5.3.7.1 and 5.3.7.2 

were redesigned with 

• changes made to target product size (from 70 – 200 bp to 70 – 300 bp), 

• different combinations of inclusion of an exon-exon junction or exclusion of 

an intron, 

• adjustments made to predicted Tm values, 

• were designed to target an alternate splice variant of reference gene mRNA 

(where available) 

Primer design was repeated in NCBI Primer-BLAST as per section 2.2.13.6. 

 

5.3.8 RT-qPCR of candidate reference genes and Thienopyridine treated DAUDI 

samples 

 

5.3.8.1 RT-qPCR data quality control 

Was conducted as described in section 2.2.13.12.1. Details of DNA gel 

electrophoresis, running conditions and imaging can be found in section 2.2.13.8.4. 

5.3.9 Assessment of candidate reference gene stability 

5.3.9.1 GeNorm reference gene stability assessment 

Establishing the stability of expression of candidate reference genes across all 

conditions tested in these experiments (i.e. stability of gene expression across 

thienopyridine-treated, untreated and paclitaxel and nocodazole positive controls) 

was essential prior to the use of reference genes in data normalisation. This was 

determined using the ‘Reference Gene Selection Tool’ as part of the Gene Study 
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functionality in Bio-Rad CFX Maestro Software, which utilised the GeNorm algorithm 

established by Vandesomplele et al (2002), whereby all candidate reference genes 

are compared to produce an M value, and genes with the lowest M values are the 

most stability expressed. The stability of candidate reference genes is displayed 

graphically by the CFX software with ‘ideal’ reference genes having the lowest M 

value, ‘Acceptable’ reference genes having an intermediate M value, while ‘Unstable’ 

reference genes have the lowest M values. In the absence of ‘Ideal’ candidate 

reference genes, ‘Acceptable’ candidates could be selected, however any ‘unstable’ 

genes should not be used in normalisation. 
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5.4 Results 

5.4.1 Primer products gel electrophoresis 

As shown in Figure 5-5 to Figure 5-11, only three candidate reference genes showed 

positive NTCs with evidence of primer dimer formation in the primer pairs for GUSB 

(see Figure 5-6), POLR2A (see Figure 5-7) and RPL19 (see Figure 5-8), which 

necessitated primer redesign as per section 5.3.7.3. All other primer pairs 

investigated showed no evidence of primer dimers or other contamination either in 

primer products or NTCs. 
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Figure 5-5 The PCR product and corresponding No Template Control (NTC) for each primer pair 
assessed on RT-qPCR Temperature Gradient (Tm) plates were added to 2.4 μL Bioline 5X Loading Dye 
and then loaded to a 2.5 % agarose gel in 1X TAE buffer. PCR products were separated via 
electrophoresis at 80 volts for 25 minutes, followed by 100 volts for 35 minutes. Gel was imaged using 
ChemiDoc™ Touch Gel Imaging System using Gel Green Optimal Auto-exposure settings. The predicted 
PCR product sizes in base pairs (bp) for each set of primers featured on the gel were as follows:

PLCγ2 - 182 bp; BTK – 98 bp; AKT1 – 142 bp; ABL1 – 139 bp; B2M – 108 bp. PCR product size was 
compared to Bioline HyperLadder™ 50bp molecular weight markers for confirmation of expected band 
size and presence/absence of any bands in NTC samples was used to confirm suitability of primers for 
use in RT-qPCR gene of interest/reference gene studies.
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Figure 5-6 The PCR product and corresponding No Template Control (NTC) for each primer pair 
assessed on RT-qPCR Temperature Gradient (Tm) plates were added to 2.4 μL Bioline 5X Loading Dye 
and then loaded to a 2.5 % agarose gel in 1X TAE buffer. PCR products were separated via 
electrophoresis at 100 volts for 45 minutes. The loading wells of the gel were torn during comb removal 
and PCR products were leached into adjacent wells for EIF2B1, GUSB, GUSB NTC and HMBS. Gel was 
imaged using ChemiDoc™ Touch Gel Imaging System using Gel Green Optimal Auto-exposure settings.
The predicted PCR product sizes in base pairs (bp) for each set of primers featured on the gel were as 
follows:

EIF2B1 - 184 bp; GUSB – 100 bp; HMBS – 159 bp. PCR product size was compared to Bioline 
HyperLadder™ 50bp molecular weight markers for confirmation of expected band size and 
presence/absence of any bands in NTC samples was used to confirm suitability of primers for use in 
RT-qPCR gene of interest/reference gene studies.
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Figure 5-7 The PCR product and corresponding No Template Control (NTC) for each primer pair 
assessed on RT-qPCR Temperature Gradient (Tm) plates were added to 2.4 μL Bioline 5X Loading Dye 
and then loaded to a 2.5 % agarose gel in 1X TAE buffer. PCR products were separated via 
electrophoresis at 100 volts for 57 minutes. Gel was imaged using ChemiDoc™ Touch Gel Imaging 
System using Gel Green Optimal Auto-exposure settings. The predicted PCR product sizes in base pairs 
(bp) for each set of primers featured on the gel were as follows:

HPRT1 - 139 bp; MRPL19 – 187 bp; POLR2A – 92 bp; PPIA – 71 bp; PSMC4 – 180 bp. PCR product size 
was compared to Bioline HyperLadder™ 50bp molecular weight markers for confirmation of expected 
band size and presence/absence of any bands in NTC samples was used to confirm suitability of primers 
for use in RT-qPCR gene of interest/reference gene studies.
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Figure 5-8 The PCR product and corresponding No Template Control (NTC) for each primer pair 
assessed on RT-qPCR Temperature Gradient (Tm) plates were added to 2.4 μL Bioline 5X Loading Dye 
and then loaded to a 2.5 % agarose gel in 1X TAE buffer. PCR products were separated via 
electrophoresis at 100 volts for 50 minutes. Gel was imaged using ChemiDoc™ Touch Gel Imaging 
System using Gel Green Optimal Auto-exposure settings. The predicted PCR product sizes in base pairs 
(bp) for each set of primers featured on the gel were as follows:

RPL13A - 134 bp; RPL19 – 181 bp; RPL4 – 126 bp; RPS17 – 153 bp; YWHAZ – 97 bp. PCR product size 
was compared to Bioline HyperLadder™ 50bp molecular weight markers for confirmation of expected 
band size and presence/absence of any bands in NTC samples was used to confirm suitability of primers 
for use in RT-qPCR gene of interest/reference gene studies.
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Figure 5-9 The PCR product and corresponding No Template Control (NTC) for each primer pair 
assessed on RT-qPCR Temperature Gradient (Tm) plates were added to 2.4 μL Bioline 5X Loading Dye 
and then loaded to a 2.5 % agarose gel in 1X TAE buffer. PCR products were separated via 
electrophoresis at 100 volts for 50 minutes. Gel was imaged using ChemiDoc™ Touch Gel Imaging 
System using Gel Green Optimal Auto-exposure settings. The predicted PCR product sizes in base pairs 
(bp) for each set of primers featured on the gel were as follows:

Chk1 - 51 bp; Cyclin B1 – 52 bp; p53 – 132 bp; p21 – 55 bp; CDK1 – 148 bp. PCR product size was 
compared to Bioline HyperLadder™ 50bp molecular weight markers for confirmation of expected band 
size and presence/absence of any bands in NTC samples was used to confirm suitability of primers for 
use in RT-qPCR gene of interest/reference gene studies.
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Figure 5-10 The PCR product and corresponding No Template Control (NTC) for each primer pair 
assessed on RT-qPCR Temperature Gradient (Tm) plates were added to 2.4 μL Bioline 5X Loading Dye 
and then loaded to a 2.5 % agarose gel in 1X TAE buffer. PCR products were separated via 
electrophoresis at 100 volts for 50 minutes. Gel was imaged using ChemiDoc™ Touch Gel Imaging 
System using Gel Green Optimal Auto-exposure settings. The predicted PCR product sizes in base pairs 
(bp) for each set of primers featured on the gel were as follows:

CDK1 Primer 2 - 203 bp; IL-6– 164 bp; TNFα – 132 bp; IL-1β – 65 bp; IL-8 – 192 bp. PCR product size 
was compared to Bioline HyperLadder™ 50bp molecular weight markers for confirmation of expected 
band size and presence/absence of any bands in NTC samples was used to confirm suitability of primers 
for use in RT-qPCR gene of interest/reference gene studies.
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Figure 5-11 The PCR product and corresponding No Template Control (NTC) for each primer pair 
assessed on RT-qPCR Temperature Gradient (Tm) plates were added to 2.4 μL Bioline 5X Loading Dye 
and then loaded to a 2.5 % agarose gel in 1X TAE buffer. PCR products were separated via 
electrophoresis at 100 volts for 105 minutes. Gel was imaged using ChemiDoc™ Touch Gel Imaging 
System using Gel Green Optimal Auto-exposure settings. The predicted PCR product sizes in base pairs 
(bp) for each set of primers featured on the gel were as follows:

PABPC4 - 210 bp; TBP– 183 bp; GAPDH – 297 bp ; ACTB – 163 bp ; RPLP0 – 134 bp; cdc20 - 92 bp; 
Mad2– 103 bp; BubR1 – 70 bp ; Bub1 – 187 bp ; Mad1 – 103 bp; PP1G - 76 bp; (PP2A)-B56 – 167 bp; 
Nek2 – 151 bp ; Nek7 – 215 bp ; TRIP13 – 245 bp; PLK1 - 118 bp; PLK2– 73 bp; PLK4 – 168 bp; Aurora 
B – 76 bp; Aurora C – 199 bp ; cdc25C – 270 bp. PCR product size was compared to Bioline 
HyperLadder™ 50bp molecular weight markers for confirmation of expected band size and 
presence/absence of any bands in NTC samples was used to confirm suitability of primers for use in 
RT-qPCR gene of interest/reference gene studies.
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5.4.2 Identification of stable reference genes using GeNorm

Following quality control of primers, establishment of thermocycling temperatures 

for RT-qPCR reactions and confirmation of primer product size in the absence of 

positive NTCs or primer dimers, a ‘gene study’ was created containing all of the RT-

qPCR raw data Ct values in CFX Maestro software. The ‘reference gene selection tool 

was used to produce a ‘reference gene stability plot’ (see Figure 5-12) and data table 

of ‘M’ stability values for all candidate reference genes listed in Table 5-1.

As shown in , the four candidate genes with the highest stability values out of the 24 

candidate genes were TBP, PPIA, RPLP0 and EIF2B1. These genes were taken forward 

as stable reference genes for all further RT-qPCR assays described in this thesis.

Figure 5-12 CFX Maestro 'Reference Gene Stability Plot' of Stability value 'M' for each candidate 
reference gene. Green represents 'ideal' stability, yellow represents 'acceptable' stability, while red 
represents 'unstable' genes according to the GeNorm algorithm.
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Table 5-4 GeNorm stability values for CFX Maestro 'Reference Gene Stability Plot'

Figure 5-13 The four candidate reference genes with the highest stability values for RT-qPCR of 

Thienopyridine-treated DAUDI cells
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5.5 Discussion 

5.5.1 Stable reference genes and comparison to ‘housekeeper’ genes 

The purpose of this chapter was to use a systematic search of available literature to 

identify reference genes that are stably expressed in DAUDI cells during treatment 

with novel thienopyridine compounds, nocodazole and paclitaxel controls. The 

review, RT-qPCR and GeNorm analysis identified TBP, PPIA, RPLP0 and EIF2B1 as the 

most stable genes out of the selection of 24 genes, which included the traditional 

‘housekeeper’ genes GAPDH and β-Actin (ACTB gene). Indeed, of the literature 

searched, GAPDH was used in 29.9 % of the studies included in this review and β-

Actin was used in 13.7 % of studies, TBP (6.0 %), RPLP0 (2.6 %), PPIA (1.7 %) and 

EIF2B1 (0.85 %) were less frequently recommend. This suggesting there continues to 

be a disparity in selection of ‘housekeeper’ genes despite there being significant 

evidence that they are not stably expressed (Andersen et al., 2004; Jacob et al., 2013; 

Odeya et al., 2018) or only acceptable after screening other candidate reference gene 

options and comparing their stability (Brkljačić et al., 2010). GAPDH placed 21st and 

β-Actin 12th in the ranking of stability of the genes tested, with both deemed as 

‘acceptable’ (see Figure 5-12), with UBC (Ubiquitin C) ranked as the most unstable 

candidate reference gene, which may give an indication of the effects on 

ubiquitination in DAUDI cells in response to Thienopyridine treatments. 

As listed in Table 5-1, seventeen authors of the ninety full text documents screened 

(18.8 % of the journals screened) suggested multiple reference genes with nine of 

those listing the use of GeNorm (Gladkikh et al., 2010; Rene et al., 2015; Vukić et al., 

2015; Urrutia et al., 2016), or GeNorm + NormFinder (Green et al., 2009; Przybyl et 

al., 2014; Oturai et al., 2016) as the method of reference gene selection. Two sets of 

authors compared all three gene stability assessment methods (GeNorm, 

NormFinder and BestKeeper) (Valceckiene et al., 2010; Potashnikova et al., 2015). 

One additional author listed ‘DNA gels’ as their method of normalisation (Caballero-

Palacios et al., 2021). All of the stable reference genes identified in the systematic 

review, apart from PPIA were included in papers that used one of more of the 

stability assessments, although there is a possibility that the inclusion of abstracts in 
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the search as long as they contained a listed reference gene may have concealed the 

methods of reference gene selection.  

 

5.5.2 Cellular roles of the stable reference genes 

TATA-box binding protein, encoded by the gene TBP, has functions in the initiation 

of gene transcription, and is a part of key transcription complexes in association with 

RNA polymerases I, II and III (Johnson et al., 2003; Mishal and Luna-Arias, 2022). 

Peptidylprolyl Isomerase A (encoded by the gene PPIA), also known as Peptidyl-Prolyl 

Cis-Trans Isomerase A or Cyclophilin A, is an enzyme responsible for the conversion 

of proline amino acids from a cis to a trans isomer structural arrangement to allow 

post-translational folding of proteins (Wang and Heitman, 2005; Agarwal, 2006) as 

well as being the target of immunosuppressive drug Cyclosporin A, cellular responses 

to viral infection and in a range of diseases (Nigro et al., 2013; Liao et al., 2021). 

Ribosomal Protein Lateral Stalk Subunit P0 (encoded by the gene RPLP0) is a 

ribosomal protein implicated in recruitment to corrections of double strand breaks 

in the DNA repair response (Wang et al., 2022) with a role in both protein synthesis 

and triggering of autophagy responses in its gene knockout (Artero-Castro et al., 

2015). 

Eukaryotic Translation Initiation Factor 2B Subunit Alpha (encoded by the gene 

EIF2B1), is another protein involved in cellular protein synthesis, with gene deletions 

leading to neonatal diabetes (De Franco et al., 2020) and mutations leading to 

leukoencephalopathy (Rudenskaya and Zakharova, 2017). 

It would seem unlikely that any of the effects of the novel thienopyridines would be 

linked to any of the identified stable reference genes, and it is essential for reference 

genes to be selected based on the cell lines and conditions being investigated (Roy 

et al., 2020). 
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5.5.3 Conclusions 

The four most stable reference genes found via systematic review and confirmed via 

GeNorm analysis were TBP, PPIA, RPLP0 and EIF2B1 These finding support the 

requirements of the MIQE guidelines (Bustin et al., 2009; Bustin et al., 2010) as well 

as the more than 20 years of publications advising against the use of ‘housekeeper’ 

genes in RT-qPCR normalisation, without checking their stability in the conditions 

being investigated (Vandesompele et al., 2002; Pfaffl et al., 2004; Huggett et al., 

2005; Valceckiene et al., 2010; Jacob et al., 2013; Odeya et al., 2018). In a study such 

as this one, where the cellular activity of novel compounds is unknown in this cell 

model, it is an essential step in providing confidence in any findings from the RT-qPCR 

data in the next chapter. 
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6 CHAPTER 6: EFFECT OF NOVEL THIENOPYRIDINES ON 

TRANSCRIPTION AND PROTEIN ABUNDANCE 

6.1  Introduction 

6.1.1  Identifying potential targets of novel thienopyridine effects on apoptosis 

As detailed in the previous experimental chapters, the ten novel thienopyridine 

compounds investigated have demonstrated varied and oftentimes significant 

effects on DAUDI B cells, inducing apoptosis in a dose and time dependent manner 

(Chapter 3), causing a shift to tetraploidy (Chapter 3) and effects on tubulin 

polymerisation and the mitotic spindle at cell division (Chapter 4). 

These compounds were originally synthesised and modified to target the B cell 

receptor signalling enzyme phospholipase C gamma 2 (PLCγ2/PLCG2) based on in 

silico screening (Reynisson et al., 2009; Arabshahi et al., 2014; Arabshahi et al., 2015), 

therefore investigation of the B cell receptor signalling cascade and related cell 

signalling pathways which converge on PLCG2 is a potential facilitator of the activity 

of the novel thienopyridines. 

6.1.1.1 The B cell receptor initiation of signalling cascade 

As shown in Figure 1-1 the B cell receptor is a specialised immunoglobulin antigen 

receptor which spans the cell membrane of B lymphocytes. The BCR binds to 

extracellular antigens (often mediated by antigen presenting cells (APCs), leading to 

BCR clustering and the phosphorylation of membrane bound CD79a and CD79b 

immunoreceptor tyrosine-based activation motifs (ITAMs) (Bhanja et al., 2022). The 

phosphorylation of ITAMs creates SH2 interaction domains and allows the kinases 

Lyn and Syk (spleen tyrosine kinase) to further phosphorylate the ITAMs and triggers 

signal propagation to other downstream targets, including initiation of the actin 

cytoskeleton remodelling and phosphorylation of Bruton’s tyrosine kinase (Btk) 

(Pierce and Liu, 2010; Burger and Wiestner, 2018). 
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6.1.1.2 BCR and secondary messengers 

The TEC family tyrosine kinase Btk is a key activator of enzyme PLCG2, via 

phosphorylation of tyrosine 759, following which PLCG2 generates key secondary 

messengers diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3) via hydrolysis 

of membrane-bound phosphoinositol (4,5) biphosphate (PIP2) (Lowe et al., 2022). 

DAG is an upstream activator of the MAPK signalling pathway, and therefore a 

mediator of cell proliferation and survival (Wheeler et al., 2013), as well as an 

activator of Protein Kinase C (PKC)-Nuclear factor kappa B (NF-κB) signalling (Yu et 

al., 2017). Indeed DAG, via Diacylyglycerol Kinase (DGK) has been implicated in 

cytoskeleton reorganisation via microtubule organisation centres (MTOCs) in both T 

cells and B cells (Chauveau et al., 2014; Merino-Cortés et al., 2020). 

PLCG2 generation of IP3 stimulates release of cellular stores of additional secondary 

messenger Calcium (Ca2+), via binding of IP3 to its receptors present on the surface of 

the endoplasmic reticulum (Neumann et al., 2023). Calcium then acts on further 

cytoplasmic targets, including PKC, and NFAT (nuclear factor of activated T cells) 

transcription factor (via Calmodulin-Calcineurin signalling) (Muller and Rao, 2010; 

Nadeem and Ahmad, 2023), which provide further cell development, survival and 

anti-apoptosis protection for B cells. 

 

6.1.1.3 BCR and PI3k-Akt signalling 

BCR clustering and activation also leads to phosphorylation of BCR co-factor CD19 by 

LYN and recruitment of phosphoinositide 3-kinase (PI3K), which in turn 

phosphorylates membrane bound phosphoinositides to trigger the activation of the 

AKT1 signalling cascade, with AKT1-mTOR pathway a key regulator of anti-apoptotic, 

cell proliferation and growth (Vivanco and Sawyers, 2002), multidrug resistance (R. 

Liu et al., 2020) and in tonic BCR signalling in the absence of antigen binding 

(Srinivasan et al., 2009; Borbet et al., 2021). The anti-apoptotic effects of AKT1 are a 

result of inhibition of the BCL-2 family of apoptosis regulators, with the PI3K pathway 
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identified as a druggable target (Courtney et al., 2010), with PI3K inhibitor drugs (e.g., 

Idelalisib) in use for breast cancer (Yang et al., 2019) and lymphoma (Flinn et al., 

2014). Akt1 also facilitates cell cycle progression (Chang et al., 2003) and cross talks 

to various related signalling pathways involved with cell growth proliferation, 

including the Ras-Ref-MEK-ERF (Mitogen-activated protein kinase (MAPK)) and 

Nuclear factor kappa B (NF-κB) (He et al., 2021). 

 

6.1.1.4 BCR and Ras-MAPK signalling 

The MAP kinase cascade, which terminates on the effector ERK1/2 transcription 

regulator, is another important cell signalling pathway which results in cell growth 

and proliferation effects. In B cells, Ras is activated downstream of PLCG2 and in 

parallel via DAG activation of RasGRP (RAS guanyl nucleotide-releasing protein) 

(Cantrell, 2015). The chain of activating phosphorylation from Ras, Raf, Mek and 

ERK1/2 leads to gene transcription promoting cell growth, and Raf links to control of 

the cell cycle via activation of the cdc25 phosphatase which in turn activates cyclin 

dependent kinases (CDKs) (McCubrey et al., 2007), providing an interesting link 

between BCR activation and cell cycle progression. 

Activation of the BCR leads to multiple cellular responses which increase cell growth, 

proliferation, resistance to apoptosis, with PLCG2 a key relay in the signalling 

cascade, meaning that if thienopyridine targeting of PLCG2 was successful, it could 

explain the apoptotic effects observed in Chapter 3. 
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6.1.2 Identifying potential targets of novel thienopyridine effects on cell cycle 

progression 

6.1.2.1 The cell cycle in B cells 

As shown in Figure 6-1, there are four classical stages of cell cycle control: G1/G0-

phase (growth phase 1), S-phase (synthesis phase), G2-phase (growth phase 2) and 

M-phase (mitosis). Upstream signalling cascades are implicated in the cell decision to 

proliferate, with ERK implicated in several stages of cell cycle progression including 

G1/S phase and the G2/M transition (Chambard et al., 2007). Movement through each 

phase of the cell cycle is regulated by interactions between Cyclin dependent kinases 

(CDKs), which bind to and are activated by specific Cyclins (See Figure 1-3). A cell’s 

decision to progress from the resting G1/G0-phase through to duplication of DNA 

and cell organelles in S-phase is controlled by the interaction between CDK4/6 and 

Cyclin D isoforms at the restriction point (See Figure 1-4) (Deshpande et al., 2005; A. 

Singh et al., 2022). Targets of these kinase complexes including upregulation of Cyclin 

E and A, which are necessary for progression through to S-phase, via the inhibitory 

phosphorylation of retinoblastoma protein (RB), which releases the E2F transcription 

factor and commits the cell to S-phase (see Figure 1-3 and Figure 1-4) (Kastan and 

Bartek, 2004; Murray, 2004; Deshpande et al., 2005). Progression through to S-phase 

is coordinated by CDK2-Cyclin E (responsible for DNA replication), CDK2-Cyclin A and 

CDK1-Cyclin A complexes (responsible for DNA replication and chromosome 

segregation) (Kastan and Bartek, 2004), with CDK1-Cyclin B becoming the dominant 

complex which oversees the cell’s commitment to mitosis and cell division 

(Malumbres and Barbacid, 2009; Martinez-Alonso and Malumbres, 2020). 
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Figure 6-1 The phases of the cell cycle, associated checkpoints and Cyclin/cyclin dependent kinase regulators of each phase. The stages of mitosis are depicted from 
chromosome condensation at Prophose, chromosme alignment at metaphase, division of sister chromatids at anaphase and seperation into two daughter cells at 
telophase and cytokinesis. Created with BioRender.com
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6.1.2.2 The G2/M Checkpoint 

Throughout cell cycle phases, there are several checkpoints at which the cell ensures 

conditions are favourable for division (see section 1.6). Based on the results shown 

in Chapter 3 and 4, and the evidence that DAUDI cells are showing a tetraploid 

phenotype, containing two copies of all chromosomes at mitosis, the G2/M and 

Spindle Assembly checkpoints are most relevant to this study. G2 arrest can be 

triggered by DNA damage either single or double strand breaks (Bartek and Lukas, 

2007), with response elements such as ATM/ATR Ataxia-telangiectasia-mutated 

(ATM)/ ataxia telangiectasia and Rad3-related (ATR), p53 and Chk1 (Checkpoint 

Kinase 1) (Roos and Kaina, 2013; Ovejero et al., 2020) which pause the cell cycle until 

the underlying fault has been corrected (see Figure 6-2).  

One of the limitations of analysing the cell cycle via flow cytometry (see Chapter 3 

results in section 3.4) is that the cell analysis does not identify the cause of cell cycle 

arrest or any post-translational modifications applied to key cell cycle kinases, merely 

how much DNA is present in the cells, therefore further investigation in required to 

elucidate the mechanism of action of the novel thienopyridines. 
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Figure 6-2 The DNA Damage Response Checkpoint in response to double- and single-strand breaks is 
mediated by the kinases ATM and ATR throughout G1, S, and G2 phases of the cycle. 

ATM signals via checkpoint kinase 2 (CHK2) to inhibit CDK2 in complex with both Cyclin A and E at the 
restriction point and throughout S-phase. This is achieved indirectly via phosphorylation of p53 at the 
recognition site of its mediator Mdm2 (Mouse double minute 2 homolog) which prevents p53 
degradation via ubiquitination. In turn p53 upregulates p21 production which directly sequesters both 
CDK2-Cyclin A and CDK2-Cyclin E complexes. CHK2 also inhibits cdc25A preventing its ability to strip 
CDK2 of inhibitory phosphorylation by Wee1 (not shown on diagram for clarity). Double strand breaks 
also activate the DNA-PK kinase which can orchestrate non-homologous end joining repair of the DNA.

The mitotic cyclin dependent kinase CDK1 is activated by its cofactor Cyclin B in late G2 where
progression through to M phase can be restricted by ATR kinase and is downstream effector checkpoint 
kinase 1 (CHK1) via a variety of phosphorylation events. Targets of CHK1 include Myt1 and Wee1
kinases which in turn add inhibitory phosphorylation to CDK1/CDK2 at threonine-14 and tyrosine-15. 
CHK1 also inhibits cdc25C at G2 to prevent CDK1 dephosphorylation, as well as inhibiting Aurora B
kinase and Polo-like kinase 1(Plk1) which help to prime the cell for mitosis. Inhibition of Plk1 has the 
dual effect of inhibiting an inhibitor of Wee1 and Myt1 with the global effect of stall entry to mitosis 
until DNA damage has been repaired, or triggering p53 directed apoptosis. Created with 
BioRender.com and based on information in (Kastan and Bartek, 2004; Reinhardt and Yaffe, 2009; 
Pennycook and Barr, 2020; Rubin et al., 2020; Neizer-Ashun and Bhattacharya, 2021; Matthews et al., 
2022)
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6.1.2.3 The Spindle Assembly Checkpoint 

The Spindle Assembly Checkpoint (SAC), timed at chromosome alignment on the 

mitotic spindle at the metaphase to anaphase transition is also key to maintaining 

fidelity of DNA before cytokinesis (see Figure 6-3). At the kinetochores, the site for 

chromosome attachment to the microtubule spindle poles, any unattached 

chromosomes are detected by tension sensing kinases such as Aurora B (Musacchio, 

2015), as well as parts of the outer kinetochore KNL complex (Lara-Gonzalez et al., 

2019; Lara-Gonzalez et al., 2021) triggering the building of a regulator complex of 

proteins known as the Mitotic Checkpoint Complex (MCC) which inhibits progression 

of the cell cycle until all kinetochores are correctly connected (Musacchio and 

Salmon, 2007) (see section 1.6.1.4 and figure Figure 1-7). As soon as the MCC is 

inactivated, it triggers ubiquitination of the Cyclin B1 in the Mitosis Promoting Factor 

(MPF, CDK1-Cyclin B1) complex, via upregulation of the Anaphase Promoting 

Complex/Cyclosome (APC/C) (Kapanidou et al., 2017), with cdc20 key to both the 

activation of the MCC and APC/C (Kernan et al., 2018). 

APC/Ccdc20 and APC/CCdh1 targets and rapidly degrades key mediators of the SAC and 

G2/M DNA damage response, with both targeted at limiting the activity of CDK1 

bound to Cyclin B either to halt cell cycle progression but with only the completion 

of SAC resulting in reduction of the Cyclin B protein itself, allowing for a key 

distinction in post-translation modification between the two checkpoints. 

 

Elicitation of how cells with tetraploid chromosome content have been generated 

following treatment with the novel thienopyridine compounds, whether this is via 

the DNA damage response or the SAC, will provide further understanding of the 

mechanism of action of these compounds in vitro. 
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Figure 6-3 Kinase, phosphatase and Ubiquitin E3 ligase control of entry and exit from mitosis, via the Spindle Assembly Checkpoint (SAC).  

A wave of phosphorylation events, driving by CDK1, the Aurora, Polo-like kinase and Nek families primes the cell for mitosis, including all of the physical changes in cell 
architecture required for chromosome condensation, nuclear envelop breakdown, chromosome alignment, spindle formation, spindle attachment, chromatid segregation 
and cytokinesis. Final commitment to cell division is achieved when all chromosomes are connected to the mitotic spindle at their kinetochores at the Spindle Assembly 
Checkpoint at the metaphase to anaphase transition. Unattached kinetochores generate the Mitotic Checkpoint Complex (MCC) which sequesters the cofactor protein 
cdc20 away from the Anaphase Promoting Complex/Cyclosome E3 Ubiquitin ligase. APC/Ccdc20 ubiquitination and proteosome degradation of securin (and the subsequent 
enzymatic cleavage of cohesin at the chromosome-connecting centromeres) is the event which triggers chromosome separation and progression to anaphase, telophase 
and finally cytokinesis.  

CDK1-Cyclin B1 phosphorylates thousands of targets to prepare the cell for mitosis, as well as priming APC/C for activation as soon as the SAC is fulfilled. CDK1 also helps 
to activate the MCC via phosphorylation of Mps1 (monopolar spindle 1 kinase) and inhibition of PP1 and PP2A family phosphatases, and inhibitory phosphorylation of 
separase. When all kinetochores are successfully attached, the MMC is rapidly inactivated, freeing APC/C from competitive inhibition and allowing cdc20 targeted 
ubiquitination of Cyclin A, Nek2, Cyclin B and securing to promote chromosome separation. The balance of phosphorylation events by CDK1 inactivation then tips towards 
the PP1 and PP2A phosphatases, with PP1 reversing many of CDK1 phosphorylation targets to allow the cell to exit mitosis back into G1/0. APC/CCdh1 maintains the inhibition 
of CDK1 via continued ubiquitination of Cyclin A and B, as well as destroying cdc20, Aurora A and B and Plk1, further removing key mitotic kinases from the G1 cell.  

Created with BioRender.com and based on information in (Kops et al., 2005; Malumbres and Barbacid, 2007; Musacchio and Salmon, 2007; Malumbres and Barbacid, 
2009; Malumbres, 2014; Musacchio, 2015; Hayward et al., 2019; Holder et al., 2019; Lara-Gonzalez et al., 2019; Martinez-Alonso and Malumbres, 2020; Lara-Gonzalez 
et al., 2021; Greil et al., 2022) 
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6.2 Aims and objectives  

6.2.1 Aims 

The main aim of this chapter was to investigate key genes and proteins regulating 

the BCR and regulators of cell cycle control in DAUDI B lymphocytes, to try to identify 

potential mechanisms for thienopyridine effects on cells. 

6.2.2 Objectives 

• To investigate gene expression relating to cell cycle checkpoints and B cell 

receptor signalling using RT-qPCR. 

• To assess the expression of key proteins regulating these pathways and their 

post-translational modifications via Western blotting. 
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6.3 Methods 

6.3.1 Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 

assay 

Preparation of DAUDI cells, treatment with thienopyridines, paclitaxel and 

nocodazole controls, IgM stimulation, extraction of RNA, reverse transcription of 

RNA to cDNA and dilution of cDNA to working stock for these assays were as 

described in Chapter 2 (see section 2.2.13) and for the establishment of stable 

reference genes in Chapter 5. 

6.3.1.1 RT-qPCR cDNA standards and calculation of primer efficiencies 

Pooled cDNA standards were prepared as per section 2.2.13.4, and a five-point 

dilution of standards was run alongside experimental samples in duplicate on each 

gene of interest qPCR plate. Primer efficiencies were calculated using the standard 

curve calculated by CFX Maestro software. Any failed standard curves were repeated, 

either at 1:10 dilution, 1:5 dilution or 1:2 dilution depending on the expression of the 

gene in the experimental samples. All primer efficiencies are listed in Table 6-1. Only 

primers with an efficiency between 90-100 % were included in this Chapter. Two set 

of primers, for Nek2 and Nek4, fell outside of this range and their results have been 

included in Appendix Section 8.2. 

6.3.1.2 Gene of interest primer design 

All primers for genes of interest were designed using NCBI Primer Blast as described 

in section 2.2.13.6. Full forward and reverse primer sequences are listed in Table 6-1, 

together with details of any primers which failed (either due to low gene expression 

or primer dimer formation).  

6.3.1.3 Thermocycling conditions, digital assessment of RT-qPCR products and 

confirmation of estimated product size via DNA gel electrophoresis 

All thermocycling conditions were determined via use of pooled cDNA using Tm 

gradient RT-qPCR assay as described in section 2.2.13.9. Digital assessment of melt 

curves and confirmation of product size via DNA gel electrophoresis was as listed in 

section 2.2.13.8.3 
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6.3.1.4 Data collection and analysis 

All data was collected and screened using CFX Maestro software as described in 

section 2.2.13.12. Data was exported to Microsoft Excel as averaged Ct of technical 

replicates, outliers were removed using the strategy listed in section 2.2.13.12.1, 

normalised using the ‘Vandesompele method’ to the stable reference genes 

identified in Chapter 5 (TBP, PPIA, RPLP0 and EIF2B1 genes respectively), Log2 

transformed and transferred to GraphPad Prism software for statistical analysis. All 

data was analysed by thienopyridine chemical group using one-way ANOVA with 

Dunnett’s post hoc test, with all experimental treatments compared to the IgM 

stimulated DAUDI untreated controls. All experimental figures were also produced in 

GraphPad Prism software. 
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Table 6-1 List of primer sequences, expected primer product sizes, calculated primer efficiencies and 
standard curve dilution range for all genes of interests 

 

  

Oligo sequence (5' to 3') Oligo name
NCBI Accession 

Number
NCBI Input PCR template

Primer 
Product 

Size
% Efficiency

Standard 
Dilutions?

CAATCCGTCCATGCCTCAGA PLCG2 Forward
CCTCGACGTAGTTGGATGGG PLCG2 Reverse
AGCACAACTCTGCAGGACTC BTK Forward
CCATGATCCGTATCCCAGGC BTK Reverse
CTGCACAAACGAGGGGAGTA AKT1 Forward
GCGCCACAGAGAAGTTGTTG AKT1 Reverse
GCCTGAACCAGATGCTCAGAG Chk1 forward
ACCACCCCTGCCATGAGTT Chk1 reverse
CAGGATAATTGTGTGCCCAAGA Cyclin B forward
TGGCAGTGACACCAACCAGT Cyclin B reverse
ACACGCTTCCCTGGATTGG p53 forward
TTTCAGGAAGTAGTTTCCATAGGT p53 reverse
TGTGATGCGCTAATGGCG p21 forward
CGAAGTTCCATCGCTCACG p21 reverse
AAACTACAGGTCAAGTGGTAGCC cdc2 forward
TCCTGCATAAGCACATCCTGA cdc2 reverse
AATGTGTGGCCTAGTGCTCC Cdc20 Forward
CACCATGCTACGGCCTTGA Cdc20 Reverse
CCGAGTTCTTCTCATTCGGC MAD2L1 (Mad2) FWD
ACAAGCAAGGTGAGTCCGTA MAD2L1 (Mad2) RVS
CAGGTCTTCTGGGATGGGTC BubR1 Forward
ACAATTCACCATCTTTTAGCTCAG BubR1 Reverse
GGCAATGACCCTCTTGGTGA Bub1 Forward
GGTCACTGTTGTACTCAGCAAAT Bub1 Reverse
AGCAGATCCGTTCGAAGTCC MAD1L1 (Mad1) FWD
GTCGACCTCACGCTCGTAGT MAD1L1 (Mad1) RVS
GAAGGCGATGGCGGATTTAG PPP1CC (PP1G) FWD
CTTGGACCCTCTCACTTCCAG PPP1CC (PP1G) RVS
ATGGAGGCTGGTTTCTTGCC (PP2A)-B56 FWD
GATCAGCAGGAGGAACATCTCG (PP2A)-B56 RVS
GCCTTTCCCGCTGAAGTCTA (PP2A)-B56 FWD 2
GGACGCAACACTGACGTAAC (PP2A)-B56 RVS 2
CCAGGCTTGAGCTAGGTTT Cdc25C FWD
AGATCGAGGCAACGTTTTGG Cdc25C RVS
GTCTCTGGCAAGTAATCCAGAACT Nek2 Forward
CTTCAGGTCCTTGCACTTGG Nek2 Reverse
AGGAGTGGACTAGGGTCGCC Nek3 Forward
CATCCATGCTGGGGCATCCA Nek3 Reverse
CGGGACGGCAAGCAGTATGT Nek4 Forward
AGGTGACAATGTTGGGATGCT Nek4 Reverse
ATGCCCAGGAGAGAAGTTTGC Nek6 Forward
TGAACTGTCCTCGGCCTATC Nek6 Reverse
CTCCCAACTTCCTGAGTTCTAA Nek7 Forward
ACTCCATCCAAGAGACAGGC Nek7 Reverse
ATCAACTCGGACTTTGGGAGC Nek9 Forward
CAACCAGTGAGTCATCCTCG Nek9 Reverse
AGCGCGGATCCTAGACAAC p31 Forward
GGGAGGCGTGAGTTTCTTCG p31 Reverse
CTTCCCTGTGTGGCCGAGT TRIP13 Forward
CATGCACTCAAATCGATGGGC TRIP13 Reverse
CGGAAAGGAGTTTGGGTTCC MPS1 Forward
GCATCACTTAGCGGAACACTG MPS1 Reverse
AGTACGGCCTTGGGTATCAG PLK1 Forward
GTGCCGTCACGCTCTATGTA PLK1 Reverse
CATCACCACCATTCGCACTCG PLK2 Forward
AGTAGCGCTTCCCAGTCGT PLK2 Reverse
AGCGGCGGTTTAGAGAGC PLK4 Forward
TTTCCAACTTTAAAATCCTCGATCT PLK4 Reverse
GTTACTTATTACAGCTAGAGGGTCT Aurora A FWD
CCAACTGGAGCTGTAGCCTTA Aurora A RVS
CACCCGACATCTTAACGCGG Aurora B FWD
CCAAACTTGCCTTTGCCCAG Aurora B RVS
GCGCACAGCCACGATAATAGA Aurora C FWD
CGGCAAGTAGTCCAGTGTCC Aurora C RVS
ACGAATCTCCGACCACCACT IL-1β Forward
CCATGGCCACAACAACTGAC IL-1β reverse
GATTTCTGCAGCTCTGTGTGAA IL-8 forward
AGACAGAGCTCTCTTCCATCA IL-8 reverse

N/A

1:5 
(5 logs)

1:10 
(4 logs)

N/A

1:10 
(5 logs)

1:10 
(4 logs)

1:10 
(4 logs)

N/A

1:5 
(4 logs)

N/A

N/A

1:10 
(3 logs)

N/A

N/A

1:10 
(5 logs)

1:10 
(4 logs)

1:5 
(5 logs)

1:10 
(5 logs)

Redesgined 
Primers

1:10 
(5 logs)

N/A

1:10 
(5 logs)

1:10 
(4 logs)

1:2 
(6 logs)

1:10 
(5 logs)

1:10 
(5 logs)

1:10 
(5 logs)

Low 
expression 

109.60%

92.80%

1:10 
(4 logs)

1:10 
(4 logs)

1:10 
(4 logs)

1:10 
(4 logs)

1:10 
(5 logs)

1:10 
(5 logs)

1:10 
(4 logs)

Primer 
Dimers

99.70%

97.70%

102.20%

Primer 
Dimers

95.50%

Low 
expression 

Low 
expression 

126.00%

Low 
expression 

Low 
expression 

105.80%

93.60%

100.20%

93.50%

100.20%

Primer 
Dimers

84.30%

Low 
expression 

101.00%

101.00%

105.00%

100.90%

90.40%

102.00%

94%

106.10%

99.40%

102.20%

105.70%

94.00%

175NM_002719.4
Homo sapiens protein phosphatase 2 regulatory 
subunit B'gamma (PPP2R5C), transcript variant 1, 

NM_001015878.2
Homo sapiens aurora kinase C (AURKC), transcript 
variant 1

199

NM_001790.5
Homo sapiens cell division cycle 25C (CDC25C), 
transcript variant 1

270

NM_198433.3
Homo sapiens aurora kinase A (AURKA), transcript 
variant 1

292

NM_004217.4
Homo sapiens aurora kinase B (AURKB), transcript 
variant 1

76

NM_006622.4
Homo sapiens polo like kinase 2 (PLK2), transcript 
variant 1

73

NM_014264.5
Homo sapiens polo like kinase 4 (PLK4), transcript 
variant 1

168

NM_003318.5
Homo sapiens TTK protein kinase (TTK), transcript 
variant 1

300

NM_005030.6 Homo sapiens polo like kinase 1 (PLK1) 118

NM_001003690.2
Homo sapiens MAD2L1 binding protein 
(MAD2L1BP), transcript variant 1

288

NM_004237.4
Homo sapiens thyroid hormone receptor interactor 
13 (TRIP13), transcript variant 1

245

NM_133494.3 Homo sapiens NIMA related kinase 7 (NEK7) 215

NM_001329237.2
Homo sapiens NIMA related kinase 9 (NEK9), 
transcript variant 1

196

NM_003157.6
Homo sapiens NIMA related kinase 4 (NEK4), 
transcript variant 1,

124

NM_001145001.3
Homo sapiens NIMA related kinase 6 (NEK6), 
transcript variant 1

271

NM_002497.4
Homo sapiens NIMA related kinase 2 (NEK2), 
transcript variant 1

151

NM_002498.3
Homo sapiens NIMA related kinase 3 (NEK3), 
transcript variant 1

94

NM_002710.4
Homo sapiens protein phosphatase 1 catalytic 
subunit gamma (PPP1CC), transcript variant 1

76

NM_002719.4
Homo sapiens protein phosphatase 2 regulatory 
subunit B'gamma (PPP2R5C), transcript variant 1

167

NM_004336.5
Homo sapiens BUB1 mitotic checkpoint 
serine/threonine kinase (BUB1), transcript variant 1

187

NM_003550.3
Homo sapiens mitotic arrest defi cient 1 like 1 
(MAD1L1), transcript variant 1

137

NM_002358.4
Homo sapiens mitotic arrest defi cient 2 like 1 
(MAD2L1)

103

NM_001211.6
Homo sapiens BUB1 mitotic checkpoint 
serine/threonine kinase B (BUB1B)

70

NM_001255.3 Homo sapiens cell division cycle 20 (CDC20) 92

NM_000576.3 Homo sapiens interleukin 1 beta (IL1B) 65

NM_000584.4
Homo sapiens C-X-C motif chemokine ligand 8 
(CXCL8), transcript variant 1

192

NM_001786.5
Homo sapiens cyclin dependent kinase 1 (CDK1), 
transcript variant 1

148

NM_001276761.3
Homo sapiens tumor protein p53 (TP53), transcript 
variant 2

132

NM_001374511.1
Homo sapiens cyclin dependent kinase inhibitor 1A 
(CDKN1A), transcript variant 8

55

NM_001114122.3
Homo sapiens checkpoint kinase 1 (CHEK1), 
transcript variant 1

51

NM_001354844.2 Homo sapiens cyclin B1 (CCNB1), transcript variant 2 52

NM_005163.2
Homo sapiens AKT serine/threonine kinase 1 (AKT1), 
transcript variant 1

142

NM_002661.5 Homo sapiens phospholipase C gamma 2 (PLCG2) 182

NM_000061.3
Homo sapiens Bruton tyrosine kinase (BTK), 
transcript variant 1

98
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6.3.2 Western blot assay 

6.3.2.1 Western blot cell lysate preparation 

DAUDI cell cell lysates were prepared as per section 2.2.12. Working stocks of each 

biological replicate were diluted to 8 μg concentration in 12 μL RIPA buffer with 

1:1000 phosphatase and 1:1000 protease inhibitor cocktail as per section 2.2.12 and 

stored at -20 °C until use. Each western blot consisted of three technical replicates of 

each thienopyridine treated lysate and untreated IgM stimulated controls, and one 

technical replicate of any nocodazole, paclitaxel, UV-treated DAUDI lysate positive 

control or Jurkat cell lysate controls. 

6.3.2.2 Western blot gel electrophoresis and wet transfer to PVDF membranes 

All western blot electrophoresis and wet transfer was conducted as per section 

2.2.12.10. Proteins were transferred to Immobilon-FL PVDF membrane 

(Merck/Millipore, Hertfordshire, UK) under the wet transfer conditions listed in 

section 2.2.12.10 

6.3.2.3 Total protein staining  

All western blots were total protein stained using Li-Cor REVERT Total Protein 

staining kit (LI-COR Biosciences UK Ltd, Cambridge, UK) as described in section 

2.2.12.11. 

Total protein staining was selected as a dual method to check transfer of proteins 

from acrylamide gels to PVDF membranes and to provide data for normalisation. 

With blots imaged as per the REVERT manufacturers protocol on the 700 nm channel 

of the Odyssey® Fc Imaging System (LI-COR Biosciences UK Ltd, Cambridge, UK) as 

per section 2.2.12.14. 

6.3.2.4 Western blot blocking and incubation with primary and secondary 

antibodies 

All western blots were blocked as per section 2.2.12.12 with Intercept® Blocking 

Buffer in Tris Buffer Saline (TBS) (LI-COR Biosciences UK Ltd, Cambridge, UK). All 

primary and secondary antibodies were prepared in Intercept® (TBS) Blocking Buffer 

as per Table 2-1 Western Blot Buffer Recipes. Blots were incubated with primary 
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antibody overnight, followed by wash steps, secondary antibody incubation and 

drying as per section 2.2.12.13 prior to imaging on the Odyssey® Fc Imaging System. 

6.3.2.5 Western blot imaging 

As described in section 2.2.12.14. 

6.3.2.6 Western blot image analysis, local background subtraction and generation 

of densitometry data 

Western blot images were analysed and processed using Image Studio 5.x CLx (LI-

COR Biosciences UK Ltd, Cambridge, UK) and Image Studio Lite (LI-COR Biosciences 

UK Ltd, Cambridge, UK).  

Densitometry for each individual image from REVERT staining, and the respective 700 

nm or 800 nm channel of single or multiplex blots was assessed in Image Studio. For 

each blot image, rectangle analysis shapes were added to surround all area of signal 

for each lane on the western blot (Figure 6-4A, D-E) and positioned using pixel 

intensity vs location plots to ensure all of the relevant signal for each band was 

included in analysis. Rectangles were maintained as the same pixel area across wells 

on each blot to ensure consistency in analysis and were sized to the largest band on 

the blot but may have been rotated to accurately surround the expression band 

based on blot-to-blot variation in transfer. Image Studio software background 

measurement was applied to either the area above and below, or left/right side of 

the analysis shape and subtraction was calculated by the software (Figure 6-4C). All 

relevant colours used in images are pseudo-colours for illustration purposes and for 

user identification of position of expression bands only; densitometry data was 

generated based on pixel density of the image and ‘Signal’ value (after background 

subtraction) was used for all further data analysis (Figure 6-4G).  
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Figure 6-4Example of western blot densitometry analysis strategy in Li-cor Image Studio software. 
Addition of analysis shapes (rectangles) for total protein stain image (A) and use of pixel intensity vs 
location plots to accurately position analysis shapes (B). Detail of rectangle fitting to western blot 
expression band, showing background subtraction above and below rectangle (C). Example of 700 
nm channel (pseudo-coloured red) (D) and 800 nm channel (pseudo-coloured green) (E) analysis 
shape positioning and associated pixel intensity vs location plots for these channels (F). Image Studio 
data for ‘Signal’, ‘Total Signal’, ‘Area’ of analysis shape, and local ‘Background’ following positioning 
of analysis shapes on western blot image (G).
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6.3.2.7 Western blot data normalisation strategy 

Data for all technical and biological replicates of each western blot target protein was 

exported from Image Study and collated in Microsoft Excel. A two-step normalisation 

strategy was used, with pan-proteins normalised to the signal of the total protein 

stain and phospho-proteins normalised to the pan-protein expression each for the 

corresponding lane of the blot. 

First, a ‘lane normalisation factor’ (LNF) was calculated where the signal from each 

individual lane was divided by lane showing the highest signal on the blot: 

 Lane normalisation factor = lane signal/highest signal 

 Total protein LNF = Total protein lane signal/highest total protein signal 

 Pan-protein LNF = Pan-protein lane signal/highest pan-protein lane signal 

Next, the signal from each lane was divided by the corresponding lane normalisation 

factor to give a ‘normalised ratio’ (NR): 

 Normalised ratio = target signal/LNF 

 Pan to total protein NR = pan-protein signal / total protein LNF 

 Phospho to pan protein NR = phospho-protein signal / pan-protein LNF 

Finally, the ‘relative normalised ratio’ (RNR) was calculated, by dividing the NR by the 

average of the untreated control NR values: 

 Relative normalised ratio = Lane NR / (mean NR untreated controls) 

By this method, the mean RNR for untreated controls becomes 1, and the expression 

of all proteins and phospho-targets is an expression of this value, with values <1 

showing decreased expression while values >1 show increased expression. 

The relative normalised ratio of protein expression was then used for further data 

and statistical analysis. 
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Averages, standard deviation, and percentage CV values calculated for all technical 

replicates of each target RNR and CV values were used to screen outliers prior to data 

analysis.  

 

6.3.2.8 Western blot data analysis and statistics 

Average technical RNR values for each set of thienopyridine-treated DAUDI biological 

replicates were then used for statistical analysis in GraphPad Prism. Data was 

analysed for normality using the Shapiro-Wilk normality test and then statistics were 

generated using one-way ANOVA and Dunnett’s post hoc test, where all treated 

samples were compared to untreated controls. Significance was expressed as * = 

p≤0.05, ** = p≤0.01 and ***= p≤0.001. 
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6.4 Results 

6.4.1 Effects of novel thienopyridines on regulation of cell cycle progression gene 

transcription via the Mitotic Checkpoint Complex 

RT-qPCR was used to study the effects of novel thienopyridines on the expression of 

mature RNA (mRNA) for genes regulating the transcription of protein components of 

the Mitotic Checkpoint Complex (MCC), a key regulator of cell cycle progression in 

response to incomplete alignment of sister chromosomes on the mitotic spindle 

(McAinsh and Kops, 2023). Cell division cycle 20 (cdc20), mitotic arrest deficient 2 

(Mad2), mitotic arrest deficient 1 (Mad1), Mitotic spindle checkpoint protein BUBR1 

(BubR1) and BUB1 Mitotic Checkpoint Serine/Threonine Kinase (Bub1) are all core 

components of the human MCC, while Aurora kinase B (Aurora B) and Polo-like 

kinase 1 (PLK1) are known mediators of MCC assembly during failed chromosome 

alignment (Izawa and Pines, 2015); Aurora B phosphorylates targets to trigger MCC 

assembly (H. T. Ma and Poon, 2020) a while PLK1 phosphorylates targets to recruit 

phosphatases (e.g., (PP2A)-B56) which trigger the disassembly of the MCC upon 

chromosome alignment (Lara-Gonzalez et al., 2019). 

6.4.1.1 Effects of cyclooctane thienopyridines on cell cycle progression mediated by 

the Mitotic Checkpoint Complex 

By far the largest changes induced by this set of compounds with regards to genes 

involved in the MCC was to the expression of cdc20 (Figure 6-5A). There was a 

general trend of increased expression (found to be statistically significant from non-

thienopyridine treated IgM-stimulated control cells) following all treatments with the 

cyclooctane compounds, mirroring that of the well-established disruptors of spindle 

formation, paclitaxel and nocodazole. Exceptions to this were the compounds 

DJ0021 and DJ0209 that did not induce any statistically significant changes to cdc20. 

As stated in previous chapters, DJ0021 appears an inactive compound as despite its 

cyclooctane ring, it has the addition of a -OMe group which has previously been 

described as a “non-favourable substitution” on the para-position (Feng et al., 2012; 

Arabshahi et al., 2014; Hung et al., 2014). Therefore, the lack of induction of cdc20 

by this compound is not surprising. Additionally, DJ0209 has, in previous chapters 
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shown inactivity at low concentrations, but a small degree of activity at higher 

concentrations. Again, this has been attributed to the non-favourable -Cl group on 

its side chain. Of the cyclooctane compounds DJ0014, DJ0199 and DJ0206 were found 

to be the most potent at inducing cdc20 mRNA levels, inducing +2.774, +2.446 and 

+2.758-fold changes respectively (all p ≤ 0.001 from control).  

When Mad2 mRNA levels were considered, there was a general trend of increased 

expression following treatment with the cyclooctane thienopyridines (Figure 6-5B), 

and again this trend was also seen following paclitaxel and nocodazole treatment. 

However, generally the increased trends observed were not statistically significant, 

and only compound DJ0199 was able to significantly increase Mad2 mRNA compared 

with levels in control cells (+2.111 fold change, P=0.039).  

Analysis of Mad2 (Figure 6-5C), BubR1 (Figure 6-5D), Bub1 (Figure 6-5E), Aurora B 

(Figure 6-5F) and PLK1 (Figure 6-5G) were not significantly affected by treatment with 

any of the compounds (when tested by one-way ANOVA with Dunnett’s post-hoc 

test). However, there was a general trend of increased BubR1 levels following 

treatment with the thienopyridines and this change appeared to be greater than that 

induced by either paclitaxel or nocodazole (Figure 6-5D). In general, in terms of the 

log2 fold changes in gene expression, there was very little to note with regards to 

cyclooctane-induced changes to Mad2, Bub1, Aurora B or PLK1.   
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Figure 6-5 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the Mitotic 
Checkpoint Complex in DAUDI cells following 48 hours of treatment with cyclooctane-ring containing 
thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human f(ab’)2 IgM 
(20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive control n=2. 
Nocodazole positive control n=1. 

Cdc20 (DJ0199 and DJ0206 n=2) (A); Mad2 (DJ0199 and DJ0206 n=2) (B);Mad1 (DJ0014 and DJ0206 
n=2, DJ0199 n=1) (C); BubR1 (DJ0199 and DJ0206 n=2) (D); Bub1 (DJ0014, DJ0199, DJ0206 and DJ0209 
n=2) (E); Aurora B (DJ0014 and DJ0206 n=2, DJ0199 n=1) (F); PLK1 (DJ0014 and DJ0206 n=2, DJ0199 
n=1) (G). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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6.4.1.2 Effects of cycloheptane thienopyridines on cell cycle progression mediated 

by the Mitotic Checkpoint Complex 

Similar to the results observed for the cyclooctane compounds, the largest changes 

induced by the cycloheptane compounds with regards to genes involved in the MCC 

was to the expression of cdc20 (Figure 6-6A); Both DJ0041 and DJ0081 induced 

statistically significant changes in cdc20 (+2.293 and +3.151-fold changes, p ≤ 0.001 

respectively). Again, this mirrored the changes induced by both paclitaxel and 

nocodazole.  Both cycloheptane compounds were also able to induce a statistically 

significant increase in Mad2 mRNA (DJ0041 +1.632 fold change, p=0.016; DJ0081 

+1.621 fold change, p=0.017), and this was greater than the Mad2 changes induced 

by either paclitaxel or nocodazole (Figure 6-6B). Changes to Aurora B mRNA levels 

(Figure 6-6F) were also statistically significant, with DJ0041 and DJ0081 causing 

+2.348 and (p=0.006) and +1.783 fold changes (p=0.038) respectively, while 

paclitaxel and nocodazole did not induce any changes to expression of this gene.  

Regarding the effect of the cycloheptanes on other genes involved the MCC, there 

was a general trend of increased mRNA levels of Mad 1 (Figure 6-6C), BubR1 (Figure 

6-6D), Bub1 (Figure 6-6E) and PLK1 (Figure 6-6G), however, these were only trends 

and were not found to be statistically significant upon one-way ANOVA with 

Dunnett’s post hoc test. 
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Figure 6-6 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the Mitotic 
Checkpoint Complex in DAUDI cells following 48 hours of treatment with cycloheptane-ring containing 
thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human f(ab’)2 IgM 
(20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive control n=2. 
Nocodazole positive control n=1. 

Cdc20 (A); Mad2 (B); Mad1 (C); BubR1 (D); Bub1 (both n=2) (E); Aurora B (both n=2) (F); PLK1 (DJ0081 
n=2) (G). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Chapter 6: Effect of novel thienopyridines on transcription and protein abundance. 

286 
 

6.4.1.3 Effects of cyclohexanone thienopyridines on cell cycle progression mediated 

by the Mitotic Checkpoint Complex 

In line with the results seen for the cyclooctane and the cycloheptane compounds, 

treatment with the cyclohexanone compounds induced significant changes in the 

mRNA expression levels of cdc20 (Figure 6-7A), with DJ0097 and DJ0171 causing 

+3.338 and +2.527 fold changes respectively (both p≤0.001). Again, this mirrored the 

changes observed following paclitaxel and nocodazole treatment. DJ0109 also 

appeared to induce cdc20 mRNA levels (+1.484 fold change), however, this change 

was not statistically significant.  

Mad2 expression levels were also generally increased by treatment with the 

cyclohexanone compounds (Figure 6-7B), reflecting those changes seen following 

cyclooctane and cycloheptane treatments; All three compounds appeared to show 

stimulatory effects on this gene, but only the changes following treatment with 

DJ0097 and DJ0109 (+1.908 fold change, p=0.016 and +1.766 fold change, p=0.03 

respectively) were statistically significant. 

All three compounds induced significant increases in BubR1 (Figure 6-7D) with +1.685 

+1.662 and +2.001 fold changes observed following DJ0097, DJ0109 and DJ0171 

treatment (p=0.02, p=0.026 and p=0.008) and these changes were greater than those 

induced by paclitaxel or nocodazole. 

Again, trend of small increases were seen when studying the effects of these 

compounds on PLK1 (Figure 6-7F), but only compound DJ0171 was able to increase 

mRNA levels significantly (+2.262 fold change, p=0.049).  

There was nothing significant regarding changes to Mad1 (Figure 6-7C), Bub1 (Figure 

6-7E or Aurora B (Figure 6-7F). However, of note, DJ0097 showed a trend of inhibiting 

the mRNA levels of all three of these genes, while the other two cyclohexanones 

DJ0171 and DJ0109 appeared to stimulate the genes.  
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Figure 6-7 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the Mitotic 
Checkpoint Complex in DAUDI cells following 48 hours of treatment with cyclohexanone-ring 
containing thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human 
f(ab’)2 IgM (20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive 
control n=2. Nocodazole positive control n=1. 

Cdc20 (A); Mad2 (DJ0171 n=2) (B); Mad1 (DJ0171 n=2) (C); BubR1 (DJ0171 n=2) (D); Bub1 (DJ0109, 
and DJ0171 n=2) (E); Aurora B (DJ0171 n=2) (F); PLK1 (DJ0171 n=2) (G). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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6.4.2 Effects of thienopyridine compounds on gene mediators of the G2/M cell 

cycle checkpoint 

Following progression from S-phase to G2 phase of the cell cycle, the G2/M 

checkpoint is a key waypoint prior to the cell committing to mitosis, during which the 

various regulators of the cell cycle ensure conditions in the cell are favourable for cell 

division. Progression of the cell cycle is regulated by fluctuating levels of cyclin 

proteins and their cofactors the cyclin dependent kinases (CDKs), with cyclins rapidly 

synthesised and degraded (via ubiquitination) during specific phases of the cell cycle 

(Greil et al., 2022). The essential mediators of progression through the G2/M 

checkpoint are Cyclin B1 and cyclin dependent kinase 1 (CDK1 aka cdc2 ‘cell division 

cycle 2’ in yeast), also known as the Mitosis Promoting Factor (MPF) (Kishimoto, 

2015). When conditions are favourable for cell division (e.g., the conditions of the 

Spindle Assembly Checkpoint are met, chromosomes are correctly aligned on the 

cytoskeletal spindle fibres and the Mitotic Checkpoint Complex has been inactivated) 

the inhibitory effects of the Cyclin B1-CDK1 complex on substrates involved with 

chromosome alignment is removed to allow separation of sister chromatids (the 

protease separase is released from its inhibitor securin and acts on cohesion to allow 

separation of centromeres at anaphase) (Lara-Gonzalez et al., 2019; McAinsh and 

Kops, 2023) prior to the ubiquitination of Cyclin B1 by the Anaphase Promoting 

Complex/Cyclosome (APC/C). 

Chk1, p53 and its downstream effector p21 are all negative regulators of cell cycle 

progression, acting as response elements to DNA damage and the Ataxia-

telangiectasia-mutated (ATM)/ataxia telangiectasia and Rad3-related (ATR) proteins 

in cellular DNA damage response (Roos and Kaina, 2013). When DNA damage is 

detected, ATM/ATR activate Chk1 which in turn phosphorylates and inhibits cdc25C 

(a key activating phosphatase of CDK1 in the MPF complex); as well as activating p53 

and p21 which also directly inhibit MPF (via inhibition of the activating 

phosphorylation of CDK1 at Thr161) until DNA damage has been corrected 

(Lemonnier et al., 2020).  
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PLK1, Aurora B and CDK1 phosphorylation of spindle assembly targets is 

counteracted by phosphatases, including PP2A and Shugoshin when conditions for 

cell cycle progression and the SAC are met at anaphase (Konecna et al., 2023). 

6.4.2.1 Effects of cyclooctane thienopyridines on cell cycle progression mediated by 

the G2/M Checkpoint 

Of the supposed ‘active’ compounds in this group, DJ0014, DJ0199 and DJ0206, all 

showed a general trend of upregulating Cyclin B1 mRNA levels (Figure 6-8A). This was 

in line with the effects of paclitaxel and nocodazole. Again, due to the “non-

favourable” chemical groups on compounds DJ0021 and DJ0209, no change in Cyclin 

B1 was observed. The most interesting results when considering genes of the G2/M 

checkpoint concern the mirrored results seen when collectively observing Cyclin B1 

and CDK1 mRNA levels; As cyclin B1 levels have increased following cyclooctane 

compound (and paclitaxel/nocodazole treatment), levels of the mRNA for its binding 

partner CDK1 have decreased (Figure 6-8B); Indeed, statistical analysis revealed 

significant decreases in CDK1 were following treatment with DJ0014 (-0.600 fold 

change, p=0.035) and DJ0206 (-0.486 fold change, p=0.008), and also Paclitaxel (-

0.411 fold change, p=0.002) and nocodazole (-0.411 fold change, p=0.001). The 

reduction shown by DJ0206 was comparable to the reduction exhibited by the two 

known tubulin disrupters and was the most effective, in terms of low CDK1 

expression, of any of the thienopyridines tested. 

When p21 expression levels were considered, only nocodazole was found to exert 

any effects, with a significant increase observed following treatment (+2.828 fold 

change, p=0.037) (Figure 6-8E). Although non-significant, generally the data trend 

was of increased p21 levels following treatment with the cyclooctanes. No notable 

changes were observed in mRNA levels of Chk1 (Figure 6-8C), p53 (Figure 6-8D) with 

any of the treatments tested. 
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Figure 6-8 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the G2/M 
Checkpoint in DAUDI cells following 48 hours of treatment with cyclooctane-ring containing 
thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human f(ab’)2 IgM 
(20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive control n=2. 
Nocodazole positive control n=1. 

Chk1 (A); Cyclin B1 (DJ0199 and DJ0206 n=2) (B); CDK1 (DJ0021, DJ0199 and DJ0206 n=2) (C); p53 
(DJ0014, DJ0021, DJ0199 and DJ0206 n=2) (D); p21 (DJ0021, DJ0199 and DJ0206 n=2) (E). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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6.4.2.2 Effects of cycloheptane thienopyridines on cell cycle progression mediated 

by the G2/M Checkpoint 

 

In line with the results observed for the cyclooctane compounds, Cyclin B mRNA 

levels were shown to be upregulated following treatment with the cycloheptane 

compounds DJ0041 and DJ0081 (Figure 6-9B), while mRNA levels of Cyclin B1’s 

binding partner CDK1, were reduced; DJ0041 and DJ0081 caused -0.664 (p=0.05) and 

-0.528 (p=0.006) fold changes in gene expression (Figure 6-9C). Neither of the 

cycloheptane compounds exerted significant effects on the levels of Chk1 (Figure 

6-9A. Neither of the cycloheptanes exerted significant effects on either Chk1 (Figure 

6-9A) or p53 (Figure 6-9D), but significant changes in p21 mRNA levels were observed 

following treatment with DJ0041 (+2.576 fold change, p=0.007) which is the largest 

increase in p21 expression induced by any of the thienopyridines tested, as well as 

being comparable to the induction seen following nocodazole treatment (+2.828 fold 

change) (Figure 6-9E).  
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Figure 6-9 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the G2/M 
Checkpoint in DAUDI cells following 48 hours of treatment with cycloheptane-ring containing 
thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human f(ab’)2 IgM 
(20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive control n=2. 
Nocodazole positive control n=1. 

Chk1 (DJ0041 n=2) (A); Cyclin B1 (B); CDK1 (C); p53 (DJ0041 n=2) (D); p21 (DJ0041 n=2) (E). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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6.4.2.3 Effects of cyclohexanone thienopyridines on cell cycle progression mediated 

by the G2/M Checkpoint 

The ‘active’ cyclohexanone compounds tested (DJ0109’s unfavourable -oMe 

substitution rendering it inactive) significantly induced Cyclin B1 mRNA to levels 

similar to those seen following paclitaxel or nocodazole treatment (Figure 6-10A). 

Indeed, DJ0097 induced a +1.506 fold change (p=0.024), while DJ0171 induced a 

+1.700 fold change (p=0.01), compared with fold changes of +1.467 and +1.947 for 

paclitaxel and nocodazole respectively. Again, mRNA levels of Cyclin B1’s binding 

partner CDK1 were significantly reduced following treatments; DJ0097 caused               

a -0.577 fold change reduction (p=0.003), while DJ0171 caused a -0.725 fold change 

reduction (although this was non-significant). Again, these reductions followed the 

pattern seen following treatment with paclitaxel or nocodazole (Figure 6-10B).  

There was nothing noteworthy in terms of effects of these cyclohexanones on the 

mRNA expression levels of Chk1 (Figure 6-10C), p53 (Figure 6-10D) or p21 (Figure 

6-10E). However, despite the statistical insignificance of the data, looking at the 

general trend, the two active compounds do seem to show opposing effects; As the 

mRNA of a specific gene is reduced by one of the compounds, it appears to be 

increased by the other compound, and vice versa (Figure 6-10C-E).  
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Figure 6-10 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the G2/M 
Checkpoint in DAUDI cells following 48 hours of treatment with cyclohexanone-ring containing 
thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human f(ab’)2 IgM 
(20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive control n=2. 
Nocodazole positive control n=1. 

Chk1 (DJ0171 n=2) (A); Cyclin B1 (DJ0171 n=2) (B); CDK1 (DJ0171 n=2) (C); p53 (DJ0097 and DJ0171 
n=2) (D); p21 (DJ0097 n=2) (E). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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6.4.3 Effects of thienopyridines on genes regulating mediators of cell cycle 

progression at the Spindle Assembly Checkpoint 

Just as the Mitotic Checkpoint Complex and the Mitosis Promoting Factor are key 

regulators of cell cycle progression at the point of spindle assembly and chromosome 

alignment during metaphase, there are numerous co-factors, kinases and 

phosphatases, which dynamically respond to and fine tune the signalling complexes 

of each checkpoint prior to commitment to anaphase and cell division. 

Protein Phosphatase 1 (PP1) is a key moderator of the SAC and, in conjunction with 

completed microtubule attachment to the kinetochores, is essential in silencing the 

SAC and cell transition to anaphase and sister chromatid separation (Rosenberg et 

al., 2011), where it effectively acts as a counterbalance to the pro-SAC kinase activity 

of Aurora B (Meadows et al., 2011). 

Protein Phosphatase 2 ((PP2A)-B56) is another essential phosphatase to the 

chromosome kinetochore attachment and stabilisation and like PP1 it counteracts 

Aurora B and Plk1 activity, both of which are upregulated at the site of unattached 

chromosomes (Foley et al., 2011). 

The NIMA (Never-in-mitosis Aspergillus)-related kinases (NEKs) have a variety of roles 

in mitotic progress, with Nek2 implicated in the SAC via regulation of the centrosome 

(and is itself a target of the APC/C for degradation post-anaphase) while Nek7 is also 

involved in mitotic progression in complex with Nek9 and Nek6 (Malumbres and 

Barbacid, 2007). The assembly of this complex is regulated by phosphorylation of 

Nek9 by Plk1, which demonstrates the multifactorial role that the polo-like kinases 

play throughout mitosis (Fry et al., 2017). Generally, NEKs are associated with 

microtubule arrangement, with Nek2 functions being essential to centrosome 

separation at mitosis (Fry et al., 2017). 

Polo-like kinases (Plk) have roles in DNA damage checkpoint response (PLK2), with 

PLK2 being a target of p53 at the G2 checkpoint while PLK4 appears to have a role in 

centrosome separation (Malumbres and Barbacid, 2007). 
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Cell division cycle 25C (cdc25C) is a phosphatase which removes the inhibitory 

phosphorylation of CDK1, therefore activating the MPF and promoting progression 

through the G2/M checkpoint (Lemonnier et al., 2020). Cdc25C is itself a target of 

Chk1 and downstream of the DNA damage checkpoint, with Chk1 phosphorylating 

cdc25C at serine 216 residue leading to its sequestering in the cytoplasm and 

prevents dephosphorylation of CDK1 (Lemonnier et al., 2020). 

TRIP13 is a key inactivator of the MCC, which in conjunction with its cofactor p31comet, 

converts Mad2 from a closed (active) to an open (inactive) state, preventing Mad2 

binding to cdc20 and the assembly of the MCC at the SAC (Musacchio and Salmon, 

2007; H. T. Ma and Poon, 2016). 

 

6.4.3.1 Effects of cyclooctane thienopyridines on cell cycle progression mediated by 

the Spindle Assembly Checkpoint 

 

None of the cyclooctane compounds tested induced significant changes in the 

expression levels of PP1G (Figure 6-11A). Neither paclitaxel nor nocodazole effected 

mRNA levels of this gene. Trend-wise, there appeared to be a slight decrease in 

expression levels following treatment with DJ0199, DJ0206 and DJ0209, and in 

comparison mRNA levels were slightly elevated following treatment with DJ0014 and 

DJ0021, but these changes were negligible.  

 

The gene expression of phosphatase (PP2A)-B56 was significantly increased following 

treatment with DJ0014 (+1.658 fold change, p=0.02) and DJ0021 (+1.640 fold change, 

p=0.022) treated cells (Figure 6-11B), while it was also non-significantly increased 

following treatment with DJ0199 (+1.255 fold change). All increases appeared to be 

at a greater magnitude than those seen following paclitaxel (+1.132 fold change). 

This finding was surprising given the non-favourable -OMe group on the DJ0021 

molecule. Indeed, the previously mentioned -Cl group on compound DJ0209 appears 

to have compromised its ability to exert any effects on any of the genes tested in 
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Figure 6-11.  Nocodazole positive control treated DAUDI cells showed a non-

significant reduction of approximately 57 % of the mRNA transcript level seen in 

untreated controls (-0.576 fold change). 

No notable changes were observed in the mRNA levels of TRIP13 following treatment 

with any of the cyclooctanes or the “positive controls” (Figure 6-11C) and this was 

also the case when considering the expression levels of cdc25C ( 

 

Figure 6-11D). However, analysis of PLK2 transcripts following cyclooctane 

treatments revealed significant differences. The general trend for relative gene 

expression of PLK2 was for increased expression, with all compounds showing at least 

a doubling of mRNA transcripts compared to untreated controls (Figure 6-11E). 

Paclitaxel and Nocodazole also suggested positive effects on the expression of this 

gene. It should be noted that use of the one-way ANOVA may be masking the 

significance of each individual thienopyridine compound due to the inclusion of 

Nocodazole in the comparison. 

There were again non-significant changes seen in PLK4 expression, with compounds 

DJ0014, DJ0021, DJ0199 and DJ0209 all showing increases (Figure 6-11F fold changes, 

+1.168; +1.393; +1.224; and +1.203 respectively), while DJ0206 showed a decrease (-

0.972 fold change) with decreases also seen for Paclitaxel and Nocodazole (-0.564; 

and -0.850 fold changes respectively). 
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Figure 6-11 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the Spindle 
Assembly Checkpoint in DAUDI cells following 48 hours of treatment with cyclooctane-ring containing 
thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human f(ab’)2 IgM 
(20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive control n=2. 
Nocodazole positive control n=1. 

PP1G (DJ0014, DJ0199 and DJ0206 n=2) (A); (PP2A)-B56 (DJ0199 and DJ0206 n=2) (B); TRIP13 (Control 
n=1, DJ0014, DJ0199 and DJ0206 n=2) (C); cdc25C (Control, DJ0199 and DJ0206 n=2) (D); PLK2 (DJ0014, 
DJ0199 and DJ0206 n=2) (E); PLK4 (DJ0014, DJ0206 n=2, DJ0199 n=1) (F). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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6.4.3.2 Effects of cycloheptane thienopyridines on cell cycle progression mediated 

by the Spindle Assembly Checkpoint 

 

For the cycloheptane-ring containing thienopyridine compounds, neither DJ0041 nor 

DJ0081 showed any real change compared to untreated controls for any of the SAC-

related genes tested (Figure 6-12). However, a significant increase in mRNA 

transcripts was seen for both polo-like kinase genes; DJ0041 (+4.912 fold change, 

p=0.008) (Figure 6-12E) and DJ0081 (+3.915 fold change, p=0.011) induced significant 

increases, with both compounds exceeding the expression seen following paclitaxel 

treated cells but at a lower induction level than that resulting from nocodazole 

treatment. Interestingly, although paclitaxel and nocodazole appeared to decrease 

the levels of PLK4 (Figure 6-12F), both DJ0041 (+2.359 fold change, p=0.007) and 

DJ0081 (+1.788 fold change, p=0.041) showed statistically significant positive effects 

on transcript levels.  

. 
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Figure 6-12 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the Spindle 
Assembly Checkpoint in DAUDI cells following 48 hours of treatment with cycloheptane-ring containing 
thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human f(ab’)2 IgM 
(20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive control n=2. 
Nocodazole positive control n=1. 

PP1G (A); (PP2A)-B56 (B); TRIP13 (Control n=1, DJ0081 n=2) (C); cdc25C (Control n=2) (D); PLK2 (DJ0041 
n=2) (E); PLK4 (DJ0041 and DJ0081 n=2) (F). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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6.4.3.3 Effects of cyclohexanone thienopyridines on cell cycle progression mediated 

by the Spindle Assembly Checkpoint 

 

As with the other thienopyridines, members of the cyclohexanone group did not 

appear to significantly affect expression levels of the key genes involved in mediating 

cell cycle progression via the SAC; Levels of Phosphatase PP1G (Figure 6-13A), (PP2A)-

B56 (Figure 6-13B), cdc25C (Figure 6-13D) and PLK4 (Figure 6-13E) remained 

unaffected, and even when considering the general data trend regarding non-

significant positive or negative effects, there were mixed results across the 

cyclohexanone group. Of note, there were some significant changes to TRIP13 

(p=0.038) (Figure 6-13C) PLK2 (p=0.029) (Figure 6-13E) following treatment with 

DJ0097, with this compound appearing to inhibit TRIP13 mRNA levels below the 

levels seen in paclitaxel-treated cells, while stimulating PLK2 levels. 
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Figure 6-13 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the Spindle 
Assembly Checkpoint in DAUDI cells following 48 hours of treatment with cyclohexanone-ring 
containing thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human 
f(ab’)2 IgM (20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive 
control n=2. Nocodazole positive control n=1. 

PP1G (DJ0109 and DJ0171 n=2) (A); (PP2A)-B56 (B); TRIP13 (Control n=1, all n=2) (C); cdc25C (Control 
n=2) (D); PLK2 (DJ0171 n=2) (E); PLK4 (DJ0109 and DJ0171 n=2) (F). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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6.4.4 Effects of novel thienopyridines on components of the B cell receptor 

signalling cascade gene transcription 

The B cell antigen receptor and its associated intracellular signalling cascade is 

essential to the role of B cells in the adaptive immune response to pathogens is 

discussed in section 6.1.1.1 with both Bruton’s Kinase (Btk) and Phospholipase C 

gamma 2 (PLCG2) key mechanisms for signal expansion and cell proliferative 

signalling. 

The PI3K-Akt1 signalling pathway is a key mediator of cell proliferative signals, with 

the serine/threonine kinase Akt targeting and phosphorylating BCL-2 superfamily 

members to produce a net anti-apoptotic effect (via sequestering of pro-apoptotic 

factors which in turn releases anti-apoptotic BCL-2 factors) (Courtney et al., 2010). 

6.4.4.1 Effects of cyclooctane thienopyridines on B cell receptor signalling 

 

Similar to the genes tested in the previous section, genes concerning BCR signalling 

appear unaffected by treatment with cyclooctane thienopyridines, with no 

significant changes noted across any of the genes tested (BTK, PLCG2 or ATK1) 

following treatment. Regarding general data trends, there were also inconsistent 

patterns within this thienopyridine groups; DJ0014, DJ0199 and DJ0206 appeared to 

exert slight decreases in BTK, comparable to the decrease seen in nocodazole- 

treated DAUDI cells, while DJ0021 and DJ0209 showed marginal increases in 

expression. Compounds DJ0014, DJ0199, DJ0206 and DJ0209 all suggested that they 

might have positive effects on PLCG2 transcripts, which were larger than the 

magnitude seen for Nocodazole treated cells (Figure 6-14B), while DJ0021 suggested 

a negative impact on this gene which was smaller than the negative effect seen by 

Paclitaxel treated cells. Generally, data trends seemed to suggest negative regulation 

of Akt1 (Figure 6-14C), with only DJ0014 and DJ0021 suggesting positive effects on 

this gene. In summary though, this class of thienopyridines did not seem to be 

exerting their effects via modulation of genes involved in immediate BCR signalling. 

Akin to Btk and PLCG2, Akt1 only displayed minor variations in gene transcription in 

comparison to untreated DAUDI controls for thienopyridine treated cells from this 
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group of compounds (Figure 6-14C). Both DJ0014 and DJ0021 showed non-

significant increase expression (+1.194 and +1.445 respective fold change) while 

DJ0199, DJ0206, DJ0209 and both positive controls all showed a decrease in 

expression (fold changes: -0.868; -0.883; -0.852; Paclitaxel -0.755; Nocodazole -

0.950). 

 

 

  



Chapter 6: Effect of novel thienopyridines on transcription and protein abundance.

312

Figure 6-14 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the B cell 
receptor signalling cascade in DAUDI cells following 48 hours of treatment with cyclooctane-ring 
containing thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human 
f(ab’)2 IgM (20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive 
control n=2. Nocodazole positive control n=1.

Btk (DJ0199 and DJ0206 n=2) (A); PLCG2 (all treated n=2) (B); Akt1 (DJ0014 and DJ0206 n=2, DJ0199 
n=1) (C).

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01
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6.4.4.2 Effects of cycloheptane thienopyridines on B cell receptor signalling 

 

Non-significant changes to B cell receptor signalling gene transcripts were also seen 

for the cycloheptane ring containing thienopyridines. 

Compound DJ0041 showed a marginal increase in BTK mRNA transcripts (+1.166 fold 

change) while DJ0081 showed an equally marginal decrease (-0.939 fold change) 

(Figure 6-15A). 

 

Both cycloheptane thienopyridines showed almost equivalent PLCG2 gene 

expression to that shown in IgM stimulated, untreated DAUDI cells (DJ0041 -0.998; 

DJ0081 +1.002 fold changes) (Figure 6-15B). 

Further minor, non-significant changes were seen in the transcription of Akt1, with 

both DJ0041 and DJ0081 showing slight increase in expression (+1.418 and +1.101 

fold changes respectively) (Figure 6-15C). 
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Figure 6-15 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the B cell 
receptor signalling cascade in DAUDI cells following 48 hours of treatment with cycloheptane-ring 
containing thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human 
f(ab’)2 IgM (20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive 
control n=2. Nocodazole positive control n=1.

Btk (DJ0041 n=2) (A); PLCG2 (DJ0041 n=2) (B); Akt1 (DJ0041 and DJ0081 n=2) (C).

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01
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6.4.4.3 Effects of cyclohexanone thienopyridines on B cell receptor signalling 

 

Of the three cyclohexanone-substituted family of thienopyridine compounds, DJ0097 

was shown to decrease the mRNA transcript levels of Btk (-0.847 fold change) while 

DJ0109 (+1.114 fold change) and DJ0171 (+1.255 fold change, p=0.047) showed an 

increased expression, with the latter reaching statistical significance (Figure 6-16A).  

 

A similar pattern of effects, albeit non-significant in nature, were observed for PLCG2 

gene expression. DJ0097 again showed a non-significant decrease in mRNA 

transcripts (-0.771 fold change), DJ0109 showed equivalent transcription to the 

untreated DAUDI controls (+1.024 fold change), and DJ0171 showed a non-significant 

increase (+1.500 fold change) (Figure 6-16B). 

 

This pattern of gene expression was continued for expression of Akt1, with DJ0097 

again showing a non-significant decreased relative gene expression (-0.591 fold 

change), indeed the lowest of any of the ten thienopyridines included in this study 

and demonstrating a larger decrease than that seen for Paclitaxel controls (-0.755 

fold change) (Figure 6-16C). Both compounds DJ0109 and DJ0171 showed non-

significant increased Akt1 expression (+1.226 and +1.206 fold change respectively). 
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Figure 6-16 Multi-normalised relative gene expression in comparison to reference genes (TBP, PPIA, 
RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of the B cell 
receptor signalling cascade in DAUDI cells following 48 hours of treatment with cyclohexanone-ring 
containing thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-human 
f(ab’)2 IgM (20 μg/mL). Data represents n=3 biological replicates (unless indicated). Paclitaxel positive 
control n=2. Nocodazole positive control n=1.

Btk (DJ0171 n=2) (A); PLCG2 (DJ0097, DJ0109 and DJ0171 n=2) (B); Akt1 (DJ0097, DJ0109 and DJ0171 
n=2) (C).

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01
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6.4.5 Effects of novel thienopyridines on G2/M Checkpoint/SAC proteins and their 

post-translational modifications 

The dynamic post-translational modification of the Mitosis Promoting Factor (CDK1-

Cyclin B1) at the G2/M checkpoint during the DNA damage response, particularly 

Wee1 inhibitory phosphorylation of CDK1 at tyrosine-15, can be used as a key marker 

for activation of this pathway of cell cycle inhibition (see Figure 6-2). Uninhibited 

CDK1 would indicate that cell cycle arrest is likely not the result of DDR activation. 

As shown in Figure 6-3, the multitude of kinases, phosphatases and targets for 

degradation by the proteosome (via APC/C in complex with cdc20 or Cdh1) can also 

provide information on the status of the Spindle Assembly Checkpoint at the point of 

cell cycle arrest, where elevated levels Cyclin B1 are indicative of active SAC via 

protection of Cyclin B1 degradation via MCC inhibition of APC/Ccdc20 formation. 

investigating the levels of translated proteins in cells treated with novel 

thienopyridines is essential to understanding their effects, and whether any changes 

in gene transcription are representative of changes observed in the proteome. 

 

6.4.5.1 Western blot results for G2/M checkpoint/SAC proteins in cyclooctane 

thienopyridine-treated DAUDI cells  

 

The expression of pan-CDK1 protein levels, normalised to total protein of each lane 

on the western blot, were equivalent across all cyclooctane-ring thienopyridines 

(Figure 6-17A) with Paclitaxel and Nocodazole controls showing non-significant 

reductions in CDK1 protein with respective -0.498 and -0.341 fold change compared 

to untreated IgM stimulated DAUDI cells. 

The levels of CDK1 shown to be phosphorylated at the Tyrosine 15 inhibitory 

regulation site (a marker of G2/M checkpoint activation) with expression normalised 

to the levels of pan-CDK1, was non-significantly reduced for compounds DJ0014 (-

0.557 fold change), DJ0199 (-0.560 fold change), DJ0206 (-0.592 fold change) and 

DJ0209 (-0.520 fold change) which showed similar effects to the positive controls 



Chapter 6: Effect of novel thienopyridines on transcription and protein abundance. 

318 
 

(fold change: Paclitaxel -0.415; Nocodazole -0.267) (Figure 6-17B). Compound 

DJ0021 is the only thienopyridine from this group to demonstrate an increased 

phospho-CDK1 (Tyr15) expression (+1.308 fold change)  

Cyclin B1, the MPF cofactor and regulatory cyclin partner of CDK1 was demonstrated 

to have increased expression for all thienopyridine treatments. The biggest increase 

in expression was seen for DAUDI cells treated with DJ0199 (+7.654 fold change, 

p=0.0043), followed by DJ0206 which showed a non-significant increased relative 

expression of +5.282 (Figure 6-17D). Non-significant increases were also seen for 

DAUDI cells treated with DJ0014 (+1.934 relative expression), DJ0021 (+1.696 fold 

change), and DJ0209 (+1.856 fold change), while Paclitaxel (-0.353 fold change) and 

Nocodazole (-0.610 fold change) saw non-significant decreases in Cyclin B1 protein 

levels (Figure 6-17D).  

As Cyclin B1 is rapidly degraded upon a cell progressing through the Spindle Assembly 

checkpoint at anaphase by APC/Ccdc20, elevated levels of protein between double and 

seven times the expression seen in untreated IgM Control DAUDI cells suggests, as 

detailed in the preceding chapters, cells are being held at the SAC rather than the 

preceding G2/M checkpoint. 

 

The cellular protein levels of the phosphatase cdc25C was also seen to be reduced in 

all thienopyridine treatments and positive controls, apart from DJ0209 where there 

was significantly increased relative expression of +1.749 (Figure 6-17F). While DJ0014 

showed a non-significant decrease (-0.771 fold change), DJ0021 (-0.439 fold change, 

p=0.004), DJ0199 (-0.501 fold change, p=0.034) and DJ0206 (-0.566 fold change, 

p=0.029) all showed significant decreased cdc25C, albeit not to highly significant 

reductions seen in Paclitaxel (-0.118 fold change, p<0.001) and Nocodazole (-0.086 

fold change, p<0.001) (Figure 6-17F). 

Reduced levels of cdc25C, a key activator of the MPF via dephosphorylation of CDK1 

at Tyrosine 15, would further indicate that conditions in the cells are shifted towards 
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a phenotype of suspended progression to mitosis, however more replicates of this 

assay need to be completed to make a firm conclusion based on this data.  
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Figure 6-17 Western blotting results for important regulators of the cell cycle following DAUDI cell 
treatment cyclooctane-ring containing thienopyridines DJ0014, DJ0021, DJ0199, DJ0206 and DJ0209. 
Pan-CDK1 (A), phospho-CDK1 (Tyr15) (B) and representative blot images (C) show data for n=3 
biological replicates with a minimum of n=2 technical replicates on each blot (DJ0199 n=2 biological 
replicates). Cyclin B1 (D) and representative blot images (E) show data for n=4 biological replicates 
with a minimum of n=2 technical replicates on each blot. cdc25C (F) and representative blot images(G) 
show data for n=1 biological replicate and a minimum of n=2 technical replicates. IgM negative, 
paclitaxel and nocodazole controls show a minimum of n=1 replicates on each blot.  

DAUDI Lysates: Ctrl: IgM positive control; IgM Neg: IgM Negative, unstimulated untreated control; 
MW: molecular weight ladder; Noc: nocodazole-treated; Pac: Paclitaxel-treated. Error bars represent 
SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01  
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6.4.5.2 Western blot results for G2/M checkpoint proteins in cycloheptane 

thienopyridine-treated DAUDI cells  

Pan-CDK1 protein expression levels, normalised to the total protein loaded to each 

lane of the western blot, were similarly equivalent to the untreated IgM stimulated 

DAUDI controls for the cycloheptane treated DAUDI cell lysates (Figure 6-18A), while 

at an mRNA transcription level CDK1 was reduced (Figure 6-9C). The phospho-CDK1 

(Tyr15) were shown to be reduced for DJ0041 (-0.812 fold change) and significantly 

reduced for DJ0081 (-0.469 fold change, p=0.0087), Paclitaxel (-0.431, p=0.0056) and 

Nocodazole (-0.286, p=0.0011), which is a similar pattern of results as the 

cyclooctane thienopyridines in the previous section. 

Both cycloheptane thienopyridine also showed increased Cyclin B1 protein levels 

relative to untreated DAUDI controls, with the DJ0041 (+1.573 fold change) and 

DJ0081 increase (+2.907 fold change, p=0.0255) (Figure 6-18D) also reflective of the 

mRNA expression levels as assessed by RT-qPCR (Figure 6-9B), and suggestive of cells 

maintained at pre-anaphase of the cell cycle. 

The protein expression of cdc25C was observed to be reduced for both DJ0041 (-

0.081 fold change) and DJ0081(-0.332 fold change), as well as for Paclitaxel and 

Nocodazole(-0.161 and -0.124 fold change respectively) however the low replicate 

number of this assay restricts making firm conclusions regarding this (Figure 6-18F). 

  



Chapter 6: Effect of novel thienopyridines on transcription and protein abundance.

323



Chapter 6: Effect of novel thienopyridines on transcription and protein abundance. 

324 
 

Figure 6-18 Western blotting results for important regulators of the cell cycle following DAUDI cell 
treatment with cycloheptane-ring containing thienopyridines DJ0041 and DJ0081. Pan-CDK1 (A), 
phospho-CDK1 (Tyr15) (B) and representative blot images (C) show data for n=3 biological replicates 
with a minimum of n=2 technical replicates on each blot. Cyclin B1 (D) and representative blot images 
(E) show data for n=4 biological replicates with a minimum of n=2 technical replicates on each blot. 
cdc25C (F) and representative blot images(G) show data for n=1 biological replicate and a minimum 
of n=2 technical replicates. IgM negative, paclitaxel and nocodazole controls show a minimum of n=1 
replicates on each blot.  

DAUDI Lysates: Ctrl: IgM positive control; IgM Neg: IgM Negative, unstimulated untreated control; 
MW: molecular weight ladder; Noc: nocodazole-treated; Pac: Paclitaxel-treated. Error bars represent 
SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01  
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6.4.5.3 Western blot results for G2/M checkpoint proteins in cyclohexanone 

thienopyridine-treated DAUDI cells  

Levels of pan-CDK1 protein were broadly similar for cyclohexanone treated to the 

expression seen in untreated DAUDI controls, and the other groupings of 

thienopyridine-treated cells lysates (Figure 6-19A). 

Compound DJ0109 showed almost equivalent levels of phospho-CDK1 (Tyr15) as was 

seen in untreated controls (+1.025 fold change) (Figure 6-19B), whereas compounds 

DJ0097 (-0.727 fold change) and DJ0171 (-0.740 fold change) both showed non-

significant reductions in phosphorylation. Reduced expression of CDK1 mRNA was 

seen for both DJ0097 and DJ0171 at RT-qPCR, while DJ0109 showed a slight increase 

in transcripts (Figure 6-10C) which suggests that CDK1 protein levels are being 

maintained in response to reduced gene expression. 

Cyclin B1 protein levels are also non-significantly increase for all three of the 

cyclohexanone thienopyridines between two and five times the expression seen in 

untreated DAUDI controls (Figure 6-19D). The relative normalised ratios of Cyclin B1 

were +3.270 for DJ0097, +2.017 for DJ0109 and +5.247 for DJ0171 and while these 

were non-significant, it again suggests that Cyclin B1 is being maintained following 

thienopyridine treatment and prevented from degradation, in comparison to 

untreated DAUDI control cells (Figure 6-19D). 

For cdc25C, both DJ0097 (-0.216 fold change, p=0.0083) and DJ0171 (-0.143 fold 

change, p=0.0051) treated DAUDI cells showed significantly reduced expression 

compared to untread controls, while expression in DJ0109 only slightly increased 

compared to untreated controls (+1.134 fold change) (Figure 6-19F).  

  



Chapter 6: Effect of novel thienopyridines on transcription and protein abundance.

326



Chapter 6: Effect of novel thienopyridines on transcription and protein abundance. 

327 
 

Figure 6-19 Western blotting results for important regulators of the cell cycle following DAUDI cell 
treatment with cyclohexanone-ring containing thienopyridines DJ0097, DJ0109, DJ0171. Pan-CDK1 (A), 
phospho-CDK1 (Tyr15) (B) and representative blot images (C) show data for n=3 biological replicates 
(DJ0171 and DJ0109 n=2 biological replicates) with a minimum of n=2 technical replicates on each blot. 
Cyclin B1 (D) and representative blot images (E) show data for n=4 biological replicates with a 
minimum of n=2 technical replicates on each blot. cdc25C (F) and representative blot images(G) show 
data for n=1 biological replicate and a minimum of n=2 technical replicates. IgM negative, paclitaxel 
and nocodazole controls show a minimum of n=1 replicates on each blot.  

DAUDI Lysates: Ctrl: IgM positive control; IgM Neg: IgM Negative, unstimulated untreated control; 
MW: molecular weight ladder; Noc: nocodazole-treated; Pac: Paclitaxel-treated. Error bars represent 
SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01  
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6.4.6 Effects of novel thienopyridine on B-cell receptor signalling proteins and 

their post-translational modifications 

Stimulation of the B cell receptor (BCR) should initiate activation of its intracellular 

signalling cascade. This can be mimicked in vitro via stimulation of the BCR with IgM 

and activation of signalling can be monitored by the phosphorylated state of 

signalling molecules downstream of the cytoplasmic tail of the receptor. Key 

propagators of BCR activation include Bruton’s kinase (Btk) and Phospholipase C 

gamma 2 (PLCG2), with two key activating phosphorylation events occurring at 

Tyrosine 223 in Btk and Tyrosine 759 in PLCG2. Investigation of the activation of these 

Btk and PLCG2 in thienopyridine-treated cells, when comparison to IgM stimulated 

untreated DAUDI controls, will help to identify whether the effects of any active 

thienopyridines are chemically interfering with this signalling cascade at the cell 

surface, or whether the effects are occurring downstream of the activation of these 

signalling molecules. 

6.4.6.1 Western blot results for cyclooctane thienopyridine-treated DAUDI cells on 

B-cell receptor signalling 

The protein expression of both pan-Btk and pan-PLCG2, normalised to the total 

protein loaded to each well of the western blots, was broadly similar to that shown 

in untreated controls (Figure 6-20A and D). The phosphorylation levels of Btk at 

Tyrosine 233 (Figure 6-20B) and PLCG2 at Tyrosine 759 (Figure 6-20D) were also 

generally equivalent to those seen in untreated IgM stimulated DAUDI controls. 

There were slight, non-significant decreases in p-PLCG2 expression observed for 

DJ0014 (-0.773 fold change), DJ0199 (-0.856 fold change) and DJ0206 (-0.777 fold 

change) (Figure 6-20D). No effects were seen in the positive control treatments of 

Paclitaxel and Nocodazole either for phospho-Btk (Tyr223) or phospho-PLCG2 

(Tyr759). 
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Figure 6-20 Western blotting results for important regulators of B-cell receptor signalling following 
DAUDI cell treatment with cyclooctane-ring containing thienopyridines DJ0014, DJ0021, DJ0199, 
DJ0206 and DJ0209. Pan-Btk (A), phospho-Btk (Tyr223) (B) and representative blot images (C) show 
data for n=4 biological replicates with a minimum of n=2 technical replicates on each blot (DJ0021 n=5, 
DJ0209 n=3 biological replicates). Pan-PLCG2 (D), phospho-PLCG2 (Tyr759) (E) and representative blot 
images (F) show data for n=3 biological replicates with a minimum of n=2 technical replicates on each 
blot (DJ0021 n=3, DJ0209 n=2 biological replicates). IgM Negative, paclitaxel and nocodazole controls 
show a minimum of n=1 replicates on each blot.

DAUDI Lysates: Ctrl: IgM positive, untreated control; MW: molecular weight ladder; Noc: nocodazole-
treated; Pac: Paclitaxel-treated. Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-
value ≤ 0.01



Chapter 6: Effect of novel thienopyridines on transcription and protein abundance. 

330 
 

6.4.6.2 Western blot results for cycloheptane thienopyridine-treated DAUDI cells on 

B-cell receptor signalling 

 

For cycloheptane thienopyridine treated DAUDI cells, again the expression levels of 

pan-Btk (Figure 6-21A) and pan-PLCG2 (Figure 6-21C) were unchanged in comparison 

to untreated DAUDI controls by one-way ANOVA and with Dunnett’s multiple 

comparisons test. As too were the phosphorylation levels of p-Btk (Figure 6-21B) and 

p-PLCG2 (Figure 6-21D) with only a slight, non-significant reduction in p-PLCG2 

shown by DJ0081 (-0.624 fold change). No effects were seen in the positive control 

treatments of Paclitaxel and Nocodazole either for phospho-Btk (Tyr223) or 

phospho-PLCG2 (Tyr759). 
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Figure 6-21 Western blotting results for important regulators of B-cell receptor signalling following 
DAUDI cell treatment with cycloheptane-ring containing thienopyridines DJ0041, DJ0081. Pan-Btk (A), 
phospho-Btk (Tyr223) (B) and representative blot images (C) show data for n=4 biological replicates 
with a minimum of n=2 technical replicates on each blot. Pan-PLCG2 (D), phospho-PLCG2 (Tyr759) (E) 
and representative blot images (F) show data for n=3 biological replicates with a minimum of n=2 
technical replicates on each blot. Paclitaxel and nocodazole controls show a minimum of n=1 replicates 
on each blot.

DAUDI Lysates: Ctrl: IgM positive, untreated control; MW: molecular weight ladder; Noc: nocodazole-
treated; Pac: Paclitaxel-treated. Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-
value ≤ 0.01
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6.4.6.3 Western blot results for cyclohexanone thienopyridine-treated DAUDI cells 

on B-cell receptor signalling 

In a similar pattern of results to the cyclooctane and cycloheptane thienopyridine 

treatments, no significant changes were seen in pan-Btk (Figure 6-6-22A), phosphor-

Btk (Tyr223) (Figure 6-6-22B), pan-PLCG2 (Figure 6-6-22C) or phospho-PLCG2 

(Tyr759) (Figure 6-6-22D) although there was a slight non-significant increase shown 

by DJ0109 (+1.457 fold change). Again, no changes were seen for the Paclitaxel or 

Nocodazole controls for each data set either. 

 

Generally, phosphorylated activation levels of both Btk and PLCG2 differed no more 

that 10 % compared to untreated control DAUDI cells. 
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Figure 6-6-22 Western blotting results for important regulators of B-cell receptor signalling following 
DAUDI cell treatment with cycloheptane-ring containing thienopyridines DJ0097, DJ0109 and DJ0171. 
Pan-Btk (A), phospho-Btk (Tyr223) (B) and representative blot images (C) show data for n=5 biological 
replicates with a minimum of n=2 technical replicates on each blot (DJ0109 n=4 biological replicates). 
Pan-PLCG2 (D), phospho-PLCG2 (Tyr759) (E) and representative blot images (F) show data for n=4 
biological replicates with a minimum of n=2 technical replicates on each blot (DJ0109 n=3 biological 
replicates). Paclitaxel and nocodazole controls show a minimum of n=1 replicates on each blot.

DAUDI Lysates: Ctrl: IgM positive, untreated control; MW: molecular weight ladder; Noc: nocodazole-
treated; Pac: Paclitaxel-treated. Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-
value ≤ 0.01. 
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6.5 Summary of the effects of novel thienopyridines on RT-qPCR and Western 

Blot targets 

6.5.1 Summary of the effects of thienopyridines with a cyclooctane moiety on RT-

qPCR and Western Blot targets 

Table 6-2 summarises the RT-qPCR and Western Blot results for DAUDI cells treated 

with novel cyclooctane moiety containing thienopyridine compounds. 
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Table 6-2 Summary of results of the effects of thienopyridines with a cyclooctane moiety on RT-qPCR targets regulating the Mitotic Checkpoint Complex (MCC), DNA 
Damage Response (DDR) at G2/M, the Spindle Assembly Checkpoint (SAC) and the B Cell Receptor (BCR) signalling cascade 

Compound Name 
Effects on MCC 

mRNA 
Transcription 

Effects on 
G2/M mRNA 
Transcription 

Effects on SAC 
mRNA 

Transcription 

Effects on 
BCR mRNA 

Transcription 

Effects on G2/M and 
SAC protein abundance 
and post-translational 

modifications 

Effects on BCR protein 
abundance and post-

translational 
modifications 

DJ0014 

Significant increase 
in cdc20 (P ≤ 0.001). 

Non-significant 
increases in Mad2, 

Mad1, BubR1, Bub1, 
Aurora B and PLK1 

Significant 
decrease in CDK1. 

Non-significant 
increases in Chk1, 
Cyclin B1, p53 and 

p21. 

Significant increase 
in (PP2A)-B56 (P ≤ 

0.05). Non-
significant increases 

in PP1G, TRIP13, 
cdc25C, PLK2 and 

PLK4. 

Non-significant 
increase in 
PLCG2 and 

AKT1. 
Non-significant 

decrease in 
BTK. 

Large non-significant 
increase in Cyclin B1. 

Non-significant increase in 
pan-CDK1 and decrease in 

phospho-CDK1 (Tyr15). 
Non-significant decrease in 

cdc25C. 

Non-significant increase in 
pan-BTK and decrease in 
phospho-BTK (Tyr223). 

Non-significant increase in 
pan-PLCG2 and decrease in 
phospho-PLCG2 (Tyr759). 

DJ0021 

Non-significant 
increases in cdc20, 

Mad2, Mad1, 
BubR1, Bub1, 

Aurora B and PLK1. 

Non-significant 
increases in Chk1, 

CDK1 and p21. 
Non-significant 

decreases in 
Cyclin B1 and p53. 

Significant increase 
in (PP2A)-B56 (P ≤ 

0.05). Non-
significant increases 

in PP1G, TRIP13, 
cdc25C, PLK2 and 

PLK4. 

Non-significant 
increase in BTK 

and AKT1. 
Non-significant 

decrease in 
PLCG2. 

Large non-significant 
increase in Cyclin B1. 

Significant decrease in 
cdc25C  

(P ≤ 0.01). Non-significant 
increase in pan-CDK1 and 

phospho-CDK1 (Tyr15). 

Non-significant increase in 
pan-BTK and decrease in 
phospho-BTK (Tyr223). 

Non-significant decrease in 
pan-PLCG2 and phospho-

PLCG2 (Tyr759). 

DJ0199 

Significant increase 
in cdc20 (P ≤ 0.001) 

and Mad2 (p = 
0.039). 

Non-significant 
increases in Mad1, 

BubR1 and Aurora B. 
Non-significant 

decrease in Bub1 
and PLK1. 

Significant 
increase in Cyclin 

B1 (P ≤ 0.05). 
Non-significant 

increases in Chk1 
and p21. 

Non-significant 
decreases in CDK1 

and p53. 

Significant increase 
in PLK2 (P ≤ 0.05).. 

Non-significant 
increases in (PP2A)-

B56 and PLK4. 
Non-significant 

decreases in PP1G, 
TRIP13 and cdc25c. 

Non-significant 
increase in 

PLCG2. 
Non-significant 
decrease in BTK 

and AKT1. 

Large significant increase in 
Cyclin B1 (P ≤ 0.01). 

Significant decrease in 
cdc25C (P ≤ 0.05).  

Non-significant increase in 
pan-CDK1 and decrease in 

phospho-CDK1 (Tyr15). 

Non-significant increase in 
pan-BTK and decrease in 
phospho-BTK (Tyr223). 

Non-significant increase in 
pan-PLCG2 and decrease in 
phospho-PLCG2 (Tyr759). 
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DJ0206 

Significant increase 
in cdc20 (P ≤ 0.001). 

Non-significant 
increases in Mad2, 
Mad1, BubR1 and 

PLK1. Non-
significant decreases 
in Bub1 and Aurora 

B. 

Significant 
decrease in CDK1 

(P ≤ 0.01). 
Non-significant 

increases in Chk1, 
Cyclin B1, p53 and 

p21. 

Non-significant 
increase in PLK2. 
Non-significant 

decreases in PP1G, 
(PP2A)-B56, TRIP13, 

cdc25C. 

Non-significant 
increase in 

PLCG2. 
Non-significant 
decrease in BTK 

and AKT1. 

Large non-significant 
increase in Cyclin B1. 

Significant decrease in 
cdc25C  

(P ≤ 0.05). 
Non-significant increase in 
pan-CDK1 and decrease in 

phospho-CDK1 (Tyr15). 

Non-significant increase in 
pan-BTK and decrease in 
phospho-BTK (Tyr223). 

Non-significant decrease in 
pan-PLCG2 and phospho-

PLCG2 (Tyr759). 

DJ0209 

Non-significant 
increased cdc20, 

Mad1, Bub1, Aurora 
B and PLK1. 

Non-significant 
decrease in Mad2 

and BubR1. 

Non-significant 
increases in p53 

and p21. 
Non-significant 

decreases in 
Chk1, Cyclin B1, 

CDK1 

Non-significant 
increases in (PP2A)-

B56, cdc25D and 
PLK4. 

Non-significant 
decreases in PP1G, 
TRIP13 and PLK2. 

Non-significant 
increase in BTK 

and PLCG2. 
Non-significant 

decrease in 
AKT1. 

Large non-significant 
increase in Cyclin B1. 
Significant increase in 

cdc25C (P ≤ 0.001). 
Non-significant increase in 
pan-CDK1 and decrease in 

phospho-CDK1 (Tyr15). 

Non-significant increase in 
pan-BTK and phospho-BTK 

(Tyr223). 
Non-significant decrease in 
pan-PLCG2 and increase in 
phospho-PLCG2 (Tyr759). 
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6.5.2 Summary of the effects of thienopyridines with a cycloheptane moiety on 

RT-qPCR and Western Blot targets 

Table 6-3 summarises the RT-qPCR and Western Blot results for DAUDI cells treated 

with novel cycloheptane moiety containing thienopyridine compounds. 
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Table 6-3 Summary of results of the effects of thienopyridines with a cycloheptane moiety on RT-qPCR targets regulating the Mitotic Checkpoint Complex (MCC), DNA 
Damage Response (DDR) at G2/M, the Spindle Assembly Checkpoint (SAC) and the B Cell Receptor (BCR) signalling cascade 

Compound Name 
Effects on MCC 

mRNA 
Transcription 

Effects on 
G2/M mRNA 
Transcription 

Effects on SAC 
mRNA 

Transcription 

Effects on 
BCR mRNA 

Transcription 

Effects on G2/M and SAC 
protein abundance and 

post-translational 
modifications 

Effects on BCR protein 
abundance and post-

translational 
modifications 

DJ0041 

Significant increases 
in cdc20 (P ≤ 0.001), 
Mad2 (P ≤ 0.05) and 
Aurora B (P ≤ 0.01). 

Non-significant 
increases in Mad1, 
BubR1, Bub1 and 

PLK1. 

Significant 
decrease in CDK1 

(P ≤ 0.05) and 
increase in p21 (P 

≤ 0.01). Non-
significant 

increases in Chk1 
and Cyclin B1 and 
decrease in p53. 

Significant increase 
in PLK2 and PLK4 
(both (P ≤ 0.01)). 
Non-significant 

increase in (PP2A)-
B56 and cdc25C. 
Non-significant 

decreases in PP1G 
and TRIP13. 

Non-significant 
increase in BTK 

and AKT1. 
Non-significant 

decrease in 
PLCG2. 

Non-significant increase in  
Cyclin B1. 

Non-significant decrease in 
pan-CDK1 and phospho-CDK1 

(Tyr15). Non-significant 
decrease in cdc25C. 

Non-significant increase in 
pan-BTK and phospho-BTK 

(Tyr223). 
Non-significant decrease in 
pan-PLCG2 and phospho-

PLCG2 (Tyr759). 

DJ0081 

Significant increases 
in cdc20 (P ≤ 0.001), 
Mad2 (P ≤ 0.05) and 
Aurora B (P ≤ 0.05). 

Non-significant 
increases in Mad1, 
BubR1, Bub1 and 

PLK1. 

Significant 
decrease in CDK1 

(P ≤ 0.01). 
Non-significant 

increases in Chk1, 
Cyclin B1, and 

decreases in p53 
and p21. 

Significant increase 
in PLK2 and PLK4 
(both (P ≤ 0.05). 
Non-significant 

increases in PP1G, 
(PP2A)-B56, TRIP13 

and cdc25C. 

Non-significant 
increase in 

AKT1. 
Non-significant 
decrease in BTK 

and PLCG2. 

Significant increase in  
Cyclin B1 (P ≤ 0.05). 

Non-significant increase in 
pan-CDK1 and significant 

decrease in phosphor-CDK1 
(Tyr15) (P ≤ 0.01). Non-
significant decrease in 

cdc25C. 

Non-significant increase in 
pan-BTK and phospho-BTK 

(Tyr223). 
Non-significant decrease in 
pan-PLCG2 and phospho-

PLCG2 (Tyr759). 
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6.5.3 Summary of the effects of thienopyridines with a cyclohexanone moiety on 

RT-qPCR and Western Blot targets 

Table 6-4 summarises the RT-qPCR and Western Blot results for DAUDI cells treated 

with novel cyclohexanone moiety containing thienopyridine compounds. 
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Table 6-4 Summary of results of the effects of thienopyridines with a cyclohexanone moiety on RT-qPCR targets regulating the Mitotic Checkpoint Complex (MCC), DNA 
Damage Response (DDR) at G2/M, the Spindle Assembly Checkpoint (SAC) and the B Cell Receptor (BCR) signalling cascade 

Compound Name 
Effects on MCC 

mRNA 
Transcription 

Effects on 
G2/M 
mRNA 

Transcription 

Effects on SAC 
mRNA 

Transcription 

Effects on 
BCR 

mRNA 
Transcription 

Effects on G2/M and SAC 
protein abundance and 

post-translational 
modifications 

Effects on BCR protein 
abundance and post-

translational 
modifications 

DJ0097 

Significant increases 
in cdc20 (P ≤ 0.001), 
Mad2 (P < 0.05) and 

BubR1 (P < 0.05). 
Non-significant 

increase in PLK1. 
Non-significant 

decrease in Mad1, 
Bub1 and Aurora B. 

Significant 
increase in Cyclin 
B1 (P ≤ 0.05) and 
decrease in CDK1 

(P ≤ 0.01). 
Non-significant 

decreases in Chk1, 
p53 and p21. 

Significant increase 
in PLK2 (P ≤ 0.05) 
and decrease in 

TRIP13 (P ≤ 0.05). 
Non-significant 

increases in (PP2A)-
B56 and cdc25C. 
Non-significant 

decreases in PP1G 
and PLK4. 

Non-significant 
decrease in BTK, 

PLCG2 and 
AKT1. 

Large non-significant increase 
in Cyclin B1. 

Non-significant decrease in 
pan-CDK1 and phospho-CDK1 

(Tyr15). 
Significant decrease in cdc25C 

(P ≤ 0.01). 

Non-significant increase in 
pan-BTK and decrease 
phospho-BTK (Tyr223). 

Non-significant decrease in 
pan-PLCG2 and phospho-

PLCG2 (Tyr759). 

DJ0109 

Significant increases 
in Mad2 (P < 0.05) 

and BubR1 (P < 0.05). 
Non-significant 

increase in cdc20, 
Mad1, Bub1, Aurora 

B and PLK1. 

Non-significant 
increase in Chk1, 

CDK1 and p53. 
Non-significant 

decrease in Cyclin 
B1 and p21. 

Non-significant 
increases in PP1G, 

(PP2A)-B56, TRIP13, 
cdc25C, PLK2 and 

PLK4. 

Non-significant 
increase in BTK, 

PLCG2 and 
AKT1. 

Large non-significant increase 
in Cyclin B1. 

Non-significant decrease in 
pan-CDK1 and phospho-CDK1 

(Tyr15). 
Significant decrease in cdc25C 

(P ≤ 0.01). 

Non-significant increase in 
pan-BTK and phospho-BTK 

(Tyr223). 
Non-significant increase in 
pan-PLCG2 and phospho-

PLCG2 (Tyr759). 

DJ0171 

Significant increases 
in cdc20 (P ≤ 0.001), 
BubR1 (P < 0.01).and 

PLK1 (P < 0.05). 
Non-significant 

increases in Mad2, 
Mad1, Bub1 and 

Aurora B. 

Significant 
increase in Cyclin 

B1 (P ≤ 0.01). 
Non-significant 

increases in Chk1, 
p53 and p21. 

Non-significant 
decrease in CDK1. 

Non-significant 
increases in PP1G, 

(PP2A)-B56, TRIP13, 
cdc25C, PLK2 and 

PLK4. 

Significant 
increase in BTK. 
Non-significant 

increase in 
PLCG2 and 

AKT1. 

Large non-significant increase 
in Cyclin B1. 

Non-significant increase in 
pan-CDK1 and phospho-CDK1 

(Tyr15). 
Non-significant increase in 

cdc25C. 

Non-significant increase in 
pan-BTK and phospho-BTK 

(Tyr223). 
Non-significant increase in 
pan-PLCG2 and phospho-

PLCG2 (Tyr759). 
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6.6 Discussion 

6.6.1 Effects of novel thienopyridines on genes regulating the Mitotic Checkpoint 

Complex 

There was a general trend across the genes regulating the Mitotic Checkpoint 

Complex of increased expression of cdc20, Mad2, Mad1, BubR1 and Bub1 as well as 

increased expression of both regulators of the MCC assembly, Aurora B Kinase and 

PLK1 (see section 6.4.1), with the most pronounced increases being seen following 

treatment with the thienopyridines previously demonstrated to have cytotoxic 

effects or to induce G2/M arrest as assessed by flow cytometry (see Chapter 3). Of 

the three compounds predicted to have limited activity based on their chemical 

structure, both DJ0021 and DJ0109 showed smaller effects against the regulation of 

MCC genes, while DJ0209 showed either no change or limited activity compared to 

mRNA transcripts observed in untreated control DAUDI cells (see sections 6.4.1.1 to 

6.4.1.3). In budding yeast models of cell cycle arrest, elevated transcription of cdc20 

has been observed in parallel to increased activity levels of CDK1 protein kinase, with 

cdc2 seen to maintain cdc20 transcription levels until correct orientation of the 

kinetochores at the spindle assembly checkpoint has been rectified following 

Nocodazole treatment (Liang et al., 2012), which is similar to the results observed 

with Nocodazole-treatment of DAUDI cells in this study (See section 6.4.1). Gene 

expression of cdc20 has been shown to be positively correlated with the expression 

of Bub1, Cyclin A, Cyclin B1, CDK1, Mad2 and PLK1 in a range of human cancer cell 

lines (Wu et al., 2021) which supports the findings in this chapter. Care must be taken 

however due to the possibility that treatment with the active thienopyridine 

treatments is enriching for cells in mitosis (via SAC activation) where cdc20 is most 

highly expressed during normal cell cycle progression (Nath et al., 2011). 
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6.6.2 Effects of novel thienopyridines on genes regulating the G2/M checkpoint, 

protein expression and post translational modifications 

 

For genes regulating the G2/M checkpoint kinases and cyclins, and the effectors of 

the DNA damage checkpoint, there was a similar trend of ‘active’ thienopyridine 

compounds demonstrating increased Cyclin B1, decreased CDK1 with no change in 

Chk1 expression for the cyclooctane-ring compounds (see section 6.4.2.1), increased 

Chk1 expression in cycloheptane-ring compounds (see section 6.4.2.2) and varied 

effects on Chk1 for cyclohexanone-ring thienopyridines (see section 6.4.2.3), while 

all ‘inactive’ thienopyridines showed a general trend of decreased Cyclin B1 mRNA 

transcripts. There was no real consensus in the data on the effects on p53 expression, 

either within thienopyridine groupings or across the ten tested compounds as a 

whole. Cyclooctane compounds all appeared to induce p21 expression (see section 

6.4.2.1), but there were mixed effects with all other compounds. The cyclical nature 

of the translation and degradation of cyclins throughout the cell cycle, as opposed to 

the building up of and maintenance of cyclin-dependant kinase protein stores, is one 

suggested mechanism for this increase (Lara-Gonzalez et al., 2019), however the role 

of Cyclin B1 and CDK1 as organisers of the SAC (as well as substrates for the SAC-

inhibited APC/C) could also play a role, with protein levels of Cyclin B1 maintained by 

the SAC until chromosomes have been correctly aligned (Hayward et al., 2019). 

Western blot protein expression data also support the findings of the RT-qPCR assay 

(see section 6.4.5), with limited data on Chk1 phosphorylation at the activating Serine 

345 residue (See Appendix Figure 8-1) showing similar levels of activation in 

thienopyridine and untreated DAUDI cell controls. Cyclin B1 protein expression was 

shown to be elevated following all thienopyridine treatments, while pan-CDK1 was 

equivalent to expression in untreated IgM stimulated DAUDI controls and 

inactivating phosphorylation of CDK1 at Tyrosine 15 was shown to be reduced, if not 

at statistically significant levels in active thienopyridines (see section 6.4.5). Similar 

effects have been demonstrated in response to vinca alkaloid microtubule poisons in 

prostate cancer cell lines, whereby mitotic arrest and activation of the SAC/MCC was 
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accompanied by elevated Cyclin B1 and activated CDK1 (Hsu et al., 2020). Supportive 

of the RT-qPCR results, despite cells assumed to stop the transcription of genes 

during mitosis, Cyclin B1 has shown to have sustained mRNA transcription, even at 

the Spindle Assembly Checkpoint (Mena et al., 2010). 

 

6.6.3 Effects of novel thienopyridines on genes regulating modifiers of the Spindle 

Assembly Checkpoint 

 

For the key regulators of Spindle Assembly Checkpoint, all thienopyridine compounds 

were shown to have increased mRNA expression of (PP2A)-B56 phosphatase with the 

sole exception being compound DJ0206, which showed a slight decrease (see section 

6.4.3). Individual thienopyridine compounds generally showed a linked pattern of 

gene expression for PP1G, TRIP13 and cdc25C, with only DJ0041 and DJ0097 bucking 

this trend with increased cdc25C expression while showing decreases in the other 

two genes. 

Protein phosphatase 2 ((PP2A)-B56) has been shown to be recruited to the MCC by 

interaction with BubR1 and where it dephosphorylates cdc20 at sites targeted for 

inhibition by the MPF at the Spindle Assembly checkpoint (Hein et al., 2021). 

Interestingly for the RT-qPCR data presented in this chapter, expression of (PP2A)-

B56 mRNA also mirrors the expression of BubR1, with all thienopyridines showing an 

increase in BubR1 transcripts (see section 6.4.1). In Saccharomyces cerevisiae, Bub1 

and PP2A have been demonstrated to prevent silencing of the Spindle Assembly 

Checkpoint before chromosomal alignment has been corrected (Jin et al., 2017). Both 

PP1G and (PP2A)-B56 have been shown to counteract the actions of PLK1 at the SAC 

in a range of cell lines (Cordeiro et al., 2020), and to co-localise at the kinetochore 

(Smith et al., 2019). PLK1 expression also mirrors protein phosphatase 2 mRNA levels 

broadly across active thienopyridine treatments in this study, and while transcription 

levels do not provide details on protein abundance in the cell, it is possible that 
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(PP2A)-B56 is the dominate phosphatase active in DAUDI response to treatment in a 

mechanism that inhibits the activity of Aurora B (Smith et al., 2019).  

There was a general trend of increased PLK2 and PLK4 expression across all 

thienopyridines, with only DJ0209 showing a slight decrease in PLK2, and DJ0097 and 

DJ0206 showing a decrease in PLK4 (see section 6.4.3). PLK2 mRNA expression, 

assessed by RT-qPCR, has been demonstrated to be upregulated in B cell chronic 

lymphocytic leukaemia blood samples in response to established purine analogue 

chemotherapy drugs in a p53 dependent manner, and that cytotoxicity was 

correlated with PLK2 gene transcripts (de Viron et al., 2009). PLK2 has been 

demonstrated to be a pro-apoptotic factor in response to cell stress (Suzuki et al., 

2020), and its increased expression in Burkitt Lymphoma cell lines was shown to 

induce apoptosis (Syed et al., 2006): in this DAUDI cell model, its increased expression 

is correlated with the apoptotic effects of the thienopyridines described in Chapter 

3. PLK4 has a role in centriole production in the cell (Raab et al., 2021) and it was 

significantly upregulated in DJ0041 and DJ0081 both of which showed a clear 

absence of centriole organisation at mitosis by confocal microscopy in Chapter 5. 

 

6.6.4 Effects of novel thienopyridines on genes regulating the B cell receptor 

signalling cascade and their post translational modifications 

 

No significant effects were seen in the gene regulation of Btk or PLCG2, both of which 

are key transmitters of B cell receptor signalling, or on transcript levels of Akt1, a 

promoter of apoptotic resistance (see section 6.4.4). Equally, no significant changes 

were observed in the post-translational modification of Btk or PLCG2 (see section 

6.4.6) while limited data on Atk1 phosphorylation at the Serine 473 activation site 

(See Appendix Figure 8-2) appeared to show that it was unchanged apart from in 

DJ0081 and DJ0206 treated DAUDI cells, which showed significant reductions in line 

with the increased levels of apoptosis these compounds induced in Chapter 3. This 

suggests that any effects induced by the thienopyridines are occurring downstream 
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of these three signalling molecules. As these thienopyridine compounds were 

designed to target PLCG2 (Reynisson et al., 2009), effects on Btk would seem unlikely 

and indeed resistance to Btk-inhibitor drugs has been demonstrated to bypass Btk in 

propagation of BCR signalling (Woyach et al., 2014; Arthur et al., 2022). Continued 

activator phosphorylation of PLCG2 at Tyrosine 759 would indicate that signalling is 

still intact from the BCR, via Lyn, Syk and Btk upstream of PLCG2. 

 

6.7 Conclusion 

This chapter demonstrated that the thienopyridine compounds are instigating cell 

cycle arrest, with activation of the Spindle Assembly Checkpoint and the Mitotic 

Checkpoint Complex as likely mediators of this activity, rather than activation of the 

DNA Damage Response. The lack of inhibitory phosphorylation of cyclin dependent 

kinase 1 at tyrosine-15 as a marker of post-translational regulation following 

activation of the DNA Damage Response at G2/M together with sustained Cyclin B1 

protein levels suggest that it is the Spindle Assembly Checkpoint which is halting 

progression of the cell cycle. The thienopyridines also seem to exert no effects on 

signalling from the B cell receptor to its downstream effectors Btk and PLCG2, 

suggesting that any direct effects on PLCG2 are occurring downstream of its 

activation by either Btk or alternate phosphorylation by Syk. 
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7 DISCUSSION AND FUTURE WORK 

7.1 Discussion 

Much progress has been made in the identification of new treatments for B cell 

neoplasms over the past two decades, with the introduction of monoclonal antibody 

treatments such as rituximab (Salles et al., 2017) and subsequent second 

(ofatumumab (Korycka-Wołowiec et al., 2015)), and third (obintuzumab (Prica and 

Crump, 2019; C. Luo et al., 2021)) generational refinements to this treatment strategy 

have provided clinicians with multiple treatment options in haematological cancers 

which can have a remitting and relapsing disease course (Tilly et al., 2015; Eichhorst 

et al., 2021; Hallek and Al-Sawaf, 2021). Guided by the success of the first tyrosine 

kinase inhibitor Imatinib (Druker et al., 2001) in the treatment of Chronic Myeloid 

Leukaemia, targeted inhibitors have also had a significant impact in lymphoid 

malignancies, with the Btk inhibitor Ibrutinib (Byrd et al., 2013), the PI3K inhibitor 

Idelalisib (Flinn et al., 2014; Yang et al., 2019) and the BCL-2 inhibitor venetoclax 

(Roberts et al., 2016; Stilgenbauer et al., 2016) providing further pathways to 

remission in these disorders, with patients now able to be offered chemotherapy-

free regimes (Eichhorst et al., 2021; Hallek and Al-Sawaf, 2021; Walewska et al., 

2022). However, due to the complexity of cell signalling pathways (Chang et al., 2003; 

McCubrey et al., 2007; Burger and Wiestner, 2018; R. Liu et al., 2020), and the 

multiple points of crossover between signalling cascades, treatment failure due to 

clonal progression or kinase phosphorylation of targets downstream of the targets of 

inhibition, as demonstrated by the bypassing of Btk in progression of CLL (Woyach et 

al., 2014; Liu et al., 2015), there are continued efforts to identify lead candidates for 

future treatments. 

The thienopyridine compounds investigated in this study were themselves the result 

of in silico screening of compounds known to target phospholipase C gamma 2, a 

process which began over 15 years ago (Reynisson et al., 2009; Feng et al., 2012). 

Those initial studies highlighted potential cytotoxic effects in a range of cell lines via 

the NCI 60 panel (Shoemaker, 2006), including melanoma, breast, non-small cell lung 

cancer and CNS tumour cell lines, as well as activity shown against leukaemia cell 
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lines (Reynisson et al., 2009; Feng et al., 2012; Hung et al., 2014). The main 

overarching aim of this thesis was to investigate ten novel thienopyridines to 

establish if they had any effects on a DAUDI mature B cell lymphoma cell model and 

to hope to gain an understanding of the mechanism of their effects. 

For narrative purposes, these compounds were grouped by their shared chemical 

structure, predominantly the cyclical carbon ring moiety, which was previously 

demonstrated to bear an influence on cytotoxic or cytostatic effects (Arabshahi et 

al., 2014; Leung et al., 2016). The results discussed in Chapter 3 soon highlighted 

seven of these compounds (the ‘active’ compounds: DJ0014, DJ0014, DJ0081, 

DJ0097, DJ0171, DJ0199 and DJ0206) as having cytotoxic/cytostatic effects (see 

Chapter 3), while two thienopyridines consistently showed little effects (the ‘inactive’ 

compounds DJ0021 and DJ0109), which was a predicted by their chemical structure 

and the presence of an unfavourable para-position methoxy group side chain on their 

aryl ring (Arabshahi et al., 2014; Hung et al., 2014; Arabshahi et al., 2015; Leung et 

al., 2016). The final compound, DJ0209, would have been predicted to show cytotoxic 

effects, due to its cyclooctane ring, but this has previously been described as ‘mildly 

active’ in cancer cell line studies (van Rensburg et al., 2017) and could be described 

as such based on its activity against DAUDI cells herein. 

The results of the three most active thienopyridine compounds from each chemical 

family, cyclooctane-ring DJ0206, cycloheptane-ring DJ0041 and cyclohexanone-ring 

DJ0097 from are summarised in Table 7-1, however the other active compounds also 

showed similar, if slightly reduced, levels of activity across all of these assays too. 

Cytotoxicity measured by MTS is a common feature of novel thienopyridine based 

compounds in drug discovery (Mohareb and Ibrahim, 2017; Abuelhassan et al., 2022) 

but relatively fewer results exist for the other assays conducted. G2/M cell cycle 

arrest has been demonstrated in thienopyridine complex compounds against Jurkat 

(T cell leukaemia), HeLa (uterine cancer) and colorectal (HT-29) cells has been 

described (Romagnoli et al., 2013) alongside Forkead box M1 inhibition resulting in 

G2/M arrest and apoptosis in breast (MDA-MD-231) cells (G. Luo et al., 2021; Huerta-

Garcia et al., 2022). For this study, there was a mixed pattern of effects demonstrated 
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against tubulin polymerisation, with DJ0206 showing reduced activity comparable 

with nocodazole controls, DJ0041 showed only slight increases while DJ0097 showed 

an increased direct polymerisation in vitro. Thienopyridine binding to the colchicine 

binding domain has been suggested as a model of action for similar thienopyridines 

(Romagnoli et al., 2013), which may suggest the effects of DJ0206 as nocodazole also 

binds to this site. The stabilising effects of DJ0097 and to a lesser extent DJ0041 are 

less clear, but G2/M arrest in conjunction with tubulin stabilisation has been 

demonstrated in novel, synthesised microtubule binding agents (Zhou et al., 2021; 

Zhou et al., 2022). 

The anti-tubulin effects of the thienopyridines help to add context to the RT-qPCR 

and western blotting results for these compounds, particularly the upregulation of 

key spindle assembly checkpoint and mitotic checkpoint complex component cdc20. 

This cell division regulatory protein has a dual role in halting of mitosis and also 

downregulation of key cell cycle M phase Cyclin B1 to allow cell cycle progression 

after mitotic injury has occurred (Kapanidou et al., 2017; Hayward et al., 2019). The 

combination of cell cycle arrest, tubulin disruption, activation of the SAC and MCC 

are all characteristics of cdc20 driven checkpoint suspension of the cell cycle (Greil et 

al., 2022) with cell slippage into aneuploidy and subsequent levels of apoptosis 

(London and Biggins, 2014; Bonaiuti et al., 2018) 
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Table 7-1 Summary of results for DJ0206, DJ0041 and DJ0097 across all assays 

Thienopyridine 
Assay results 

MTS AV/PI Cell Cycle Tubulin RT-qPCR Western Blots 

DJ0206 
 

Non-significant 
reduction at 10 μM / 
100 μM at 48 hours. 

 
Significant decreased 

cell survival at 1 to 
100 μM at 72 hours 

 

Significantly 
increased early/late 
apoptosis at 0.1 to 

100 μM at 48 and 72 
hours 

Significantly 
increased G2/M cell 
cycle arrest at 1 to 
100 μM at all time 

points 

Absence of tubulin 
spindle at mitosis 

(confocal) 
 

42.9 % decreased 
tubulin 

polymerisation 
(equivalent to 

nocodazole control) 

Significantly 
increased cdc20 

mRNA expression. 
 

Significantly 
decreased CDK1 

mRNA expression 

Non-significant but 
+5.282 increased 

Cyclin B1. 
 

Significant -0.566 
decreased fold 

change of cdc25C 

DJ0041 
 

Significantly 
decreased cell 

survival at 10 μM at 
48 hours and 72 

hours 

Significantly 
increased early/late 
apoptosis at 10 to 
100 μM at all time 

points 

Significantly 
increased G2/M cell 
cycle arrest at 1 to 
100 μM at all time 

points 

Evidence of spindle 
failure at mitosis 

(confocal) 
 

2.5 % increased 
tubulin 

polymerisation 

Significantly 
increased cdc20, 
Mad2, Aurora B, 
PLK2 and PLK4 

mRNA expression. 
 

Significantly 
decreased CDK1 

mRNA expression 

Non-significant but 
+1.573 fold increase 

fold change of 
Cyclin B1. 

 
Non-significant but -

0.081 decreased 
fold change of 

cdc25C 

DJ0097 
 

Significantly 
decreased cell 

survival at 1 μM and 
10 μM at 72 hours 

Small significantly 
increased early/late 
apoptosis at 0.1 to 

100 μM at 24 and 48 
hours. 

Large significantly 
increased early/late 

apoptosis at 1 to 100 
μM at 72 hours 

Significantly 
increased G2/M cell 
cycle arrest at 1 to 
100 μM at all time 

points 

Evidence of spindle 
failure at mitosis 

(confocal) 
 

29.5 % increased 
tubulin 

polymerisation 

Significantly 
increased cdc20, 

Mad2, BubR1, Cyclin 
B1 and PLK2 mRNA 

expression. 
Significantly 

decreased CDK1 and 
TRIP13 mRNA 

expression 

Non-significant but 
+3.270 increase fold 
change of Cyclin B1. 

 
Significantly 

decreased cdc25C 
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7.2 Limitations and future work 

• This study investigated cell signalling via the B cell receptor via Btk and PLCG2, 

however no further signalling downstream of PLCG2 was elucidated and 

replication of data on Akt1 signalling via western blot was limited. Future 

work would investigate whether the effects of the thienopyridines are a result 

of inhibition of PLCG2 generation of secondary messengers diacylglycerol and 

Ca2+ and their downstream effects via Calcium signalling flowcytometry. 

• PLCG2 is a key activator of Protein Kinase C and as shown in Figure 1-1, this 

signalling cascade links to actin cytoskeleton remodelling in B cells via RAP 

and Raf, with actin also playing a key role in mitosis alongside microtubules 

(Rizzelli et al., 2020; Jeruzalska and Mazur, 2023), therefore investigation of 

the effects of the novel thienopyridines on actin is warranted. Use of 

transfected cell line or live cell imaging of actin may help to better understand 

whether the thienopyridines exert direct effects on PLCG2 and its effectors 

(Kiyomitsu, 2016). 

• Limited attempts were made at confocal microscopy for α-tubulin for chapter 

4 (data not presented) which highlighted that some of these novel 

compounds appeared to have direct effects on spindle assembly, with much 

more rigorous work required to confirm this. Investigation of a wider range 

of targets which control the spindle assembly would provide mechanistic 

understanding of the effects seen in the RT-qPCR and western blotting assays. 

Immunofluorescent or live cell imaging of microtubules (Lukinavicius et al., 

2014) or mitotic associated proteins (Dwivedi et al., 2023), combined with cell 

cycle synchronisation and time lapse microscopy (Pavani et al., 2023; Naso et 

al., 2024) may allow visualisation of the in vitro effects of the thienopyridines 

on these essential cell cycle regulators. 

• This study has investigated the effects of thienopyridines using a DAUDI cell 

model of mature B cell malignancies, however future work in primary cell 

from patient donors with B cell lymphomas and leukaemia would see if these 

effects are translated into the biological variability in these patient groups, or 
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whether there are any effects of novel thienopyridine in primary lymphocytes 

in patients who have developed resistance to existing treatments. 

7.3 Conclusions 

In conclusion, this thesis has demonstrated that the series of novel thienopyridine 

compounds are significant inducers of apoptosis and cell cycle arrest in a time and 

concentration dependent manner, with direct disruption of tubulin polymerisation 

by both destabilising and stabilising mechanisms dependent on the chemical 

structure of the thienopyridine side chain modifications. Cell cycle arrest is likely 

caused as a result of interruption to tubulin dynamics, which in turn leads to an 

absence of mitotic spindle formation and an activation of the Spindle Assembly 

Checkpoint and Mitotic Checkpoint Complex. Further mechanistic investigation of 

these compounds is required but shows they show potential as anti-tubulin agents. 
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I. Appendices 
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8 APPENDICES 

8.1 Chapter 6 – Additional Western Blot Targets 

Data for western blot targets for Akt and Chk1 which had n=1 biological replicates 

are shown in Figure 8-1 and Figure 8-2 

8.2 Chapter 6 – Additional RT-qPCR Targets with primer efficiencies outside of 

the 90-110 % range 

 

Relative expression of the NIMA-related kinase Nek2 was seen to increase in all 

thienopyridines and positive controls apart from non-significant increases in DJ0014, 

DJ0021 (fold change 2.682 and 2.022 respectively), and DJ0209 which showed a 

slight, non-significant decrease in comparison to untreated DAUDI control (Figure 

6-8C, fold change 0.925). DJ0199 (fold change 5.831, p=0.002) and DJ0206 (fold 

change 3.934, p= 0.013) reached statistical significance. While none of the 

thienopyridines reached the significant increase seen in the positive control 

Nocodazole (fold change 7.714, p=0.02), all were increased more than the Paclitaxel 

control (fold change 1.948, non-significant). However, caution needs to be attached 

to the interpretation of this data, due to the PCR standard curves being outside of 

the recommended 90-110 % efficiency range. 

Expression of Nek7 showed no significant results Figure 8-3. 
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Figure 8-1 Western blotting results for important regulator of the cell cycle Chk1 (Pan- and phospho-
Chk1 (Ser345)) following DAUDI cell treatment with: cyclooctane-ring containing thienopyridines 
DJ0014, DJ0021, DJ0199, DJ0206 and DJ0209, Pan-Chk1(A), phospho-Chk1 (B) and representative 
blot images (C); with cycloheptane-ring containing thienopyridines DJ0041 and DJ0081, Pan-Chk1(D), 
phospho-Chk1 (E) and representative blot images (F); and following treatment with cyclohexanone-
ring containing thienopyridines DJ0097. DJ0109 and DJ0171, Pan-Chk1(G), phospho-Chk1 (H) and 
representative blot images (I). All blots show data for n=1 biological replicates with a minimum of 
n=2 technical replicates on each blot IgM Negative, Jurkat and UV controls show a minimum of n=1 
replicates on each blot.

Ctrl: IgM positive control DAUDI lysates; Jur: Jurkat; MW: molecular weight ladder; Noc: nocodazole-
treated DAUDI lysates; Pac: Paclitaxel-treated DAUDI lysates, UV-treated DAUDI lysates.
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Figure 8-2Western blotting results for important downstream effector of B-cell receptor signalling 
Akt1 (Pan- and phospho-Akt1 (Ser473)) following DAUDI cell treatment with: cyclooctane-ring 
containing thienopyridines DJ0014, DJ0021, DJ0199, DJ0206 and DJ0209, Pan-Akt1(A), phospho- Akt1 
(B) and representative blot images (C); with cycloheptane-ring containing thienopyridines DJ0041 
and DJ0081, Pan- Akt1 (D), phospho- Akt1 (E) and representative blot images (F); and following 
treatment with cyclohexanone-ring containing thienopyridines DJ0097. DJ0109 and DJ0171, Pan-
Akt1 (G), phospho- Akt1 (H) and representative blot images (I) All blots show data for n=1 biological 
replicates with a minimum of n=2 technical replicates on each blot IgM Negative and Jurkat controls 
show a minimum of n=1 replicates on each blot.

Ctrl: IgM positive control DAUDI lysates; Jur: Jurkat; MW: molecular weight ladder; Noc: nocodazole-
treated DAUDI lysates; Pac: Paclitaxel-treated DAUDI lysates, UV-treated DAUDI lysates
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Figure 8-3 Figure 8-4 Multi-normalised relative gene expression in comparison to reference genes 
(TBP, PPIA, RPLP0 and EIF2B1) and untreated control of mRNA for genes regulating components of 
the Spindle Assembly Checkpoint in DAUDI cells following 48 hours of treatment with cyclohexanone-
ring containing thienopyridine compounds (10 μM) and 1 minute stimulation of cells with Goat anti-
human f(ab’)2 IgM (20 μg/mL). Data represents n=3 biological replicates (unless indicated). 
Paclitaxel positive control n=2. Nocodazole positive control n=1. 

Cyclooctane thienopyridine treated: Nek2 (DJ0014, DJ0199 and DJ0206 n=2) (A); Nek7 (DJ0014, 
DJ0199 and DJ0206 n=2) (B). 

Cycloheptane thienopyridine treated: Nek2 (C); Nek7 (DJ0041 n=2) (D). 

Cyclohexanone thienopyridine treated: Nek2 (DJ0171 n=2) (E); Nek7 (DJ0171 n=2) (F). 

Error bars represent SD. * = p-value ≤ 0.5, ** = p-value ≤ 0.1, *** = p-value ≤ 0.01 
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