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Abstract 

 
Glioblastoma is a devastating disease with a median survival of 12 – 15 months. It is the 

most common brain tumour in adults and current standard treatments remain poor. 

Surgery and radiotherapy only improve patient prognosis short term (12.1 months median 

survival) and the only available chemotherapy (TMZ) extends median survival to just 14.6 

months. Resistance mechanisms may explain the poor response of grade IV, IDH wildtype 

glioblastomas to TMZ. CIZ1 is a nuclear protein with DNA replication, epigenetic 

maintenance, and genome stability functions. CIZ1 is overexpressed in many cancers, 

including glioblastoma, and is evidenced to drive tumourigenesis. CDK inhibition therapy 

has showed recent promise in the treatment of cancer and some FDA approved CDK4/6 

inhibitors are now used in routine breast cancer treatment. CDK inhibitors have been 

trialled in glioblastoma patients, showing some efficacy, however it is hypothesised that 

CDK inhibition may reduce CIZ1 levels to reduce glioblastoma growth. Our aim was to 

demonstrate the efficacy of CDK inhibitors on reducing proliferation and their toxicity in 

glioblastoma cultures, as well as showing reduced CIZ1 protein expression and comparing 

data to that of normal glia. Here, we assess the effect of a panel of six CDK inhibitors on 

glioblastoma (U-87 MG and BTNW914) and normal glia (SVG p12) cell lines. CDK inhibition 

causes significantly reduced glioblastoma cell proliferation compared with vehicle controls 

and normal glia. Cell cycle arrest and cell death is also observed in both in 2D and 3D 

glioblastoma cell culture. The effect on CIZ1 levels has proved inconclusive and requires 

further investigation. Overall, these data identify that CDK inhibitors have promising 

efficacy in reducing proliferation and increasing cell death in glioblastoma models in vitro 

and should be further investigated in pre-clinical models. 
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1. Introduction 
 

1.1. Glioblastoma 
 

1.1.1. Overview 
 

Glioblastoma is the most common brain tumour type with an incidence of 3.21 per 100,000 

population and accounting for 47.7% of all brain and other central nervous system (CNS) 

tumours (Thakkar, Peruzzi and Prabhu, 2024). There are few direct causative links in 

glioblastoma, including inherited genetic syndromes (Narod, Stiller and Lenoir, 1991) and 

therapeutic ionising radiation (Hodges et al., 1992; Preston-Martin and Mack, 1996; Socié et 

al., 2000), but these only account for a small number of cases. The uneven prevalence of 

glioblastoma across sexes and ethnicities is poorly understood, with men more likely to 

develop the disease than women (Ostrom et al., 2013; Chakrabarti et al., 2005; McKinley et 

al., 2000; Fleury et al., 1997; Walker, Robins and Weinfeld, 1985) and a higher prevalence 

found in Caucasians than other ethnic groups (Ostrom et al., 2013; Chakrabarti et al., 2005). 

 

Glioblastomas have been characterised into four subtypes: Proneural, Neural, Classical, and 

Mesenchymal (Verhaak et al., 2010), based on molecular analysis of gene expression 

profiles. Different subtypes may have differing responses to treatments, which may help 

guide therapeutic interventions. Expression profiles of subtypes correlate somewhat to 

different neural lineages; however, subtypes may represent different differentiation 

pathways of the same precursor cell type. The newest (fifth) edition of the WHO 

Classification of Tumours of the Central Nervous System classifies primary glioblastoma by 

epidermal growth factor receptor (EFGR) amplification, an absence of isocitrate 

dehydrogenase (IDH) mutations, telomerase reverse transcriptase (TERT) promoter 

alterations, and common defects in chromosomes 7/10 (reviewed by Louis et al., 2021). 

However, secondary glioblastomas are those that present evidence of being a malignant 

progression from another pre-existing tumour and are characterised by tumour protein 53 

(TP53) mutations, IDH mutations, and lack of EGFR amplification (Parsons et al., 2008). 

Despite these characteristic mutations, glioblastoma tumours are genetically 

heterogeneous. Variation in cell types within the tumour, mutations, protein expression, 
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epigenetics, and the tumour microenvironment all contribute to intra- and inter-patient 

heterogeneity. 

 

1.1.2. Current Standard Treatments and Complications 
 

The current standard treatments for glioblastoma are surgery, radiotherapy and 

temozolomide (TMZ) chemotherapy (reviewed by Alifieris and Trafalis, 2015). Concomitant 

and adjuvant TMZ resulted in a clinically significant survival benefit over just radiotherapy, 

so was included in the standard of care treatment for glioblastoma (Stupp et al., 2005). TMZ 

(Figure 1.1) is a monofunctional DNA methylating agent, allowing modification of only one 

site per molecule, and an imidazotetrazinone (an organic heterobicyclic compound 

containing ortho-fused imidazole and tetrazine rings). TMZ is spontaneously converted to its 

active compound: the methyldiazonium cation (MTIC) at physiological pH. MITC adds methyl 

groups to the N7 or O6 positions of guanine, or the N3 position of adenine (Figure 1.2). 7-

methylguanine and N3-methyladenine are excised by the base-excision repair (BER) pathway 

to repair DNA. BER is only rarely mutated in glioblastoma, providing a mechanism to 

develop resistance to TMZ. Typically, tumour cell death occurs through downregulation of 

the enzymes that repair TMZ-mediated DNA alkylation, including methylguanine-DNA 

methyltransferase (MGMT) and BER enzymes, whereas downregulation of mismatch repair 

(MMR) enzymes allows cell survival. 
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Figure 1. 1. Structure of temozolomide (NCBI, 2024). An imidazotetrazine that is 3,4-
dihydroimidazo[5,1-d][1,2,3,5]tetrazine, with ortho-fused imidazole and tetrazine rings. 

 

O6-methylguanine adducts are repaired by MGMT. However, epigenetic regulation via 

methylation of the MGMT promoter is present in 30-60% of glioblastomas resulting in low 

or no protein expression. In glioblastoma cells with downregulated MGMT, unrepaired O6-

methylguanine mismatches to thymine on the opposite strand. Functional MMR machinery 

attempts to replace this, but another thymine enters its place. This leads to futile attempted 

repair cycles and ultimately autophagy. MMR cannot repair O6-methylguanine and this 

causes replication fork stalling, double-strand DNA breaks and apoptosis. Non-functional 

MMR causes mutation tolerance and cell survival. Therefore, MGMT promoter methylation 

in combination with functional MMR in glioblastoma is clinically beneficial as these increase 

sensitivity to TMZ and increase cell death (reviewed by Strobel et al., 2019). 
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Figure 1. 2. TMZ-induced alterations and DNA repair mechanisms involved in cellular 
response (Strobel et al., 2019). 6-methylguanine and N7-methyladenine modifications by 
MTIC are repaired by BER. The methylated base is removed and replaced by a non-modified 
base of the same type. Dysfunctional BER is rare in glioblastoma but leads to cell death. If 
present, MGMT simply removes the methyl group from the base and the cell survives. MMR 
attempts to replace the mismatched thymine across from O6-methylguanine, but another 
thymine enters its place leading to futile repair cycles and autophagy or cell death. A 
combination of MGMT inactivation and functional MMR causes cell death. Abbreviations: 
SSB, single strand break; DSB, double strand break; HR, homologous recombination; NHEJ, 
non-homologous end joining. 
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There are many mechanisms that can confer resistance to TMZ in glioblastoma. Firstly, DNA 

repair mechanisms can repair the damage caused by TMZ and allow cells to survive. MGMT 

methylation is a prognostic marker for TMZ efficacy and patient survival in glioblastoma 

(Hegi et al., 2005). MGMT removes the most toxic DNA alteration by TMZ the O6-

methylguanine and epigenetic methylation of cytosine-phosphate-guanine (CpG) islands in 

the MGMT promoter silences the gene and prevents TMZ-induced DNA damage repair. 

Despite the MGMT promoter being methylated in approximately 50% of grade IV gliomas 

(La Starza, Pierini and Metro, 2019), many of those that are MGMT deficient still have TMZ 

resistance (Hegi et al., 2005) however the mechanism is not fully understood.  

Other DNA repair mechanisms can impact the response of glioblastoma to TMZ. MMR 

machinery can cause double strand breaks (DSBs) when attempting to repair O6-

methylguanine adducts leading to cell death (Zhang, Stevens and Bradshaw, 2012; Mojas, 

Lopes and Jiricny, 2007). However, MMR gene deficiencies have been implicated in TMZ 

resistance where their loss has affected the clinical course of glioblastomas (Kawaguchi et 

al., 2021) or showed to accelerate tumour growth during TMZ treatment (Cahill et al., 

2007). BER mechanisms also confer resistance to the TMZ-induced DNA adducts: N7-

methylguanine and N3-methyladenine (Figure 1.2). BER is rarely mutated in glioblastoma 

and key enzymes are even overexpressed in some cases, conferring a stronger resistance to 

TMZ (Agnihotri et al., 2012; Tang et al., 2011; Thanasupawat et al., 2017) even where there 

is an increase in MGMT mRNA (Serrano-Heras et al., 2020). Figure 1.2 shows DNA that 

cannot be repaired by MGMT, MMR, or BER forms DSBs, which can still be repaired by 

homologous recombination (HR) or non-homologous end joining (NHEJ). These degenerate 

mechanisms provide several mechanisms to overcome TMZ-mediated DNA alkylation and 

promote resistance in glioblastoma. 

 

In addition to DNA repair mechanisms, tumours can also develop TMZ resistance through 

survival autophagy (Zou et al., 2014), conversion to glioma stem cells (GSCs) upon TMZ 

treatment (Auffinger et al., 2014), altering microRNA expression (Wong et al., 2012), and 

overexpression of efflux transporters that remove cytotoxic drugs (Liu et al., 2015a; Zhang 

et al., 2018). Due to the many ways glioblastomas can become resistant to TMZ, half of the 

patients who receive TMZ display a resistant phenotype (reviewed by Lee, 2016). 
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Surgery is the first line of treatment for glioblastoma and involves maximal resection using 

microsurgical techniques without compromising neurological function (Weller et al., 2021). 

Naturally, technological developments have improved the amount of tumour volume that 

can be removed by surgery and over 98% removal of the visible tumour from a magnetic 

resonance imaging (MRI) scan is classed as ‘full resection’ (Weathers, 2019). Despite the 

potential to damage healthy brain tissue and reduce quality of life when trying to fully 

resect a glioblastoma, Sagberg, Solheim, and Jakola (2016) found patients reported a better 

quality of life after full resection than those receiving a biopsy, only. This could be 

interpreted as being linked to a better prognosis, however one study reported that full 

resection (>98%) prolongs survival by just 4.2 months to a median of 13 months compared 

to resection of less than 98%, which resulted in a median survival of 8.8 months (Lacroix et 

al., 2001). Surgery is currently the best option to extend patient survival however, because 

of the invasiveness and aggressive nature of the cancer, peripheral tumour cells left behind 

after surgery outside of the bulk tumour can genetically and phenotypically adapt to 

manifest into a new, recurrent glioblastoma (Celiku, Gilbert and Lavi, 2019). Hence, 

recurrence rates in glioblastoma patients are very high at around 90% (Ostrom et al., 2013). 

 

Radiotherapy is used in combination with chemotherapy after surgery in routine 

glioblastoma treatment (Weller et al., 2021). Data conclude that radiotherapy in 

combination with various chemotherapies can increase the chances of survival within one 

year by 19%, in comparison to chemotherapy alone (reviewed by Laperriere, Zuraw and 

Cairncross, 2002). 

 

In addition to adjuvant TMZ, a relatively new therapy has been incorporated into the 

standard of care for the treatment of newly diagnosed glioblastoma in the European Union, 

China, Japan, and the United States of America. Tumour Treating Fields Therapy (TTFields) 

describes alternating electric fields of low intensity and intermediate frequency that supress 

tumour growth and spread through causing mitotic arrest, apoptosis, and impacting DNA 

repair, autophagy, cancer cell migration, membrane permeability, and immunological 

response processes. In a recent trial (NCT00916409), patients who had received initial 

surgery or biopsy and had concomitant radiochemotherapy followed by adjuvant TMZ were 

compared with those who received a combination of adjuvant TMZ and TTFields. Patients 
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who received TTFields show an average increase of 2.7 months in progression-free survival, 

and an increased overall survival of 4.9 months (Nishikawa et al., 2023). Overall, TTFields 

show promise in the treatment of newly diagnosed glioblastoma. 

 

However, TTFields therapy is expensive and currently only privately available in the United 

Kingdom. Advancements in surgery and radiotherapy do improve the survival of 

glioblastoma patients, but these improvements are modest and do not suggest that the 

future of glioblastoma treatment lies in these approaches. Similarly, TMZ resistance is 

unacceptably high and points to the need for new, more potent targeted therapies for 

glioblastoma. 

 

1.2. CIZ1 regulates the cell cycle and epigenetic landscape 
 

A novel p21Cip1/Waf1-interacting protein was identified by Mitsui et al. (1999) in a modified 

yeast two hybrid screen. Cip1/Waf1 interacting zinc finger protein (CIZ1) was also concluded 

to bind the cyclin dependent kinase (CDK) 2 binding region of p21 and affect its localisation. 

CIZ1 was observed in various human and mouse cell lines. Structural analysis found it to 

contain polyglutamine repeats, a glutamine-rich region, three zinc finger motifs, and a 

matrin 3-homologous domain 3 (MH3). Later, CIZ1 expression was identified in many 

tissues, and it was found to recognise and bind specific DNA sequences (Warder and 

Keherly, 2003). 

 

1.2.1. CIZ1 regulates the cell cycle 
 

CIZ1 has several roles including epigenetic maintenance, X chromosome inactivation, and 

cell cycle regulation (Pauzaite et al., 2016; Stewart et al., 2019; Dobbs et al., 2023). CIZ1 

promotes the initiation of DNA replication and localises to minichromosome maintenance 

(MCM) complex and proliferating cell nuclear antigen (PCNA) – proteins both involved in 

replication licencing (Coverley, Marr and Ainscough, 2005). CIZ1 was identified to be present 

at the replication fork due to co-localisation with PCNA – a component of the replisome on 

the nuclear matrix (Ainscough et al., 2007). Taken together with previous data that N-

terminal sequences control DNA replication, these data suggested that CIZ1 links the nuclear 
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matrix to the replisome, through cell division cycle 6 (cdc6) binding (Copeland et al., 2015). 

The functionality of this localisation revealed CIZ1 to control the recruitment of cyclin 

A/CDK2 to the replisome to promote initiation of DNA replication (Coverley, Laman and 

Laskey, 2002) by initially binding cyclin E, which is displaced by cyclin A (Copeland et al., 

2010). Recently, CIZ1 has been further implicated in cell cycle control showing a decreased 

G1 and cell cycle length post quiescence, in its absence (Tollitt et al., 2024). This is 

associated with elevated cyclin E1, E2 and A2, and increased retinoblastoma (Rb) 

phosphorylation contributing to early restriction point bypass. Also, the CDK activity 

threshold required for initiation of DNA replication was increased in CIZ1-deficient cells 

relative to wild type cells, further indicating the role of CIZ1 in recruiting and modulating 

CDK activity to regulate the G1/S transition and the initiation of DNA replication. 

Importantly, this process is regulated by a negative feedback loop where cyclin A-CDK2 

interacts with CIZ1, leading to initiation of DNA replication. Subsequently, cyclin A-CDK2 

phosphorylates CIZ1, inactivating its DNA replication activity and providing an additional 

level of cell cycle control (Copeland et al., 2015). 

 

1.2.2. CIZ1 interaction partners 
 

CIZ1 has many interaction partners and thus is implicated in many processes. Figure 1.3 

shows the primary structure of CIZ1, overlayed with the regions that bind to each of its 

interaction partners. 

 

 
Figure 1. 3. The primary structure of CIZ1 overlayed by interacting molecules and the 
regions they bind adapted from Swarts et al. (2018) and Thacker at al. (2020). Four 
alternative exons (C) are displayed with protein domains including glutamine-rich regions 
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(Q), nuclear localisation signals (NLS), zinc finger domains (ZF), matrin-3 domains (MH3) and 
an acidic domain (AcD). 

 

Enhancer of rudimentary homolog (ERH) is a highly conserved, small nuclear protein with an 

array of functions, some being species-specific (reviewed by Kozlowski, 2023). Since ERH 

was first characterised (Wojcik et al., 1994), it has been implicated in nucleic acid 

metabolism, transcription of DNA damage and DNA metabolism genes, regulation of cell 

cycle genes, and heterochromatin formation, consistent with a role in maintaining genome 

integrity. Human CIZ1 binds ERH (Lukasik et al., 2008) and forms a 2:2 heterotetramer 

(Wang et al., 2023) at replication foci in HeLa cells (Lukasik et al., 2008; Banko et al., 2013). 

This suggests CIZ1 promotes progression of the cell cycle through recruiting and localising 

ERH activity, as well as assisting in genome stability. 

 

CIZ1 has also been identified as a binding partner of DHX9 (Thacker et al., 2020). DHX9 is a 

DNA/RNA helicase and part of the DExH-box family of helicases, with roles in DNA 

replication, transcription, translation, genome stability, RNA processing (reviewed by Lee 

and Pelletier, 2016), and activation of DNA replication origins (Lee et al., 2014). DHX9 has 

also been implicated in the resolution of R-loops, DNA-RNA hybrids that can promote DNA 

replication stress and genome instability (Yang et al., 2024). This association further 

implicates CIZ1 as a recruitment factor/scaffold for other replication/genome stability 

factors. 

 

In female mammals, the quantity of gene products from the X chromosomes is regulated 

through epigenetic silencing of one of the X chromosomes (Lyon, 1961). The X-inactivation 

centre (Xic) produces X inactive specific transcript (Xist), which is a long non-coding RNA 

that localises to the cis X chromosome and controls the process of its silencing (Brown et al., 

1991). CIZ1 was found to bind Xist (Ridings-Figueroa et al., 2017) at the highly repetitive E 

motif within exon 7 of Xist (Sunwoo et al., 2017) by both N and C-terminal domains of CIZ1 

(Sofi et al., 2022). This interaction is modulated by prion-like domains (PLD) 1 and 2 (Sofi et 

al., 2022), and under (Ridings-Figueroa et al., 2017; Sunwoo et al., 2017) or overexpression 

(Sunwoo et al., 2017) of CIZ1 leads to Xist mislocalisation. As well as silencing, replication of 

the inactive X chromosome (Xi) is dependent on CIZ1 as it moves from the nuclear periphery 
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towards the centre when replicating, in a CIZ1-dependent manner (Stewart et al., 2019). 

Other work shows a further role of CIZ1 in epigenetics where it controls the epigenetic state 

of cells during quiescence (Dobbs et al., 2023). These data link cell cycle regulation and 

epigenetic regulation, suggesting that CIZ1 contributes to genome acessability and genetic 

stability. 

 

1.2.3. CIZ1 has a role in cancer 
 

CIZ1 has been implicated in promoting tumourigenesis in breast cancer, Ewing sarcoma, 

pancreatic cancer, lung cancer, colorectal cancer, colon cancer, prostate carcinoma, 

gallbladder cancer, hepatocellular carcinoma, bladder cancer, and gastric cancer (den 

Hollander et al., 2006; Rahman et al., 2007; Thalappilly et al., 2008; Rahman, Aziz and 

Coverley, 2010; Higgins et al., 2012; Yin et al., 2013; Nishibe et al., 2013; Wang et al., 2014; 

Liu et al., 2015b; Zhang et al., 2015; Wu et al., 2016; Lei et al., 2016; Coverley et al., 2017; 

Zhou et al., 2018; Swarts et al., 2018; Chen et al., 2019; Chen et al., 2020; Li et al., 2020; 

Wan et al., 2023). CIZ1 has been found to promote tumourigenesis through either 

overexpression, underexpression, oncogenic transcription, or alternative splicing. 

Interestingly, CIZ1 can promote tumourigenesis at high levels and act as a tumour 

suppressor at normal levels. Deletion of CIZ1 promotes DNA replication stress (Dobbs et al., 

2023; Tollitt et al., 2024; Nishibe et al., 2013) and predisposes to lymphoproliferative 

disorders and leukaemia (Nishibe et al., 2013). 

 

1.2.3.1 Differential splicing 
 

Studies have found differentially spliced CIZ1 variants in Ewing sarcoma (Rahman et al., 

2007; Rahman, Aziz and Coverley, 2010), lung cancer (Higgins et al., 2012; Coverley et al., 

2017), colon cancer and breast cancer (Swarts et al., 2018). Alternatively spliced CIZ1 

variants are stable and specific to cancer, as opposed to normal tissue, in that they show 

promise as biomarkers for detection of early-stage cancers. Higgins et al. (2012) identified a 

splice variant of CIZ1 as a driver of tumourigenesis and its removal reduced tumour growth 

in xenograft models. This was the first demonstration that CIZ1, and specifically a splice 



 18 

variant, was promoting tumour growth. There are also splice variants that have been 

reported as associated with tumours but not required for growth (Swarts et al., 2018). 

 

1.2.3.2 Oncogenic transcription 
 

CIZ1 is a multifaceted regulator of DNA replication and transcription. The role of CIZ1 in 

transcriptional regulation is seen in X chromosome inactivation and in oncogenic 

transcription programmes. CIZ1 has been suggested to play a role in breast cancer through 

its interaction with ERH and the oestrogen receptor (ER). Oestrogen plays a role in 

mammary epithelial cell growth and breast cancer development. Oestrogen activates the 

nuclear proteins: ERα and ERβ, which in turn promote transcription through binding 

oestrogen-response elements (EREs) on gene promoters or indirectly through binding other 

transcription factors (Shiau et al., 1998; Klein-Hitpass et al., 1986). CIZ1 has been implicated 

in a positive feedback loop of oestrogen-dependent proliferation in breast cancer cells. The 

CIZ1 gene has been found to contain EREs, allowing oestrogen-dependent expression in ER-

positive cells. Increased CIZ1 expression increases the oestrogen sensitivity in mammary 

epithelial cells by interacting with and coactivating the ER, facilitating its recruitment to 

promoter regions on chromatin. Additionally, CIZ1 overexpression promotes a cancerous 

phenotype by increasing anchorage independence, growth rate, and tumourigenesis of 

breast cancer cells (den Hollander et al., 2006). Dynein light chain 1 (DLC1 or DYNLL1) has 

also been found to regulate the ER pathway (Rayala et al., 2005) and confer hypersensitivity 

to oestrogen (den Hollander and Kumar, 2006), although initially identified as a motor 

protein (Dick et al., 1996). DLC1 promotes cell cycle progression in breast cancer cells by 

accelerating progression past the G1/S transition through binding and increasing the activity 

of CDK2. As DLC1 also binds CIZ1, an interesting model by den Hollander and Kumar (2006) 

proposed that DLC1 localises CIZ1 to the nucleus where it binds CDK2 and p21, however 

translocation of DLC1-CIZ1 to the cytoplasm sequesters p21 and allows DNA replication 

licencing. Finally, CIZ1’s association with ERH at replication foci also implicate it in breast 

cancer. ERH overexpression in breast cancer tissue has been shown (Zafrakas et al., 2008) 

and suggested to play a role in tumour progression. The localisation of ERH to replication 

foci by CIZ1 (Lukasik et al., 2008; Banko et al., 2013) further implicate it in breast cancer. 
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The Hippo pathway has a fundamental role in organ development and regeneration. Yes-

associated protein (YAP) and transcriptional activator with PDZ-binding motif (TAZ) form a 

complex with transcriptional enhancer associated domain (TEAD) transcription factors to act 

as effectors for the Hippo pathway. These complexes express or repress target gene 

expression through binding to gene enhancers, interacting with chromatin-remodelling 

complexes, and affecting the transcriptional activity of RNA polymerase II. The main groups 

of effected genes from this pathway include cell cycle, cell migration, and cell fate 

regulators. YAP/TAZ hyperactivation is well-documented in promoting cancer development 

(Moya and Halder, 2019). CIZ1 was identified as a binding partner of YAP (Wu et al., 2016) 

where it interacts with its anchor domain (Lei et al., 2016), as shown in Figure 1.3. CIZ1 was 

found to activate and increase the transcriptional activity of YAP, likely through enhancing 

the YAP-TEAD interaction in hepatocellular carcinoma (HCC). CIZ1 is highly expressed in HCC, 

which correlates with increased tumour growth, migration, and metastasis. 

 

1.2.3.3 CIZ1 overexpression promotes tumour growth 
 

CIZ1 overexpression has been identified in many cancer types and linked with a pro-

cancerous phenotype. CIZ1 overexpression has been observed in seven different types of 

cancer (Table 1.1). Reduction through direct genetic approaches (e.g. siRNA) causes 

reductions in tumourigenesis, whereas further increasing CIZ1 causes further progression of 

the cancer. Table 1.1 shows cancers in which CIZ1 overexpression has been identified, the 

nature of the alteration to CIZ1, the intervention taken to reduce CIZ1, and the observed 

phenotypic effects. 
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Table 1. 1. CIZ1 overexpression promotes tumourigenesis in many types of cancer, 
adapted from Pauzaite et al. (2016). Studies of cancer types where CIZ1 is overexpressed 
were investigated and the mode of intervention to reduce CIZ1 noted, with the results of 
these interventions. Abbreviations: small interfering RNA, siRNA; short hairpin RNA, shRNA; 
micro RNA, miRNA. 

Cancer  Cancer-specific 

CIZ1 alteration 

Mode of 

intervention 

Result of intervention Source 

Colorectal 

carcinoma 
Overexpression siRNA 

Reduced proliferation, and 

colony formation in vitro. 

(Yin et al., 

2013) 

Gall bladder 

carcinoma 
Overexpression siRNA 

Reduced xenograft tumour 

growth. Reduced tumour 

migration in vivo. 

(Zhang et al., 

2015) 

Prostate cancer Overexpression siRNA 

Reduced tumourigenesis in 

xenograft models, reduced 

proliferation, G1 checkpoint 

activation. 

(Liu et al., 

2015b) 

Breast cancer Overexpression siRNA 

Reduced tumourigenesis, 

proliferation, and anchorage 

independence. 

(den 

Hollander 

and Kumar, 

2006; den 

Hollander et 

al., 2006)  

Breast cancer 

Overexpression 

of CIZ1 

increases 

oestrogen 

sensitivity 

CIZ1 

overexpression 

Increased oestrogen sensitivity 

and increased tumour size in 

xenograft models. 

(den 

Hollander et 

al., 2006) 

Hepatocellular 

carcinoma 
Overexpression 

CIZ1 

overexpression 

Increased proliferation and 

migration. 

(Lei et al., 

2016; Wu et 

al., 2016) 

siRNA 

Reduced growth, 

tumourigenesis, and 

metastasis. 

Bladder cancer Overexpression shRNA 
Reduced proliferation, 

increased apoptosis. 

(Chen et al., 

2019) 

Gastric Cancer Overexpression miRNA 

Reduced proliferation, 

migration, invasiveness, and 

increased apoptosis. 

(Wan et al., 

2023) 
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1.2.3.4 CIZ1 is overexpressed and mislocalised in glioblastoma 
 

Multiple primary patient-derived glioblastoma tissue samples have shown an increase in 

CIZ1 expression within the tumour compared to outside the tumour margins (Falkingham, 

2021). Taken together with data from other cancers in Table 1.1, this implies that targeting 

CIZ1 for reduction when overexpressed in glioblastoma may bring about a reduction in 

cancerous phenotypes. Furthermore, Figure 1.4 C shows that glioblastoma patients with a 

higher CIZ1 mRNA expression have a poorer prognosis, potentially suggesting CIZ1 is driving 

cancer progression and presents as an attractive target. In addition to this, a high CIZ1 

expression in brain biopsies may indicate the presence of a glioblastoma and could be used 

as an early detection biomarker, similarly to alternatively spliced CIZ1 variants discussed in 

Section 1.2.3.1. Figure 1.4 shows CIZ1 overexpression has been observed in glioblastoma 

and this is linked to poorer patient survival. 
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Figure 1. 4. CIZ1 is overexpressed in glioblastoma and associated with poorer patient 
survival. A, B) Formalin-Fixed Paraffin-Embedded (FFPE) glioblastoma tissue samples 
labelled with haematoxylin, eosin and immunopurified anti-CIZ1 antibody show higher CIZ1 
expression inside the tumour (Falkingham, 2021). Tumour margins are shown by the red 
line. C) Kaplan-Meier plot showing median overall survival for Glioblastoma (Brennan et al., 
2013), where n=520, showing significantly (p=0.0413) lower survival for high CIZ1 copy-
number 12.60 (95 % CI 11.10 - 13.90) and 15.30 (95 % CI 14.20 - 16.90) months respectively. 
CI, confidence interval. 

 

These data suggest that CIZ1 is overexpressed in glioblastoma. Other works have 

demonstrated that reducing CIZ1 levels has resulted in reduced tumour growth, suggesting 

that it may be a viable drug target. Reduction of CIZ1 levels in glioblastoma may result in 

anticancer effects, such as those observed in other cancers in Table 1.1. 
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1.3. CIZ1 is controlled by opposing CDK and UPS activity 
 

Through assaying mouse embryonic fibroblasts with CDK inhibitors and assessing CIZ1 

phosphorylation and stability, it has been shown that CDK2 activity correlates to CIZ1 

phosphorylation and accumulation prior to the initiation of DNA replication (Pauzaite, 

2019). CDK2 and DBF4-dependent kinase (DDK; also known as cell division cycle 7 – cdc7) 

activity also stabilises CIZ1 post-restriction point in late G1 phase whereas CDK4/6 inhibition 

has little effect, likely due to the limited activity of these kinases at this point in the cell 

cycle. Pauzaite (2019) proposes a model describing how CIZ1 levels are controlled 

throughout the cell cycle (Figure 1.5). Cyclin A/CDK2 activity and CIZ1 phosphorylation 

closely followed the abundance of CIZ1, suggesting that CDK2 phosphorylation of CIZ1 

stabilises it allowing for more efficient S phase entry. On CDK inhibition, the ubiquitin 

proteosome system (UPS) degraded CIZ1 whilst UPS inhibition recovered CIZ1 levels. 

 

 

Figure 1. 5. CIZ1 protein levels are controlled by opposing CDK and UPS activities. CDK2-
mediated phosphorylation of CIZ1 positively correlates to its expression levels during late G1 
phase. In the absence of CDK activity the UPS degrades CIZ1, which can be recovered 
through UPS inhibition. 

 

This model suggests that CIZ1 levels could be reduced in glioblastoma through CDK 

inhibition, bringing about anticancer effects such as those in Table 1.1. A panel of six CDK 

inhibitors were selected to assay on glioblastoma cell lines in vitro. The selected inhibitors 

included: milciclib, abemaciclib, dinaciclib, palbociclib, CVT-313, and PHA-767491. 
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1.4. CDK inhibitors in cancer therapy 
 

CDKs control progression of the cell cycle, making CDK inhibitors attractive molecules to use 

in cancer therapy. Small molecule kinase inhibitors have been the focus of treating a range 

of cancers in many clinical trials, where they have showed promise. Palbociclib, ribociclib, 

and abemaciclib are small molecules that target CDK4/6 and were FDA approved for clinical 

use in 2015, 2017, and 2018, respectively. Additionally, there are more CDK inhibitors that 

show efficacy in cancer, and specifically glioblastoma, therapy. 

 

1.4.1. CDK4/6 inhibitors 
 

Abemaciclib (LY2835219) is a licenced drug for the treatment of hormone receptor positive 

(HR+) and human epidermal growth factor receptor negative (HER2-) breast cancer (Goetz 

et al., 2017). It is a CDK4/6 inhibitor with IC50 values of 2 nM and 10 nM, respectively in cell-

free assays (Gelbert et al., 2014). Abemaciclib has also be clinically trialled for other cancers 

including: melanoma, lymphoma, neoplasm, solid tumour, and glioblastoma (reviewed by 

Wander et al., 2022) and is permeable to the blood-brain barrier (BBB; Raub et al., 2015). 

 

One phase I study has completed in 2023 investigating the use of abemaciclib in diffuse 

intrinsic pontine glioma (DIPG), however results have not yet been published 

(NCT02644460). Abemaciclib was taken in varying doses, twice daily, for a cycle of 28 days 

and a maximum treatment duration of two years, with or without radiotherapy. Another 

trial in progress is investigating the use of abemaciclib with LY3214996 (an extracellular-

regulated kinase (ERK) pathway inhibitor – Bhagwat et al., 2020) in glioblastoma 

(NCT04391595). Abemaciclib is also being tested in combination with TMZ, compared to 

TMZ alone in glioma (NCT06413706); and abemaciclib localisation in glioma is being 

investigated using intratumoural microdialysis (NCT05413304). A phase I dose escalation 

trial saw three glioblastoma patients reach stable disease, with two continuing to receive 19 

and 23 abemaciclib cycles (Patnaik et al., 2016). Abemaciclib is also being investigated in 

two further stage I (NCT04074785) and II (NCT02981940) clinical trials. 

 

https://clinicaltrials.gov/ct2/show/NCT04391595
https://clinicaltrials.gov/ct2/show/NCT06413706
https://clinicaltrials.gov/ct2/show/NCT05413304
https://clinicaltrials.gov/ct2/show/NCT04074785
https://clinicaltrials.gov/ct2/show/NCT02981940
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Palbociclib (PD-0332991) is a licenced breast cancer drug for oestrogen receptor positive 

(ER+) and HER2- types (Turner et al., 2015). Like abemaciclib, it is a CDK4/6 inhibitor with 

respective IC50 values of 11 nM and 16 nM in cell-free assays (Fry et al., 2004). 

 

Palbociclib can pass the BBB (Raub et al., 2015), so was trialled in a phase II study in treating 

patients with recurrent Rb positive glioblastoma (NCT01227434). However, this study was 

terminated early due to insufficient efficacy as 95% of patients progressed within six months 

(Taylor et al., 2018).  Despite this, it was included in a phase I/II study (NCT03158389) using 

targeted compounds to treat unmethylated MGMT promoter (TMZ resistant) glioblastoma. 

Palbociclib was orally administered at 75/100/125 mg on 21 days of a 28-day cycle, followed 

by 4 weeks break and ultimately as maintenance. These results are not yet available. 

Another ongoing early phase I trial (NCT05432518) aims to assess the efficacy of a daily dose 

of 125 mg palbociclib in patients with CDK4 and CDK6 amplification in their glioblastoma. 

 

1.4.2. CDK2 inhibitors 
 

Milciclib (PHA-848125) is a phase II CDK2 (IC50 of 45 nM) and tropomyosin receptor kinase A 

(TRKA, IC50 of 53 nM) inhibitor, with inhibitory effects towards CDK1, 4, 5 and 7, also (Brasca 

et al., 2009). TRKA is a receptor for nerve growth factor (NGF) and plays a role in the 

development of cancer (reviewed by Fan et al., 2024). Phase II clinical trials have explored 

the use of milciclib in the treatment of metastatic HCC, malignant thymoma, thymic 

carcinoma, recurrent malignant glioma, and malignant pleural mesothelioma. The most 

recent trial, in 2017, assessed 31 patients with unresectable, metastatic HCC that were not 

taking sorafenib. After 3 months, 45% of patients were still alive and 19.4% were alive after 

6 months. The average time to progression (TTP) was 5.9 months (2017-000144-18). 

 

Computational modelling has suggested milciclib is able to cross the BBB (Khanam et al., 

2022), thus it has been trialled in the treatment of malignant glioma in a phase I/II study. 

Milciclib was orally administered for 14 consecutive days every three weeks and this trail 

was completed in 2012 (2006-003193-10), however the results are not available. 

Furthermore, one study observed increased apoptosis in medulloblastoma cells from 

https://clinicaltrials.gov/ct2/show/NCT01227434
https://clinicaltrials.gov/ct2/show/NCT03158389
https://clinicaltrials.gov/ct2/show/NCT05432518
https://www.clinicaltrialsregister.eu/ctr-search/search?query=2017-000144-18
https://www.clinicaltrialsregister.eu/ctr-search/search?query=2006-003193-10
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milciclib treatment, in combination with bromodomain and extraterminal (BET) inhibition 

(Bolin et al., 2018), suggesting milciclib may show efficacy in treating glioblastoma. 

 

CVT-313 is a CDK2 inhibitor with an IC50 value of 0.5 µM in vitro (Brooks et al., 1997), which 

has also been identified as an inhibitor of phosphodiesterase (PDE) 4 and 5 (Liu et al., 2023). 

CVT-313 has not been investigated in clinical trials, but laboratory studies have 

demonstrated its anticancer effects in an array of diseases including ovarian cancer (Pan et 

al., 2023), HCC (Yang et al., 2021), breast cancer (Okur and Yerlikaya, 2019; Hwang et al., 

2012), diffuse large B-cell lymphoma (Faber and Chiles, 2007), colorectal cancer (Somarelli 

et al., 2020), lung carcinoma (Talapati et al., 2020), and HeLa cells (Hwang et al., 2012). 

Interestingly, CVT-313 was identified as ineffective in prostate cancer models (Kanbur, 

Baykal and Yerlikaya, 2021). The effect of CVT-313 in glioblastoma has not yet been 

investigated. 

 

1.4.3. CDK2 and DDK inhibitors 
 

PHA-767491 HCl (NMS-1116354) is a cdc7 and CDK9 inhibitor with biochemical IC50 values of 

10 and 34 nM, respectively. There is ~20-fold selectivity over CDK1/2 and glycogen synthase 

kinase 3 beta (GSK3-β); 50-fold selectivity over CDK5 and mitogen activated protein kinase-

activated protein kinase 2 (MK2); and 100-fold selectivity over polo-like kinase 1 (PL1) and 

checkpoint kinase 2 (CH2; Montagnoli et al., 2008). Recently, PHA-767491 has also showed 

CDK2 inhibitory effects (Pauzaite et al., 2022). Like CVT-313, PHA-767491 has not yet been 

trialled clinically but has shown efficacy against colorectal and prostate cancer (Pauzaite et 

al., 2022), HCC (Li et al., 2015), multiple myeloma (Liu et al., 2018a; Natoni et al., 2013), 

chronic lymphocytic leukemia (Natoni et al., 2011), and pancreatic adenocarcinoma 

(Huggett et al., 2016). Dual cdc7 and CDK9 inhibition by PHA-767491 has also showed to 

resensitise triple negative breast cancer (TNBC) cells to EGFR-tyrosine kinase inhibitors 

(EGFR-TKIs) that have developed resistance. Synergistic effects of PHA-767491 and EGFR-

TKIs resulted in reduced proliferation, increased apoptosis, G2/M arrest, and inhibited DNA 

replication in TNBC cells (McLaughlin et al., 2019). PHA-767491 has also progressed to 

clinical trials for solid tumours (NCT01016327, NCT01092052). 
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In vitro, the use of PHA-767491 was tested for glioblastoma. Results showed reduced cell 

viability, reduced proliferation, increased apoptosis, and reduced migration and invasion 

(Erbayraktar et al., 2016). Whilst PHA-767491 has poor BBB penetrance, a recent study has 

developed a nanoparticle capable of delivering it to the brain (Rojas-Prats et al., 2021) 

meaning it may still be used to treat neurological diseases. 

 

1.4.4. Pan-CDK inhibitors 
 

Dinaciclib (SCH727965) is a pan-CDK inhibitor for CDK2, 5, 1, and 9 with IC50 values of 1, 1, 3 

and 4 nM, respectively in cell-free assays. It also prevents thymidine DNA incorporation 

(Parry et al., 2010). The BBB penetrance of dinaciclib has not yet been determined, however 

its permanent dipole (Figure 1.6) may make the molecule too polar to pass the membrane. 

 

 
Figure 1. 6. The molecular structure of dinaciclib (NCBI, 2024). Dinaciclib is a pyrazolo[1,5-
a]pyridine with antitumour activity through its CDK inhibitory effects. 

 

Clinical trials testing the efficacy and safety of dinaciclib in relapsed/refractory (rr) multiple 

myeloma, rr chronic lymphocytic leukemia, rr diffuse large B cell lymphoma, solid tumours, 

solid neoplasm, and others (NCBI, 2024). In 2017, dinaciclib was enrolled in phase III trial 

comparing it to ofatumumab (the only available treatment in this case) in patients with 
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refractory chronic lymphocytic leukemia (NCT01580228). Dinaciclib was shown to be well 

tolerated and proves to treat cancer as it increased overall survival by 4.5 months and 

progression-free survival by 7.8 months compared to ofatumumab (Ghia et al., 2017). 

Dinaciclib has not yet been assessed clinically but shows promise in treating glioblastoma in 

vitro (Riess et al., 2021; Xu et al., 2022; Riess et al., 2020; Jackson et al., 2024; Riess et al., 

2022) and in vivo (Zhang et al., 2019). 
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1.5. Aims 
 

As shown, CIZ1 overexpression is linked to tumourigenesis in various cancers and reduction 

alleviates this phenotype. Similarly, CIZ1 overexpression is observed in primary patient-

derived glioblastoma tissue samples and high CIZ1 mRNA expression correlates to poorer 

patient survival in patient cohorts. CDKs have been evidenced to stabilise CIZ1 levels and 

inhibition causes CIZ1 reduction in mouse embryonic fibroblasts. Given this, and the 

previous efficacy shown by CDK inhibitors in cancer therapy, this work aims to establish a 

link between the anticancer effects of a panel of six CDK inhibitors in glioblastoma tissue 

samples and their ability to reduce CIZ1 protein levels. This will be assessed through 

monitoring of proliferation, cell death, and cell cycle arrest, whilst data are compared to an 

immortalised cell line representative of normal glia. These objectives will be assessed as 

follows: 

 

1. Measure the viability of patient-derived and immortalised 2D glioblastoma cultures 

in response to a 72-hour incubation with varying concentrations of CDK inhibitors 

and compare the IC50 values to those in normal glia. 

2. Assay the effect of varying concentrations of CDK inhibitors on immortalised 3D 

glioblastoma spheroids following a one-week incubation. 

a. Measure the reduction of spheroid diameter in response to each CDK 

inhibitor and compare potency. 

b. Determine the extent of cell death using a live/dead stain in response to each 

CDK inhibitor and compare toxicity. 

3. Monitor cell cycle phase hourly of 2D immortalised glioblastoma culture when 

treated with 10 µM, 5 µM CDK inhibitors or a vehicle control over a 16-hour 

incubation. 

4. Western immunoblotting analysis of CIZ1 protein expression in 2D patient-derived 

and immortalised glioblastoma tissue samples, following 72-hour incubation with 

CDK inhibitors at 10 µM. 
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2. Materials and Methods 
 

2.1 Tissue culture 
 

SVG p12 and U-87 MG immortalised cell lines were purchased from the American Type 

Culture Collection (ATCC) and patient-derived BTNW914 cells were provided by the Brain 

Tumour North West (BTNW) tissue bank at Royal Preston Hospital, with full ethical approval. 

These stocks were generated from the biopsy of a human glioblastoma of a female 67-year-

old, patient who had provided informed consent. Cells were stored in liquid nitrogen in the 

appropriate media (Table 2.1) with 10% (v/v) dimethylsulfoxide (DMSO; Sigma-Aldrich) and 

thawed in a 37°C water bath before culturing. 

 

All cell lines were cultured on 15 cm petri dishes (Nunclon delta tissue culture coated, 

Thermo Scientific) using 30 mL of the appropriate base media (Table 2.1) supplemented 

with 10% (v/v) foetal calf serum (Gibco) and 1% (v/v) Penicillin-Streptomycin-Glutamine 

antibiotic solution (Gibco). Large petri dishes were used to maintain a larger number of 

stock cells compared with flasks. FUCCI and QuCCI U-87 MG cells were cultured using the 

same media as U-87 MG cells with additional 1 µg/mL puromycin (Gibco). Generally, 

confluence was maintained at 20-80% for all cell lines. Passaging was done by removing 

media, washing with 10 mL Dulbecco’s phosphate-buffered saline (DPBS, Gibco), adding 

10% (v/v) trypsin (5%, with EDTA), no phenol red (Gibco) diluted with DPBS, incubating at 

37°C for 3 minutes to dissociate the cells, then removing some of the solution and adding 

fresh media. Incubation conditions were 37°C at 5% CO2 with 100% humidity. 

 

Table 2. 1. Media used for SVG p12, U-87 MG, and BTNW914 cell lines. Abbreviations: 
Dulbecco’s Modified Eagle Medium (DMEM). 

Cell line Media Manufacturer 
SVG p12 DMEM, high glucose Gibco 

U-87 MG DMEM, high glucose Gibco 

BTNW914 Ham’s F-10 Nutrient Mix Gibco 

 

One of the effects of CDK inhibition in glioblastoma is thought to be cell cycle arrest; to 

further assess the mechanism of each of the panel of six CDK inhibitors, cell cycle 
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information is needed. The FUCCI(CA)2 construct (Sakaue-Sawano et al., 2017) provides cell 

cycle information through expression of fluorescently labelled chromatin licencing and DNA 

replication factor 1/Cdc10-dependent transcript 1 (Cdt1) and Geminin cell cycle indicators.  

 

Cdt1 mediates replication licensing and progression into S phase. It is inhibited by Geminin 

binding and ubiquitin-mediated proteolysis. After S phase and replication licencing, Geminin 

binds the middle domain of Cdt1 and the NTD is targeted for degradation by two E3 ligases: 

Cullin 4, damage-specific DNA binding protein 1 (CUL4Ddb1) and Skp1-Cullin-1-F-box (SCF) 

Cullin-Ring E3 Ubiquitin Ligase complex containing Skp2 (SCFSkp2). CUL4Ddb1 recognises the 

PCNA interaction protein motif (PIP box) of Cdt1 only in S phase as CUL4Ddb1 only targets 

proteins bound to PCNA. Cdt1 degradation by SCFSkp2 is dependent on cyclin A-dependent 

kinase phosphorylation of the cyclin binding sequence (Cy) motif within Cdt1. The Cdt1 

inhibitor: Geminin is also degraded by an E3 ligase – anaphase-promoting complex, 

Hct1/srw1/fizzy-related cdc20 homologue 1 (APCCdh1). Throughout the cell cycle the 

activities of CUL4Ddb1/SCFSkp2 and APCCdh1 oscillate reciprocally, which affects the expression 

of Cdt1 and Geminin (Figure 2.1 A and B). 
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Figure 2. 1. The FUCCI(CA)2 construct allows U-87 MG cells to fluoresce differentially 
based on cell cycle phase.  A, B) The reciprocal activity of CUL4 and APC result in reverse-
mirrored expression of the hCdt1(1/100)Cy(–) and hGem(1/110) probes (Sakaue-Sawano et 
al., 2017). C) A cartoon of the FUCCI(CA)2 construct shows mCherry-hCdt1(1/100)Cy(–) and 
mVenus-hGem(1/110) probes downstream of T2A and P2A self-cleaving peptide linkers. D) 
A cartoon showing the fluorescence colour of cells at different stages of the cell cycle and E) 
a microscope image of FUCCI U87-MG cells treated with 5 µM palbociclib for 8 hours (Figure 
3.12). Abbreviations: T2A, Thosea asigna virus 2A; P2A, porcine teschovirus-1 2A; NEB, 
nuclear envelope breakdown; M, mitosis. 

 

The FUCCI(CA)2 construct (Figure 2.1 C) contains the (human) hCdt1(1/100)Cy(–) probe. This 

is not targeted by SCFSkp2 as it does not contain the Cy motif but is targeted by CUL4Ddb1, 

resulting in a sharper reduction in S phase. This is combined with the hGem(1/110). Cdt1 

and Geminin probes are conjugated to fluorescent mCherry and mVenus proteins, 

respectively to allow fluorescent detection when they are differentially expressed in cells. 

Conjugated probes are regulated under a ubiquitous promoter and self-cleaved through 

Thosea asigna virus 2A (T2A) and porcine teschovirus 2A (P2A) peptide linkers after being 

integrated into a cell’s DNA, producing a 1:1 stoichiometry of each protein. CUL4Ddb1 activity 

in S phase allows mCherry-hCdt1(1/100)Cy(–) levels to increase during G2/M/G1 phase 

(Figure 2.1 A) and cells to fluoresce red during G1 phase (Figure 2.1 D) when there is also 
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low green fluorescence. APCCdh1 activity during G1 phase allows mVenus-hGem(1/110) levels 

to steadily build throughout S, G2, and M phase (Figure 2.1 B). This results in green 

fluorescent cells in S phase and yellow fluorescence around late G2 and M phase when red 

fluorescence is also high (Figure 2.1 D). During live cell imaging, the combination of red and 

green fluorescence is largely dominated by the mCherry signal, so cells appear yellow for 

only a short time. 

 

2.2. Cell viability assay 
 

The ability of CDK inhibitors to reduce the viability of glioblastoma cells is essential to assess 

their potential clinical use. Inhibitors must be potent in reducing the viability of glioblastoma 

to ensure a safe dose can be administered to patients. To be effective as a targeted therapy, 

inhibitors must also selectively reduce the viability of glioblastoma over normal glia – this is 

to ensure fewer side effects. Prestoblue™ was used here as a measure of cell viability. 

Prestoblue™ is a resazurin-based, cell permeable molecule; that is converted into a red 

fluorescent form by the reducing environment of a viable cell. The reducing power 

correlates to the number of viable cells within the sample, which in turn correlates to the 

fluorescence intensity produced by the Prestoblue™ reagent. 

 

Cell viability assays were performed with BTNW914, U-87 MG, and SVG p12 cells using 

black, fluorescence-compatible 96-well plates (Nunclon delta tissue culture coated, Thermo 

Scientific). Each well was seeded with 2,000 cells per well using 100 µL of a cell dilution 

containing trypsinised cells, media, and DPBS. Cell number was determined using a 

haemocytometer for each experiment. Plates were incubated for 24 hours before 

treatment. CDK inhibitor stock solutions were 10 mM, dissolved in DMSO. 1 in 4 serial 

dilutions of CDK inhibitors (Selleckchem) were made and added (100 µL) to each well in 

triplicate (or sixfold – see results) to reach final volumes of 200 µL and final inhibitor 

concentrations of 100, 25, 6.25, 1.56, 0.391, 0.0975, and 0.0244 µM. The highest 

concentration of inhibitor was decided to be 100 µM and the lowest 24.4 nM as these 

resulted in plateaus at either end of the dose dependence curve, giving a sigmoidal shape in 

most cases. The appropriate media was added (100 µL) to the bottom row of wells as a 

control. Cells were cultured for 72 hours, which was the optimal time to identify differing 
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effects between concentrations and across inhibitors. One hour before reading, 

Prestoblue™ (10 µL, Invitrogen) was added to each well and mixed, then left to incubate. 

Plates were read on a Tecan infinite M200 PRO using the parameters in Table 2.2. 

 

Table 2. 2. Tecan infinite M200 PRO parameters. 

Parameter Value 
Excitation wavelength 560 nm 

Emission wavelength 590 nm 

Number of flashes 25 
Settle time between flashes 0 ms 

Gain 100 
Integration lag time 0 µs 

Integration time 20 µs 

 

Fluorescence from control wells was averaged per plate and this was set as the 100% viable 

value. Fluorescence measurements from each sample well were then standardised with 

respect to this, a mean was taken for each inhibitor concentration, and values plotted using 

GraphPad. Graphs were plotted for each inhibitor, showing response curves for each cell 

line on each. GraphPad was also used to determine IC50 values. Dose dependence curves 

were fit using the 3-parameter fit in GraphPad for all cell lines and drugs tested. When a 

predicated IC50 value was not within the concentration range used, it was stated as 

above/below that of the highest/lowest concentration. 

 

2.3. Spheroid assays 
 

For U-87 MG spheroid experiments, 96-well ultra-low attachment plates (Corning) were 

seeded with 200 U-87 MG cells per well in 100 µL of media. Plates were incubated for 24 

hours before treatment to allow spheroid formation. Subsequently, 1 in 4 serial dilutions of 

inhibitors were made and added (100 µL) to each well to reach final volumes of 200 µL and 

final inhibitor concentrations of 100, 25, 6.25, 1.56, 0.391, 0.0975, 0.0244, and 0.0061 µM. 

This concentration range allowed for a sigmoidal response in most cases. The appropriate 

media was added (100 µL) to six other wells as positive controls. Cells were cultured one 

week before analysis, which allowed sufficient time for the drugs to penetrate the spheroids 

and exert their effects, without completely destroying spheroids at every concentration. Cell 
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viability was determined using the live cell stain: calcein AM (1:2000) and the cell 

impermeant dead stain: ethidium homodimer (1:500) from the Viability/Cytotoxicity Assay 

Kit for Animal Live and Dead Cells (proteintech). After addition of live/dead stain, cells were 

incubated for 3 hours, 37°C, 5% CO2. Wells were then imaged using the Leica Stellaris 5 

Confocal Microscope at 10X magnification and x and y spheroid dimensions measured and 

recorded, averaging the measurements and plotting values using GraphPad prism and 

determining IC50 values for each drug. 

 

For fluorescence microscopy imaging, lasers were set as according to the parameters in 

Table 2.3 and data for each fluorophore was collected sequentially. The brightfield image 

was taken at the same time as the calcein AM image, followed by that of ethidium 

homodimer. Images were taken on the microscope and processed using Photoshop. 

 

Table 2. 3. Leica Stellaris 5 Confocal Microscope laser parameters to image U-87 MG 
spheroids stained with calcein AM and ethidium homodimer. 

Fluorophore Excitation 
Maxima 

Emission 
Maxima 

Laser 
wavelength 
used 

Emission 
collection 

Reference 

Calcein AM 494 nm 517 nm 494 nm 510- 570 
nm 

Proteintech 

Ethidium 
homodimer 

528 nm 617 nm 528 nm > 600 nm Proteintech 

 

2.4. FUCCI and QuCCI cell cycle live cell imaging 
 

2.4.1. Bacterial transformation, amplification and plasmid purification 
 

FUCCI(CA)2 (Sakaue-Sawano et al., 2017) and QuCCI plasmids (both a gift from Dr. Richard 

Mort) and followed the addgene Bacterial Transformation protocol (Addgene, 2017) to 

amplify these plasmids for transfection into U-87 MG cells. Competent E. coli BL21 (DE3) 

were removed from storage (-80°C) and thawed on ice. FUCCI/QuCCI DNA was added (1 µL) 

to competent cells (50 µL), mixed, then incubated on ice for 30 minutes. Bacteria were heat 

shocked (42°C, 45 seconds) using a heat block then iced for 2 minutes. SOC media (800 µL; 

Fisher Scientific) was added to each tube, and both were incubated on a shaking incubator 
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(37°C, 200 rpm, 45 minutes). FUCCI (600 µL) and QuCCI (200 µL) transformed cells were 

transferred to four LB (Melford) agar plates each, spread evenly, and incubated overnight 

(37°C) along with a negative control plate of untransformed E. coli. 

 

Five colonies (for each plasmid) were transferred into LB media (10 mL, with 100 mg/mL 

ampicillin – Gibco) and incubated in a shaking incubator (37°C, 200 rpm, > 12 hours). 

Plasmids were purified from samples using Protocol 5.1: ‘Isolation of transfection-grade 

plasmid DNA in low throughput (REF 740490)’ from the kit: ‘Nucleospin Plasmid 

Transfection-grade, Mini kit for ultra-pure plasmid DNA’ (Macherey-Nagel). DNA 

concentrations were then determined using a Nanodrop 2000 Spectrophotometer by 

pipetting elution buffer (2 µL) onto the apparatus to calibrate it, then adding each sample (2 

µL). Absorbance values were recorded at 260 and 280 nm and purity determined by 

A260/280 of ~1.8-2. 

 

2.4.2. Transfection 
 

To transfect U-87 MG cells, Lonza’s ‘Cell Line Nucleofactor™ Kit T’ protocol was used 

according to manufacturer’s protocol. Five microlitres of each plasmid, and a piggyBac 

recombination plasmid (Yusa et al., 2011), was added and transfected using programme X-

001. A negative control plate was also established. After 48 hours, media containing 

puromycin (see Section 2.1) was added to both transfected plates and the negative control 

plate to select for successfully transfected cells. Media was changed on plates daily and 

photos of cells taken down the microscope eyepiece. 

 

2.4.3. Fluorescence microscopy of fixed FUCCI/QuCCI U-87 MG cells 
 

FUCCI/QuCCI U-87 MG cells were seeded into 24-well plates (Nunclon delta tissue culture 

coated, Thermo Scientific) with coverslips in the wells. Cells were seeded at 30% density in 2 

mL of media. After 72 hours, media was removed from coverslips and washed 3 times with 

PBS (1 mL). Then, coverslips were incubated with 4% formaldehyde (Fisher Bioreagent) for 

10 minutes and washed a further 3 times with DPBS, before mounting onto slides. 
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The Zeiss LSM 880 with Airyscan Confocal Microscope was used to take images at 40X 

magnification. Lasers were set up according to Table 2.4. The 458 nm Laser was turned off 

when imaging the FUCCI U-87 MG cells and data was collected sequentially. 

 

Table 2. 4. Zeiss LSM 880 with Airyscan Confocal Microscope laser parameters used to 
image FUCCI and QuCCI U-87 MG cells. 

Fluorophore Excitation 
Maxima 

Emission 
Maxima 

Laser 
used 

Emission 
collection 

Reference 

mVenus 515 nm 527 nm 514 nm Optimised using 
Acquisition 
Wizard. 

(FPbase, 
2024c) 

mCherry 587 nm 610 nm 594 nm Optimised using 
Acquisition 
Wizard. 

(FPbase, 
2024b) 

mCerulean 433 nm 475 nm 458 nm Optimised using 
Acquisition 
Wizard. 

(FPbase, 
2024a) 

 

2.4.4. FUCCI U-87 MG live cell imaging 
 

FUCCI U-87 MG cells were seeded onto glass bottomed, black walled 24-well plates (CellVis) 

at 30-40% confluence, with a total volume of 2 mL, and incubated for 24 hours (37°C, 5% 

CO2). Cells were then treated with CDK inhibitors (10 µM and 5 µM), a vehicle control (1% 

DMSO) or no treatment. These concentrations were on the upper end of the IC50 values 

identified for the inhibitors (Table 3.1), so were selected to ensure an effect was observed. 

The plate was set up on the Zeiss LSM 880 with Airyscan Confocal Microscope (37°C, 5% 

CO2) and an automatically focused image of each well taken each hour over 16 hours. As the 

doubling time for U-87 MG cells is approximately 34 hours according to their product sheet 

(ATCC HTB-14, USA), it was thought that a 16-hour incubation should reveal characteristics 

of any cell cycle arrest, if this was indeed an effect. Lasers were set up according to Table 

2.4, excluding the 458 nm laser as the mCerulean fluorophore is not present within the 

FUCCI(CA)2 system. 
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2.5. Quantitative analysis of CIZ1 protein levels 
 

2.5.1. Protein Harvesting 
 

U-87 MG and BTNW914 cells were seeded onto 6-well plates (Nunc) at 30-40% confluence, 

and incubated for 24 hours (37°C, 5% CO2). Inhibitors were added (10 µM) to treatment 

wells, whilst DMSO (1%) was added as a vehicle control. Each well and mixed and plates 

were incubated for a further 72 hours. 72 hours has previously been reported by the lab as 

sufficient to identify changes in CIZ1 levels. Cells were harvested by removing media, then 

washing with 1X Tris-buffered saline (TBS; Sigma-Aldrich) and removing. 4X SDS-PAGE 

loading buffer (0.2 M Tris-HCl (Thermo Fisher), 0.4 M dithiothreitol (DTT; Melford), 8% (w/v) 

sodium dodecyl sulfate (SDS; Melford), 6 mM bromophenol blue (Sigma-Aldrich), 4.3 M 

glycerol (Fisher-Scientific)) was diluted 1:2 and DTT (100 mM) and phenylmethylsulfonyl 

fluoride (PMSF, 2 mM; Sigma-Aldrich) were added and heated to boiling point. 100 µL was 

added to each well and a cell scraper was used to harvest cells. Samples were heated to 

95˚C (10 minutes) and stored at -20 ˚C until analysis. Samples were heated to 95 ˚C (10 

minutes) prior to loading on a SDS-PAGE gel for western blotting. 

 

2.5.2. SDS-PAGE 
 

10% polyacrylamide gels were made using resolving gel (10% acrylamide (National 

Diagnostics), 325 mM Tris-HCl pH 8.8, 0.1% (w/v) SDS, 0.06 (w/v) APS (Sigma-Aldrich), 

0.002% (w/v) TEMED (Thermo Scientific), Milli-Q water) and stacking gel (5% acrylamide, 

125 mM Tris-HCl pH 6.8, 0.1% (w/v) SDS, 0.05% (w/v) APS, 0.0025% (w/v) TEMED, Milli-Q 

water). 

 

Gels were placed into a gel tank (BioRad), which was filled with 1X Tris-glycine SDS gel 

running buffer – diluted from a 10X stock (Fisher Bioreagents) with Milli-Q water. Samples 

(10 µL) and PageRuler™ Prestained Protein Ladder (5 µL; Thermo Scientific) were loaded 

into gels and run (100 V for 15 minutes, then 200 V until completion). 
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2.5.3. Transfer of protein to PVDF membranes 
 

Gels were removed and the wells and below the dye front removed before briefly soaking in 

transfer buffer (0.3 M Tris Base (Fisher Bioreagent), 10 mM CAPS (Sigma-Aldrich), 10% (v/v) 

ethanol (Fisher Bioreagent), 0.0002% (w/v) SDS). Blotting paper (Cytiva) was briefly soaked 

in transfer buffer and four pieces placed on a flat electrode. PVDF membrane (Cytiva) was 

briefly soaked in ethanol to hydrate and subsequently soaked in transfer buffer (5 minutes), 

then placed on top of the blotting paper. The gel was then placed and finally four more 

pieces of transfer buffer-saturated blotting paper placed on top of the gel. The top 

electrode was placed on top of the stack and run (90 minutes, 1 mA per cm2 of paper area). 

 

2.5.4. Western Blotting 
 

Membranes were blocked with blocking buffer for 1 hour at room temperature (10 mL; 1X 

TBS, 1% (w/v) BSA (Fisher Bioreagents), 0.1% (v/v) Tween 20 (Sigma-Aldrich)) to prevent 

non-specific interactions, then buffer removed. Appropriate antibodies were used to detect 

actin and CIZ1 protein. An anti-ß-actin monoclonal antibody (Sigma-Aldrich, A1978) was 

diluted 1:10000 in blocking buffer and added to membranes, then an anti-CIZ1 antibody 

(Covalab; Copeland, 2015) was diluted 1:1000 and added. Membranes were incubated on a 

roller (4°C, > 12 hours). Primary antibodies were removed, and membranes were washed 

with 5 mL blocking buffer briefly, removed, then 3 further washes for 5 minutes. Horse 

radish peroxidase-conjugated secondary antibodies were added for actin monoclonal: anti-

mouse (Abcam, AB6789), and CIZ1 polyclonal primary antibodies: anti-rabbit (Abcam, 

AB6721). These were diluted 1:5000 in blocking buffer and added to membranes on a roller 

for 1 hour at room temperature. Secondary antibodies were removed, and membranes 

washed with 5 mL wash buffer (1X TBS, 0.1% (v/v) Tween 20) briefly to remove excess 

antibody, removed, then three further washes for 5 minutes. 

 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate kit (Thermo Scientific) reagents 

were mixed and pipetted onto membranes (1 mL per membrane) before imaging using the 

iBright™ CL1500 Imaging System.  
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2.5.5. Protein quantitation 
 

Analysis reports were downloaded from the iBright™ CL1500 Imaging System and intensities 

for actin and CIZ1 bands recorded. Standardised CIZ1 bands were calculated by dividing the 

CIZ1 signal by the actin signal of the same sample. Each standardised CIZ1 signal was then 

divided by its respective standardised CIZ1 signal from the vehicle control to obtain the 

signal as a percentage of the control (as some gels had multiple lanes with the same control, 

averages of the repeats were taken here and used). These values were calculated per repeat 

and plotted, for each CIZ1 band, individually using Excel and on the same bar chart using 

GraphPad prism. Statistical analysis was done on GraphPad prism using an ANOVA followed 

by a Dunnett’s multiple comparison. 
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3. Results 
 

3.1. CDK inhibitors reduce proliferation in glioblastoma cells 
 

To assess the effect of CDK inhibition on the viability of glioblastoma cells, a primary patient-

derived glioblastoma cell line (BTNW914) was compared with an established glioblastoma 

cell line (U-87 MG) and a representative normal glia cell line (SVG p12). Cells were seeded 

and treated with a dilution series of each CDK inhibitor for 72 hours. Cell viability was 

determined using Prestoblue™ and standardised according to vehicle controls (Figure 3.1). 
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Figure 3. 1. CDK inhibition reduces glioblastoma cell viability and is selective for 
glioblastoma. Cell viability was determined for BTNW914, U-87 MG, and SVG p12 cell lines 
when treated with a dilution series of CDK inhibitors. Treatments were n=3, except for CVT-
313 and PHA-767491 for BTNW914 and U-87 MG cells where n=6. Fluorescence values were 
standardised and plotted as percentage viabilities with respect to the averaged control 
fluorescence for each plate used. Data show mean ± standard deviation and were fit with a 
3-parameter dose dependent curve using GraphPad. 
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IC50 values for each inhibitor and cell line were determined from the response curve using 

GraphPad (Table 3.1). 

 

Table 3. 1. IC50 values of CDK inhibitors for BTNW914, U-87 MG and SVG p12 in 2D culture. 
IC50 values determined for each inhibitor from 2D viability assays using GraphPad. Values 
were stated as </> when the predicted value by GraphPad was outside of the concentration 
range used. 

 Milciclib 
(µM) 

Abemaciclib 
(µM) 

Dinaciclib 
(µM) 

Palbociclib 
(µM) 

CVT-313 
(µM) 

PHA-767491 
(µM) 

BTNW914 2.495 4.126 < 0.0244 11.21 7.240 2.287 
U-87 MG < 0.0244 0.3884 < 0.0244 8.900 5.479 2.171 

SVG p12 8.908 12.44 > 100 33.74 >100 >100 

 

Milciclib showed potent antiproliferative effects in BTNW914 (2.495 µM) and U-87 MG (< 

0.0244 µM) cells. U-87 MG cells were particularly sensitive with ~50% viability at the lowest 

concentration tested, preventing accurate determination of the IC50 value. The response of 

BTNW914 showed a sigmoid shape, allowing an accurate IC50 determination. This contrasts 

with the U-87 MG dose dependence curve that did not reach a concentration where it did 

not reduce viability and barely reaches 50% viability at the lowest concentration tested 

(Figure 3.1 A), suggesting that the concentration range used was too high to see a sigmoidal 

response and therefore accurately determine an IC50 value. Comparison with the normal glia 

cell line: SVG p12 shows a selective effect, with > 50% of cells viable at 100 µM, suggesting 

that there is an increased sensitivity in glioblastoma cells. U-87 MG are the most sensitive 

cell type to milciclib, and there is > 3.5-fold selectivity for BTNW914 over SVG p12. This 

selectivity may be higher as the concentration required to fully inhibit SVG p12 growth was 

not reached (Figure 3.1 A), and the use of higher concentrations is not possible due to 

limited solubility in DMSO. 

 

The effect of the CDK4/6 inhibitor abemaciclib on cellular proliferation identified that U-87 

MG is the most sensitive cell line (0.3884 µM) with ~10-fold higher potency than in 

BTNW914 (4.126 µM) and SVG p12 cells are the least sensitive to the CDK4/6 inhibitor 

(12.44 µM, Figure 3.1 B). The first licenced CDK4/6 inhibitor palbociclib shows similar 

responses but with higher IC50 values. It was the weakest inhibitor tested despite its broad 

clinical assessment in many cancer types (Zeverijn et al., 2023). The IC50 values for 



 44 

palbociclib (Figure 3.1 D) were 11.21 µM (BTNW914) and 8.9 µM (U-87 MG). However, 

palbociclib has over 3-fold selectivity for glioblastoma cells relative to normal glia where the 

IC50 value for SVG p12 was 33.74 µM. 

 

Both PHA-767491 (Figure 3.1 E) and CVT-313 (Figure 3.1 F) show potent, anti-proliferative 

effects in glioblastoma cells. The IC50 values for PHA-767491 were similar in both BTNW914 

(2.287 µM) and U-87 MG (2.171 µM). Despite this, the viability of U-87 MG cells only 

reaches ~50%, indicating that these cells are more sensitive to PHA-767491 than BTNW914. 

A broader titration of concentrations may identify a more accurate IC50 value, but this was 

not performed. Similarly, CVT-313 treatment results in similar responses in BTNW914 (7.240 

µM) and U-87 MG (5.479 µM). For both PHA-767491 and CVT-313 there are marked 

differences in the response of normal glia. SVG p12 show little sensitivity to either inhibitor, 

suggesting that the IC50 values are greater than 100 µM. Collectively the data suggest that 

glioblastoma cells display > 40-fold greater sensitivity to PHA-767491 and 14-fold sensitivity 

to CVT-313. 

 

Dinaciclib (Figure 3.1 C) is the most potent inhibitor tested here and the IC50 values could 

not be calculated for any glioblastoma cell line when treated with 100 – 0.0244 µM. 

BTNW914 and U-87 MG cells showed less than 25% viability for all concentrations, 

highlighting the sensitivity of these cells to dinaciclib. This contrasts with SVG p12 cells as 

these were very resistant to its activity and only show reductions in viability at 25 and 100 

µM (Figure 3.1C). Much higher concentrations would be needed to determine an accurate 

IC50 value, but at these concentrations the levels of DMSO would confound results. These 

data suggest that dinaciclib is the most potent drug towards glioblastoma (BTNW914 and U-

87 MG) and the least towards normal glia (SVG p12) making it the most selective for cancer 

with a fold selectivity that cannot be calculated (due to indeterminable IC50 values) but is at 

least 4000-fold. 

 

The effects of CDK inhibition in the glioblastoma cells used here can be summarised into two 

groups. In the first group milciclib, abemaciclib, and palbociclib show effective inhibition of 

proliferation in U-87 MG cells and a slightly weaker effect on the primary glioblastoma cell 

line: BTNW914 (Table 3.1). In each case there is also a further reduction in potency against 



 45 

the normal glial cell line: SVG p12. For milciclib, abemaciclib, and palbociclib there is an 

approximate 3-fold higher IC50 concentration for normal glia relative to the glioblastoma cell 

lines, suggesting a weak selectivity for each inhibitor. The second group containing PHA-

767491, CVT-313, and dinaciclib show potent anti-proliferative effects in glioblastoma cells 

and weak effects on normal glia in vitro. These data suggest that CDK inhibition may be a 

potent, selective, and therefore potentially effective approach to prevent proliferation in 

glioblastoma and further analysis of their mechanism of action is required. 

 

3.2. CDK inhibition reduces glioblastoma spheroid size 
 

Pre-clinical drug testing aims to screen inhibitors for potency. Monolayer (2D) tissue culture-

based assays are convenient and still useful in predicting the response of cancer cells to 

treatments. However, 3D glioblastoma models more accurately mimic the cell-cell and cell-

environment interactions that take place within a tumour and contain dividing, quiescent, 

and necrotic cells, consistent with the layers of cells considered to be present within an 

active tumour (reviewed by Manikandan and Jaiswal, 2023). 

 

To further assess the potential of CDK inhibition in more representative in vitro models, U-

87 MG spheroids were produced on ultra-low attachment plates 24 hours before inhibitor 

treatment. This allows for efficient spheroid formation before the addition of CDK inhibitor. 

A range of inhibitor concentrations were added to spheroids (1 in 4 dilutions of 100 – 0.0061 

µM) for each inhibitor and spheroids were incubated for one week without further addition 

of drug. Spheroids were then imaged, diameter measured, and plot against drug 

concentration (Figure 3.2). 
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Figure 3. 2. CDK inhibition causes reduction in U-87 MG spheroid size. Representative 
images of CDK inhibitor-treated spheroids at 100, 6.25, 0.391, and 0.0244 µM. A control 
spheroid is shown where no CDK inhibitor was added. U-87 MG cells were seeded 24 hours 
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before treatment and spheroids were incubated for one week before image acquisition at 
10X magnification using the Leica Stellaris 5 Confocal Microscope. 

 

For each inhibitor, spheroid size decreased with increasing CDK inhibitor concentration. X 

and y dimensions were measured and averaged for each spheroid. The spheroid size was 

plotted against drug concentration and fit with a 3-parameter dose dependence equation 

using GraphPad (Figure 3.3). 

 

 
Figure 3. 3. CDK inhibition reduces U-87 MG spheroid size. U-87 MG cells were seeded 24 
hours prior to seven-day incubation with CDK inhibitors (100 – 0.0061 µM). Spheroids were 
imaged at 10X magnification where x and y dimensions were measured. Dimensions were 
averaged for each spheroid and means were plotted using a 3-parameter dose dependence 
curve in GraphPad. 

 

Using these measurements, IC50 values were determined by fitting a 3-parameter dose 

dependence curve in GraphPad (Table 3.2). 

 

Table 3. 2. IC50 values of CDK inhibitors on U-87 MG 3D spheroids. IC50 values were 
determined from spheroid dimensions using GraphPad. 

 Milciclib 
(µM) 

Abemaciclib 
(µM) 

Dinaciclib 
(µM) 

Palbociclib 
(µM) 

CVT-313 
(µM) 

PHA-767491 
(µM) 

U-87 MG 0.2651 < 0.0244 < 0.0244 5.934 11.93 1.168 

 

Evaluation of the effect of CDK inhibition in 3D spheroids showed that all were effective at 

reducing spheroid size. However, there were a range of effects. The most potent inhibitors 

tested were the CDK4/6 inhibitor abemaciclib and the pan-CDK inhibitor dinaciclib. Both 
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show similar trends where a steep reduction in spheroid size between 0.0244 and 0.0975 

µM is followed by spheroids all of a similar size as concentrations increase. At 0.0244 µM, 

the abemaciclib-treated spheroid was similar in size to the control spheroids at around 400 

µm in diameter, whereas the dinaciclib-treated spheroid was just 100 µm. To accurately 

determine the IC50 value, more than one data point should be close to 0 and 100% viability 

to detect the upper and lower limits of the sigmoidal relationship. Due to limitations in the 

concentrations used, the IC50 value was not determined for the most potent CDK inhibitors 

in 3D culture abemaciclib or dinaciclib, but the IC50 value would be in the low nanomolar 

range. Similarly, milciclib was found to have a nanomolar IC50 value at 265.1 nM in 3D 

models. 

 

PHA-767491 was a potent inhibitor with an IC50 estimated at 1.168 µM. The full response 

curve can be seen within the concentration range used with upper and low plateaus both 

visible. 100 µM PHA-767491 treatment was slightly less effective in reducing spheroid size 

(with averaged x and y dimensions at 170.85 µm), however it still proves to be a potent 

inhibitor. 

 

The data collected for palbociclib did not fit with the 3-parameter sigmoid-shaped curve 

that the software has attempted to fit. Palbociclib treatments have caused the spheroid 

sizes to plateau around the median concentrations used, with another plateau at high 

concentrations (Figure 3.3). This shaped response curve potentially indicates a more 

complex effect, perhaps indicating that palbociclib is targeting different kinases at different 

concentrations leading to a non-sigmoid relationship; therefore, the prediction of 5.934 µM 

as the IC50 is potentially inaccurate. 

 

The CDK2 inhibitor CVT-313 is the least potent inhibitor on 3D U-87 MG spheroids with an 

estimated IC50 of 11.93 µM. The upper plateau and middle of the sigmoid shape is visible 

within the concentration range. The curve appears to plateau at 100 µM, but higher 

concentrations would allow for a more accurate IC50 calculation. For inhibitors above this 

value, there are issues with drug solubility and the toxic effect of DMSO that can become 

apparent at higher levels. 

 



 49 

To summarise, milciclib (TRKA and CDK2, 1, 4, 5, 7 inhibitor), abemaciclib (CDK4/6 inhibitor), 

and dinaciclib (CDK1, 2, 5, 9 inhibitor) were the most potent inhibitors in 3D with nanomolar 

IC50 values. Data show that CDK inhibitors are effective in reducing glioblastoma spheroid 

size in vitro. 
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3.3. CDK inhibition promotes cell death in 3D spheroids 
 

Data presented in Figure 3.3 and Table 3.2 indicate that CDK inhibition can reduce spheroid 

size. This supports data from 2D culture that CDK inhibition can reduce proliferation. 

However, these data do not distinguish between cytostatic effects such as cell cycle arrest, 

that could prevent growth without inducing cell death, or whether CDK inhibitors can 

promote cell death in vitro. To determine if CDK inhibition promotes cell death, a live/dead 

stain was used. Calcein AM is a cell-permeable viability stain that passes across the 

membranes of live cells and is metabolised into a charged, fluorescent molecule that is 

membrane-impermeable. This was co-incubated with ethidium homodimer I, which is cell-

impermeable and can only pass through the leaky membranes of dead or apoptotic cells 

where it intercalates with double stranded DNA and fluoresces. Calcein AM and ethidium 

homodimer were used to determine if CDK inhibitors induced cell death through labelling of 

live, viable cells and dead cells (Figure 3.4). 
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Figure 3. 4. CDK inhibition causes cell death in fluorescent U-87 MG spheroids. U-87 MG 
cells were seeded 24 hours prior to seven-day incubation with CDK inhibitors (100 – 0.0061 
µM). Spheroids were incubated with calcein AM (green) and ethidium homodimer (red) 
three hours before imaging. Images were taken on the Leica Stellaris 5 Confocal Microscope 
at 10X magnification. 

 

Figure 3.4 shows inhibitor-treated spheroids at 100, 6.25, 0.391, and 0.0244 µM, displaying 

brightfield, live, dead, and live-dead merged channels. The brightfield images at 100 µM 

show very small spheroids. The live and dead channels reveal that these spheroids contain 

only dead cells, revealing a cytotoxic effect mediated by CDK inhibitor treatment. At lower 

concentrations of drug, the brightfield images show larger spheroids with green, fluorescent 

live cells around the periphery, as well as dead cells that are present in every case. When 

the drug concentration nears its 3D IC50 value (Table 3.2), it proves effective at killing U-87 

MG cells within the spheroid. As the concentration decreases below this value, more viable 

cells are observed within the treated spheroid. 
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Dinaciclib, PHA-767491, and milciclib display the strongest cytotoxic effects in 3D culture, 

however all CDK inhibitors tested result in cell death. These data show that CDK inhibition is 

cytotoxic to glioblastoma in 3D culture and not merely cytostatic. 

 

3.4. Validation of FUCCI and QuCCI U-87 MG transfection 
 

U-87 MG cells were transfected with the FUCCI(CA)2 construct (and QuCCI construct, 

although these cells were not assayed) and later analysed using live-cell imaging following 

CDK inhibitor treatment. After transfection of FUCCI/QuCCI plasmids into U-87 MG cells, 

puromycin was added to cells’ media to select for those successfully transfected. Images 

were taken using a camera down the eye piece of a light microscope for 16 days after 

selection was introduced (Figure 3.5). 
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Figure 3. 5. Representative images taken of FUCCI, QuCCI, and negative control U-87 MG 
cells during selection for those successfully transfected. U-87 MG cells were transfected 
with FUCCI/QuCCI and a piggyBac recombination plasmid and puromycin added 48 hours 
later to select for transfected cells. Images were taken each time the media was changed for 
16 days at 20X magnification using a light microscope. The negative control plate was 
discarded after day 9 of selection. 

 

U-87 cells on all plates had a high density: around 40% for FUCCI and negative control plates 

and 30% for the QuCCI plate on day 0, these densities heavily dropped 9 days into selection 

and there were very few cells on the FUCCI plate and even fewer on the QuCCI plate. The 

negative control plate had only dead cells, which was expected as parental cells were not 

resistant to puromycin. After 16 days of selection, FUCCI cells had increased to around 70% 

confluence and QuCCI cells to around 40% confluence. No more images were taken after 

day 16. To confirm that the transfections were successful, FUCCI and QuCCI U-87 MG cells 

were fixed with formaldehyde and imaged using confocal microscopy (Figure 3.6). 
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Figure 3. 6. Fixed FUCCI and QuCCI U-87 MG cell images. Cells were grown on coverslips, 
fixed with formaldehyde, and imaged at 40X magnification merging the brightfield and 
fluorescence channels. 

 

3.5. CDK inhibition causes cell cycle arrest in FUCCI U-87 MG cells 
 

FUCCI U-87 MG cells were seeded at 30-40% confluence and treated with CDK inhibitors. 

Images of cells were taken every hour for 16 hours post-CDK inhibitor treatment and cell 

cycle phase monitored. Figures 3.7 – 3.13 show fluorescent images taken of cells at 0, 8, and 

16 hours following incubation with 10/5 µM CDK inhibitor, or control, treatment. 

Proportions of G1 (red) and S/G2 (green) cells were plotted as line graphs for each 

treatment. Yellow cells were excluded from the graphs so that cells could be divided into G1 

or S/G2 only to identify any cell cycle arrest/accumulation. A line graph for each treatment 

is also shown with total cell number to quantify cell death. 

 

Figure 3.7 A and B show progression of FUCCI U-87 MG cells through the cell cycle as they 

change from red to green, divide, and turn red again. Graphs D and F show cell number 

increases as cells progress through the cell cycle during the experiment, and C and E show 

fluctuation of cell cycle phase (red/green) as cells divide normally with no treatment/DMSO. 

However, samples have a higher number of cells in G1 (red) than S/G2 (green), which is a 

common observation across almost every treatment from this experiment. 

 

  



 56 

 

Figure 3. 7. Untreated and DMSO-treated FUCCI U-87 MG cells progress through the cell 
cycle and divide. Samples were incubated with A) no treatment (n=1) or B) vehicle control 
(1% DMSO, n=1) and images taken every hour for 16 hours – images at 0, 8, and 16 hours 
are shown. C, E) Proportions of FUCCI U-87 MG cells in G1 (red) and S/G2 phase (green) 
were counted and plotted as line graphs, alongside D, F) line graphs showing total cell 
number. 
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Figure 3. 8. Milciclib kills FUCCI U-87 MG cells at high concentrations and causes G1 
accumulation at lower concentrations. Samples were incubated with A) 10 µM (n=1) or B) 5 
µM (n=1) milciclib and images taken every hour for 16 hours – images at 0, 8, and 16 hours 
are shown. C, E) Proportions of FUCCI U-87 MG cells in G1 (red) and S/G2 phase (green) 
were counted and plotted as line graphs, alongside D, F) line graphs showing total cell 
number. 
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Milciclib treatment at 10 µM results in proportions of G1 and S/G2 cells to remain 

consistent across the entire duration of the experiment (Figure 3.8 C), but cell number 

steadily decreases throughout the experiment to around 40%. This implies that milciclib 

causes cell death at 10 µM irrespective of cell cycle phase (Figure 3.8 D). This contrasts with 

results seen with 5 µM milciclib that show only a slight decrease in cell number to ~85% of 

the initial number (Figure 3.8 B, F) but results in cell cycle arrest with 80% of cells in G1 

phase (Figure 3.8 B, E). These data suggest that milciclib is cytostatic at 5 µM and cytotoxic 

at 10 µM. 

 

Live-cell imaging of abemaciclib-treated samples found few cells in the microscope’s field of 

view (Figure 3.9 A, B), unfortunately reducing the sample size and making comparison of cell 

numbers to the control impossible, due to the large increase in cell number after 

abemaciclib treatment (Figure 3.9 D). Abemaciclib treatment at 5 µM also resulted in an 

increase in cell number (Figure 3.9 B, F) but only maximally to ~160% at 12 hours before 

reducing again towards the end of the incubation. Despite low cell number, G1 

accumulation is observed at both 10 and 5 µM (Figure 3.9 C, E) with over 80% of cells 

reporting as in G1 phase by the end of the experiment at both 10 and 5 µM, consistent with 

cytostatic effects for acute abemaciclib treatment. 
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Figure 3. 9. Abemaciclib causes G1 accumulation at multiple concentrations in FUCCI U-87 
MG cells. Samples were incubated with A) 10 µM (n=1) or B) 5 µM (n=1) abemaciclib and 
images taken every hour for 16 hours – images at 0, 8, and 16 hours are shown. C, E) 
Proportions of FUCCI U-87 MG cells in G1 (red) and S/G2 phase (green) were counted and 
plotted as line graphs, alongside D, F) line graphs showing total cell number. 
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Figure 3. 10. Dinaciclib appears to cause cell death at high concentrations in FUCCI U-87 
MG cells. Samples were incubated with A) 10 µM (n=1) or B) 5 µM (n=1) dinaciclib and 
images taken every hour for 16 hours – images at 0, 8, and 16 hours are shown. C, E) 
Proportions of FUCCI U-87 MG cells in G1 (red) and S/G2 phase (green) were counted and 
plotted as line graphs, alongside D, F) line graphs showing total cell number. 
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Dinaciclib shows no cell cycle phase-specific effects in FUCCI U-87 MG cells at 10 or 5 µM 

(Figure 3.10 A, B, C, E). When treated with 10 µM, around 60% of cells remain in G1 phase 

and 40% in S/G2 phase throughout the entire incubation. Following 5 µM treatment, the 

number of cells in G1 phase appears to increase from 11-16 hours incubation to around 

70%, however this could be random fluctuation. Cell number remains consistent following 5 

µM treatment (Figure 3.10 F) and only begins to show a gradual decrease after 8 hours of 

incubation with 10 µM dinaciclib (Figure 3.10 D). The data from both 2D and 3D 

experiments found dinaciclib to be the most potent, making the small change in cell number 

here a surprising result. Differences in incubation time of 16 hours here compared to 72/144 

hours for 2D viability/3D assays, respectively may have led to the differences in results. In 

shorter treatments there appears to be a cytostatic effect with an enrichment in G1 phase 

for both concentrations tested. 

 

Palbociclib treatment at 10 µM results in no change in the proportions of cells in either G1 

or S/G2 phase, suggesting there is no cell cycle arrest at this concentration. However, it does 

reduce cell number (Figure 3.11 A, D) suggesting palbociclib is inducing cell death. At 5 µM, 

palbociclib induced death and caused a reduction in total cell number of ~20% (Figure 3.11 

F). In addition, 5 µM palbociclib treatment causes cell cycle arrest in G1 phase resulting in 

almost 80% of cells in G1 phase at 16 hours and 20% in S/G2 phase (Figure 3.11 E). 
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Figure 3. 11. Palbociclib shows concentration dependent cytotoxic and cytostatic effects in 
FUCCI U-87 MG cells. Samples were incubated with A) 10 µM (n=1) or B) 5 µM (n=1) 
palbociclib and images taken every hour for 16 hours – images at 0, 8, and 16 hours are 
shown. C, E) Proportions of FUCCI U-87 MG cells in G1 (red) and S/G2 phase (green) were 
counted and plotted as line graphs, alongside D, F) line graphs showing total cell number. 
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Figure 3. 12. CVT-313 causes G1 accumulation in FUCCI U-87 MG cells at high and low 
concentrations. Samples were incubated with A) 10 µM (n=1) or B) 5 µM (n=1) CVT-313 and 
images taken every hour for 16 hours – images at 0, 8, and 16 hours are shown. C, E) 
Proportions of FUCCI U-87 MG cells in G1 (red) and S/G2 phase (green) were counted and 
plotted as line graphs, alongside D, F) line graphs showing total cell number. 
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CVT-313 treatment at both 10 and 5 µM resulted in increased cell proliferation over 16 

hours (Figure 3.12 D, F) and an increase in the proportion of G1 cells (Figure 3.12 C, E). 

Around 70% of cells are arrested in G1 by the end of the experiment when treated with 10 

µM CVT-313, and around 75% of cells are G1-arrested after a 16-hour incubation with 5 µM 

CVT-313. These data suggest that CVT-313 promotes cell cycle arrest in G1 phase after acute 

treatment, with limited cell death, suggesting a cytostatic mechanism. 

 

Following treatment with PHA-767491, cells appear to stop dividing after 10 and 5 µM 

treatment incubations as the number of cells stays close to 100% of the number at the start 

of the experiment (Figure 3.13 D and F). Proportions of cells in G1 and S/G2 also appear to 

remain almost consistent across the entire incubation with a similar number of red and 

green cells observed in all the images in Figure 3.13 A and B. Although, the proportion of 

cells in G1 does appear to increase slightly (to 0.6) after both 10 (Figure 3.13 C) and 5 µM 

(Figure 3.13 E) incubations, suggesting cell cycle arrest and a cytostatic effect. 
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Figure 3. 13. PHA-767491 elicits weak cell cycle arrest in G1 phase in FUCCI U-87 MG. 
Samples were incubated with A) 10 µM (n=1) or B) 5 µM (n=1) PHA-767491 and images 
taken every hour for 16 hours – images at 0, 8, and 16 hours are shown. C, E) Proportions of 
FUCCI U-87 MG cells in G1 (red) and S/G2 phase (green) were counted and plotted as line 
graphs, alongside D, F) line graphs showing total cell number. 
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3.6. CDK inhibition has inconsistent effects on CIZ1 levels 
 

U-87 MG and BTNW914 cells were treated with the CDK inhibitor panel (72 hours) and a 

vehicle control (1% DMSO, 72 hours). Cells were harvested and protein extracted and 

assessed by western blotting (Figure 3.14, 3.16). Figures 3.14 and 3.16 show actin and CIZ1 

protein levels from U-87 MG and BTNW914 samples and bar charts showing relative CIZ1 

levels standardised to the DMSO control for each replicate. 
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Figure 3. 14. CDK inhibition shows varied effects on CIZ1 levels in U-87 MG. U-87 MG 
samples were treated with a vehicle control (1% DMSO) or 10 µM CDK inhibitors for 72 
hours. Cells were harvested, then protein was extracted and analysed by western blotting 
using CIZ1 and actin primary antibodies. Image analysis and quantitation was performed on 
the iBright™ CL1500 Imaging System. A, B) Annotated membrane images are shown with C, 
D, E) standardised CIZ1 signals as a percentage of the vehicle control for each replicate. The 
anti-CIZ1 antibody detected at least two bands in U-87 MG samples, and all were quantified. 
The first bar of each pair is the upper CIZ1 band and the second is the lower band – replicate 
C has three bars which correspond to the upper, middle, and lower CIZ1 bands on the 
image. 

 

In replicate A, CDK inhibition reduced CIZ1 levels in every sample (Figure 3.14 A, C). CIZ1 has 

multiple bands that are cell line specific and likely represent splice variants of CIZ1. 

Abemaciclib reduced the upper and lower CIZ1 bands by the least amount (over 20%), 
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whereas dinaciclib and PHA-767491 reduced CIZ1 levels by the highest amount (~50% for 

upper bands and 70% for lower bands). Similarly, replicate B showed a CIZ1 reduction for 

most inhibitors and only a slight increase for the upper CIZ1 band after 10 µM abemaciclib 

treatment and both bands after PHA-767491 incubation. 

 

Replicate C shows three CIZ1 bands (Figure 3.14 B) with an additional lower band to 

replicate A and B. These bands were present on the other membrane but were excluded 

from analysis as they were very weak. Figure 3.14 E has three bars for each replicate to 

represent these three CIZ1 bands. Replicate C is an outlier compared to the other U-87 MG 

replicates. Every inhibitor treatment resulted in an increase in CIZ1 protein except for PHA-

767491. Some CIZ1 bands were significantly increased by 80%. Replicate C is also different 

to the others in that there is no consistency in the relative reductions of the CIZ1 bands 

within each sample, whereas in replicate A and B the upper band has a relatively higher 

intensity and is reduced by less than the lower band in every sample. It is not clear why this 

replicate showed a different band pattern or CIZ1 level in response to CDK inhibition. 

Further replicates are required to fully assess the efficacy of CDK inhibitors to reduce CIZ1 

levels. 

 

There is also some variation in the effect of the inhibitors across the replicates. For example, 

PHA-767491 shows one of the largest reductions in CIZ1 for replicate A and C, but shows the 

largest increase in replicate B. In contrast, abemaciclib incubation shows a modest reduction 

in replicates A and B and a large increase in replicate C, suggesting it is less effective at 

reducing CIZ1 levels than some of the other inhibitors. 
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Figure 3. 15. CDK inhibition slightly reduces CIZ1 protein levels in U-87 MG. U-87 MG 
samples were treated with a vehicle control (1% DMSO) or CDK inhibitors for 72 hours. Cells 
were harvested then protein was extracted and analysed by western blotting using CIZ1 and 
actin primary antibodies. Image analysis and quantitation was performed on the iBright™ 
CL1500 Imaging System. CIZ1 signals were standardised against actin bands and converted 
to a percentage of the DMSO sample for each replicate. Percentages for each replicate were 
averaged and plotted with ± standard deviation. 

 

Figure 3.15 shows average values from each replicate of relative CIZ1 levels compared to the 

vehicle control average. Figure 3.15 shows that none of the CDK inhibitors tested were able 

to significantly reduce CIZ1 levels in U-87 MG cells for either band/isoform of CIZ1. Some 

promising reductions were observed for individual replicates; however, these have been 

averaged out by multiple replicates and there was no significant change for any treatment 

compared to the vehicle control. Additional repeats are required to determine whether 

there lies a relationship between CDK activity and CIZ1 levels in glioblastoma cells. 
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Figure 3. 16. CDK inhibition shows varied effects on CIZ1 levels in BTNW914. BTNW914 
samples were treated with a vehicle control (1% DMSO) or 10 µM CDK inhibitors for 72 
hours. Cells were harvested, then protein was extracted and analysed by western blotting 
using CIZ1 and actin primary antibodies. Image analysis and quantitation was performed on 
the iBright™ CL1500 Imaging System. A, B) Annotated membrane images are shown with C, 
D, E) standardised CIZ1 signals as a percentage of the vehicle control for each replicate. The 
anti-CIZ1 antibody detected at least two bands in U-87 MG samples, and all were quantified. 
The first bar of each pair is the upper CIZ1 band and the second is the lower band – replicate 
C has three bars which correspond to the upper, middle, and lower CIZ1 bands on the 
image. 

 

CIZ1 reduction from CDK inhibition in BTNW914 is observed in the most part in replicates A 

and C, however replicate B appears to be an outlier and shows differing results. 
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Replicates A and C show a reduction in CIZ1 levels following incubation for most CDK 

inhibitors, except for the upper band in the CVT-313-treated sample in replicate A and the 

upper bands following palbociclib and CVT-313 treatments in replicate C (Figure 3.16 C, E). 

Dinaciclib and PHA-767491 appear to be the most effective inhibitors in reducing CIZ1 levels 

in BTNW914. They result in one of the most significant reductions in CIZ1 protein band 

intensity, which is consistent across replicate A and C. CVT-313 is perhaps the least effective 

inhibitor in inducing CIZ1 reduction as it shows a slight increase in band intensity in 

replicates A and C. 

 

As in replicate C for U-87 MG, replicate B for BTNW914 appears to be an outlier and shows 

different results to the other replicates. A small reduction in CIZ1 is observed for milciclib 

and abemaciclib-treated samples whereas the other samples show an increase in response 

to CDK inhibition, as significant as almost 200% of the CIZ1 signal from the DMSO-treated 

sample (Figure 3.16 D). These data are inconsistent with what was observed in the other 

replicates. 

 

Although the upper CIZ1 band signal is less intense than the lower band in every sample 

(Figure 3.16 A, B), there appears to be no pattern as to which band is more reduced by CDK 

inhibition – this is different to U-87 MG samples. Although where CIZ1 levels are 

increased/decreased, all bands are broadly in agreement suggesting they are isoforms of 

CIZ1. 
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Figure 3. 17. CDK inhibition slightly reduces CIZ1 protein levels in BTNW914. BTNW914 
samples were treated with a vehicle control (1% DMSO) or CDK inhibitors for 72 hours. Cells 
were harvested then protein was extracted and analysed by western blotting using CIZ1 and 
actin primary antibodies. Image analysis and quantitation was performed on the iBright™ 
CL1500 Imaging System. CIZ1 signals were standardised against actin bands and converted 
to a percentage of the DMSO sample for each replicate. Percentages for each replicate were 
averaged and plotted with ± standard deviation. 

 

BTNW914 samples show a similar trend to U-87 MG. Some promising reductions were 

observed but these have been averaged out in the mean data (Figure 3.17), showing no 

significant reductions. CDK inhibition had no significant increasing or decreasing effect on 

CIZ1 in this cell line. The differences observed in experimental replicates suggest that 

repeats are required to elucidate whether CDK inhibition does indeed reduce CIZ1 levels in 

glioblastoma cells. 

 

Overall, our data show these CDK inhibitors are potent antiproliferative agents in 

glioblastoma cultures, showing large selectivity over normal glia. High potency has also been 

observed in 3D cultures and cytotoxicity demonstrated in 2D and 3D models, through live 

cell imaging and live/dead staining, respectively. As well as cell death, cell cycle arrest was 

also observed from live cell imaging experiments. These effects could not be linked to a 

reduction in CIZ1 protein expression, however the potent effects of CDK inhibition on 

immortalised and patient-derived glioblastoma cultures is indisputable. 
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4. Discussion 
 

4.1. CDK inhibitors have potent antiproliferative effects in 2D and 3D glioblastoma 
culture 

 

CDK inhibition is a clinically relevant approach for cancer therapy (Finn et al., 2015; Finn et 

al., 2016; Hortobagyi et al., 2016; Goetz et al., 2017; Im et al., 2019; Hortobagyi et al., 2018; 

Slamon et al., 2020). To assess the effect of CDK inhibition on the proliferative potential of 

glioblastoma cells Prestoblue™ was used to determine cell viability. All CDK inhibitors tested 

showed a high potency in reducing cellular proliferation in 2D and 3D glioblastoma cultures. 

Milciclib, abemaciclib, and dinaciclib had nanomolar IC50 values in U-87 MG 2D and 3D 

culture and milciclib and abemaciclib had low micromolar IC50 values in 2D BTNW914 assays, 

with dinaciclib remaining at 388 nM. Potency was slightly lower for palbociclib, CVT-313, 

and PHA-767491 but IC50 values were still in the low micromolar range (Table 3.1 and 3.2). 

Surprisingly, palbociclib was effective at reducing proliferation in glioblastoma cells but 

showed the poorest overall performance despite its broad clinical use. In every case, U-87 

MG cells were more susceptible to CDK inhibition than BTNW914. When comparing the 

potency of each inhibitor on U-87 MG in 2D and 3D assays, milciclib and CVT-313 were more 

potent in 2D whereas abemaciclib, palbociclib and PHA-767491 were more potent in 3D. 

Due to the high potency of dinaciclib in both cultures, its IC50 value could not be determined 

in either case. The differential effects in 2D culture may reflect the cell permeability of the 

inhibitors tested here, and these assays may be useful to identify CDK inhibitors for further 

testing in preclinical animal models. 

 

The high potency of CDK inhibitors has been confirmed in other work. Milciclib has 

demonstrated a high potency in other glioblastoma cell lines: SF268, SF539, U-251, as well 

as U-87 MG (Albanese et al., 2013). IC50 values were determined as 2.5, 1.4, and 2.1 µM for 

SF268, SF539 and U-251, respectively. A higher IC50 value was determined in 2D U-87 MG 

culture (1.6 µM) than here (<24.4 nM), but still demonstrates the high potency of milciclib in 

this cell line. The IC50 value determined for milciclib in BTNW914 (2.495 µM) lies within the 

range of those determined in the other cell lines in this study (1.4 – 2.5 µM). No other work 

has assessed the potential for CVT-313 to induce anticancer effects in glioblastoma in vitro, 
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however we identify it to be as potent as other inhibitors that have been investigated 

elsewhere, however slightly less effective in 3D. 

 

Palbociclib has a much lower potency in U-87 MG and BTNW914 with IC50 values of 8.9 and 

11.21 µM. A similar value of 12 µM was determined in the glioblastoma patient-derived cell 

line: HW1 (Whittaker et al., 2017). It was also less potent than abemaciclib and dinaciclib in 

2D and 3D culture (Riess et al., 2021). Palbociclib treatment at 10 µM only reduced 2D 

viability by ~25% on average across five cell lines. In 3D culture, it did not reduce viability in 

glioma stem-like cells (GSCs) but did in neural stem/progenitor cells (NSCs). GSCs are a 

subpopulation of glioblastoma cells that are partly responsible for tumour behaviour, 

whereas NSCs represent normal tissue (Gong et al., 2011). Therefore, the responses of GSCs 

and NSCs are distinct from those determined here with U-87 MG spheroids. Also, incubation 

of palbociclib at 10 µM required a long incubation of 14 days to reduce the viability of 

almost the entire sample of patient-derived glioma stem cell-enriched cell lines (GSC-ECLs), 

hinting to its lower efficacy. Another study found that 2 µM palbociclib incubation for 72 

hours reduced U-87 MG 2D viability by around 40% (Liu et al., 2018b), which was just 

slightly lower than 6.25 µM palbociclib for 72 hours reducing U-87 MG viability by ~45%, 

here. However, palbociclib has demonstrated higher potency with IC50 values of 1 and 0.5 

µM in TMZ resistant and sensitive cells, respectively (Li et al., 2019). A variation in potency 

across cell lines suggests their responses to palbociclib treatment are specific in each case. 

 

Determination of 2D IC50 values for dinaciclib as <24.4 nM and PHA-767491 concentrations 

of 2.287 and 2.171 µM for BTNW914 and U-87 MG, respectively are consistent with other 

studies. For U-87 MG and U-251 MG, the determined IC50 of PHA-767491 was ~2.5 µM for 

both (Erbayraktar et al., 2016). EC50 values for dinaciclib are all below 24 nM at 7, 8, and 9 

nM for U-87 MG, PC40, and SC40 cells, respectively (Xu et al., 2022). These values indicate 

that PHA-767491 and dinaciclib are both extremely potent across multiple glioblastoma cell 

lines in 2D culture. Dinaciclib has been investigated in other studies, reducing 2D viability in 

nanomolar concentrations after 72 hours incubation by 40-45% in three glioblastoma cell 

lines (HROG02, HROG05, and HGOG63) and by 40% in five glioblastoma cell lines (HROG02, 

05, 52, 63, 75), on separate occasions (Riess et al., 2022; Riess et al., 2021). Dinaciclib also 

displayed efficacy in spheroid models, showing 50% reductions in viability at nanomolar 
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concentrations in 3D GSCs and NSCs (Riess et al., 2021), as well as a viability reduction over 

50% in HROG02/63 3D spheroids (Riess et al., 2022). A stronger effect was observed in 3D 

cultures as opposed to 2D cultures, but our work could not confirm this as the IC50 value was 

lower than the lowest concentration used in each case (24.4 nM). 

 

Abemaciclib gives similar data to dinaciclib in that it is extremely potent in vitro and more 

potent in 3D models (Riess et al., 2022; Riess et al., 2021). One study reported an IC50 value 

of 48.1 nM for abemaciclib in 2D culture (Yin et al., 2018). This is much lower than the 

values reported here: 4.126 µM for BTNW914 and 388.4 nM in U-87 MG. However, the 

variation in responses of different cell lines to abemaciclib is well documented. 1 µM 

treatment was found to reduce viability by 25, 20, 5, and 50% in GBM03, 06, 14, and 15 cell 

lines (Freitag et al., 2024), and showed over 2-fold difference in potency between U-87 

MG/MO59K and T98G cells (Hsieh et al., 2021). Even within this study, abemaciclib shows 

over a 10-fold difference in potency between U-87 MG and BTNW914 cells (Table 3.1). 

Despite this, it is a clear conclusion that abemaciclib shows promise in glioblastoma 

treatment from these in vitro studies. Understanding which cell lines or tumours respond to 

abemaciclib requires identification of biomarkers that may indicate the potential effect and 

requires further investigation. 

 

Spheroid cultures display a more complex environment than 2D cultures. Their depth 

creates nutrient, oxygen, drug, and metabolism gradients from the outer to inner layers. 

Oxygen and nutrient gradients cause the inner cells to be less metabolically active and have 

a lower proliferation rate than the outer cells, this reduces the efficacy of cell cycle 

inhibitors. The hydrophobicity of these CDK inhibitors may also affect their penetrance into 

the spheroid and their efficacy. On the contrary, 2D cultures have a large, exposed surface 

where cells are more heterogenous and respond similarly to drugs. Therefore, CDK 

inhibitors would be expected to be more potent in 2D culture, however this is not always 

the case here. 

 

Perhaps the most significant observation in this study is the selective effect CDK inhibition 

has on glioblastoma cells relative to normal glia. Dinaciclib is the most potent inhibitor in 

glioblastoma and the most selective with an > 4000-fold selectivity for glioblastoma over 
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normal glia (Table 3.1). PHA-767491 and CVT-313 also display weak effects on the normal 

glial cell line: SVG p12, and strong antiproliferative effects on the glioblastoma cell lines. 

Milciclib, abemaciclib, and palbociclib exert a small selectivity for glioblastoma of around 3-

fold. Some of these findings are corroborated by Riess et al. (2022) as they compared the 

viabilities of glioblastoma with normal cells following dinaciclib and abemaciclib treatments, 

using L929 (murine fibroblasts), NHDF (normal human dermal fibroblasts), and h-MSC 

(human mesenchymal stem cells) for comparative analysis. Whilst dinaciclib reduced 

viability of glioblastoma by 40-45%, L929, NHDF, and h-MSC viabilities were reduced by 0-

15%. Abemaciclib demonstrates slightly lower selectivity as it reduces glioblastoma viability 

by 40-50% at 10 µM and L929, NHDF, and h-MSC viability by 20, 40, and 10%, respectively. 

Our data are potentially more relevant as we investigated the effect of CDK inhibition on 

normal glia, a more representative cell type within the brain. Taken together these data are 

supportive of preclinical studies using orthotopic animal models to determine the effect of 

CDK inhibition. 

 

4.2. CDK inhibition arrests the cell cycle of glioblastoma cells 
 

To determine if the reduction in proliferation was associated with cell cycle arrest, FUCCI 

live cell imaging was performed. This revealed that cell cycle arrest was observed in 

glioblastoma cultures following incubation with CDK inhibitors.  

 

The CDK2 inhibitors milciclib and CVT-313 both promote G1 accumulation at 5 µM, yet at 10 

µM milciclib enhances cell death revealing cytotoxic effects whereas CVT-313 is cytostatic, 

promoting G1 accumulation. These differential concentration dependent effects may reflect 

differences in the IC50 values of < 24.4 nm and 0.2651 µM (milciclib) and 5.479 and 11.93 

µM (CVT-313) in 2D and 3D models respectfully. The study showed cytotoxic and cytostatic 

mechanisms for two CDK2 inhibitors. 

 

PHA-767491 is a cdc7 and CDK9 inhibitor with recently shown CDK2 inhibitory effects 

(Pauzaite et al., 2022). As a CDK2 inhibitor, cells would be expected to arrest in G1 following 

PHA-767491 incubation, like milciclib and CVT-313. However, at both 10 and 5 µM, total cell 

number stays constant and G1 phase cells only slightly accumulate to ~60% of the sample 
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(Figure 3.8). Cdc7 and CDK2 control progression through the G1/S transition, so inhibition of 

these proteins would cause G1 accumulation. However, PHA-767491 also inhibits CDK9, 

which does not have cell cycle phase-specific activity. Inhibition of this transcriptional CDK, 

along with CDK2 and cdc7, causes the G1 accumulation to be less obvious as this inhibitor is 

targeting other proteins aside from those controlling the G1/S transition. This causes G1 

accumulation in FUCCI U-87 MG cells, but to a lesser extent than those treated with milciclib 

and CVT-313. 

 

Dinaciclib treatment does not largely reduce cell number or affect the proportions of cell 

cycle phases of FUCCI U-87 MG cells (Figure 3.10). Dinaciclib acts as a pan-CDK inhibitor, 

inhibiting different points of the cell cycle and non-cell cycle specific CDKs alike. This does 

not cause accumulation at any cell cycle phase as the multiple targets produce a more 

complex picture within cells. 

 

CDK4/6 are active in early G1 phase, and CDK4/6 inhibitors are routinely used to 

synchronise cells in G1 phase. Abemaciclib promotes accumulation in G1 phase following 10 

and 5 µM treatments (Figure 3.9). This was expected as CDK4/6 inhibition prevents cells 

from being able to progress to S phase. Palbociclib is also a CDK4/6 inhibitor and showed G1 

accumulation in cells treated with 5 µM, with almost 80% of cells in G1 phase after 16 hours 

(Figure 3.11). Despite palbociclib having a less potent effect on U-87 MG viability (IC50: 8.9 

µM), a huge reduction in cell number was observed during live cell imaging of 10 µM 

palbociclib-treated FUCCI U-87 MG cells, suggesting a high amount of cell death. This 

revealed to be independent of cell cycle phase as proportions of cells in G1 and S/G2 phase 

remained consistent in this experiment. The large amount of cell death here was 

unexpected and suggests palbociclib is a potent inhibitor in U-87 MG cells. 

 

Other work has also identified palbociclib to cause cell cycle arrest in G1 phase. One study 

revealed that a 48-hour incubation caused the percentage of cells in G1 phase to increase to 

25.3% of the sample, compared to 8.83% in a DMSO control (Shi et al., 2020). Whilst the 

percentage of cells accumulating in G1 was much higher in our data (77%) and the 

incubation time was shorter (16 hours), the concentration of palbociclib used by Shi et al. 

was not stated, so may have been much lower than 5 µM to give a weaker effect. Very 
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similar results to here were found by Whittaker et al. (2017), where 4 µM palbociclib 

treatment for 24 hours increased the percentage of G0/G1 HW1 cells from 53 to 81%. In 

comparison, our data show 5 µM palbociclib treatment for 16 hours increased the 

percentage of G1 cells from 60 to 77%, indicating a very similar response. 

 

4.3. CDK inhibition is cytotoxic in 2D and 3D glioblastoma cultures 

 

By the nature of their activity, CDK inhibitors can induce cell cycle arrest. Whilst this may 

slow tumour growth, inhibitors that induce cell death would be more potent in reducing 

tumour growth. As some FUCCI live cell imaging data indicates these inhibitors may cause 

cell death, the extent of their cytotoxic effects was investigated. Data presented here found, 

perhaps unexpectedly, that cell death occurs in response to every CDK inhibitor in 3D and in 

some cases in 2D culture in glioblastoma cells. Every inhibitor causes cell death in 3D 

culture, which is observed through the red fluorescence of ethidium homodimer, a cell 

impermeant dye that intercalates into DNA when cell membranes lack integrity (Figure 3.4). 

Dinaciclib induces the most cell death as few live cells remain after treatment with any 

concentration. Milciclib, abemaciclib and PHA-767491 also induce a large amount of cell 

death, evident through intense ethidium homodimer staining even as concentrations 

decrease. Palbociclib and CVT-313 are still cytotoxic but allow for growth of much larger 

spheroids. 

 

Cell death can also be assessed in 2D culture by the total cell number counts during the 

FUCCI U-87 MG live cell imaging. Through monitoring cell number in live cell imaging 

experiments, milciclib and palbociclib cause total cell number to drop throughout the 

experiment, suggesting they cause cell death in 2D culture. Cell death is not observed 

following incubation with abemaciclib, dinaciclib, CVT-313, or PHA-767491 – this is 

especially unexpected considering the high potency of dinaciclib suggested by other data. 

These findings could be because some of the CDK inhibitors are more potent in 3D culture – 

as seen from the viability data – or that cytotoxic effects only manifest after a longer 

incubation time, as 3D spheroids were incubated with inhibitors for seven days, whereas 

live cell imaging experiments inhibitors were only incubated for 16 hours. 
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Other data also suggest CDK inhibitors induce cell death in glioblastoma cells. Firstly, 

palbociclib incubation at 12 µM was found to increase the percentage of apoptotic cells in a 

sample from 4 to 83% (Whittaker et al., 2017). FUCCI U-87 MG live-cell imaging data shows 

similarly that total cell number decreased by 91% following incubation at 10 µM, suggesting 

this percentage of cells have died. Here, total cell number reduced by 20% following 5 µM 

palbociclib incubation. Another study found that just 0.5 µM palbociclib induced apoptosis 

in 20% of cells during a 24-hour incubation. Data here show palbociclib is cytotoxic even at 

low concentrations. In addition, abemaciclib was found to induce early apoptosis and 

dinaciclib to induce necrosis (Riess et al., 2021), despite our findings that dinaciclib was not 

cytotoxic in 2D. In this experiment inhibitors were incubated for 72 hours, further 

supporting the theory that glioblastoma cells need to be exposed to CDK inhibition for an 

extended time (> 16 hours) to experience the cytotoxic effects. Cell death was not observed 

following abemaciclib treatment in 2D either, however this is likely due to the low number 

of visible cells in the field of view of the microscope (Figure 3.9 A, B). Finally, PHA-767491 

also induced apoptosis in U-87 MG and U-251 MG cell lines at 10 µM (Erbayraktar et al., 

2016). To conclude, CDK inhibitors are cytotoxic in 2D and 3D glioblastoma culture, but data 

suggest they require extended incubation to elicit these effects. 

 

4.4. CDK inhibition gives mixed results in reducing CIZ1 levels 

 

CIZ1 overexpression in cancer has been well documented and has been shown to promote 

tumourigenesis. Significantly, this tumourigenic effect is reduced through siRNA, shRNA, or 

miRNA mediated CIZ1 depletion (Table 1.1). CIZ1 overexpression has also been implicated in 

poor prognoses for glioblastoma patients and shown to be overexpressed in tumour tissue 

relative to surrounding, healthy tissue (Figure 1.4). Here, we assessed a model proposed by 

Pauzaite (2019) that suggests CDK phosphorylation of CIZ1 stabilises it throughout the cell 

cycle, through prevention of UPS mediated degradation of CIZ1. This observation was 

determined using murine fibroblasts and suggests that CIZ1 levels in glioblastoma cells 

should respond similarly, where the specific ubiquitin ligase activity is present. Two 

glioblastoma cell lines were assessed: U-87 MG and BTNW914, using six different CDK 

inhibitors. In U-87 MG cells, two replicates out of three showed CIZ1 reduction in response 

to every CDK inhibitor, on average (Figure 3.14). The final replicate showed anomalous 
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results, where almost every inhibitor caused a CIZ1 increase (Figure 3.14 B, E). A similar 

trend for BTNW914 saw two replicates revealing a CIZ1 reduction in response to inhibitor 

treatment, and one showing an increase (Figure 3.16). The inconsistent data are 

inconclusive, and more analyses of the effects of CDK inhibition on CIZ1 levels are required. 

More replicates would potentially identify the statistical differences before and after 

treatment. 

 

CIZ1 levels have been assessed in response to CDK inhibition previously. Of those studied, 

PHA-767491 and CVT-313 show the most convincing data in reducing CIZ1. Both have shown 

to significantly (p<0.05) reduce CIZ1 in PC-3 (prostatic adenocarcinoma) and SW480 

(colorectal cancer) cell lines (Pauzaite, 2019). Also, both show an insignificant CIZ1 reduction 

in NIH/3T3 (mouse embryonic fibroblasts) cells (Caprani, 2022). When assessed in 

glioblastoma, Falkingham (2021) suggested a CIZ1 reduction in BTNW914 following PHA-

767491 treatment, but provided no statistical analysis, and observed no effect in U-87 MG 

cells. CVT-313 also showed no effect on CIZ1 in BTNW914 or U-87 MG. Another study 

demonstrated an insignificant reduction in CIZ1 following PHA-767491 and CVT-313 

treatments (Iwanowytsch, 2023). Here, PHA-767491 caused an insignificant CIZ1 reduction 

in BTNW914 and U-87 MG, whereas CVT-313 resulted in a CIZ1 increase in cell lines. These 

inhibitors have generated an array of conflicting data. 

 

Palbociclib also resulted in an insignificant CIZ1 reduction in NIH/3T3 fibroblasts (Caprani, 

2022) and in BTNW914 (Iwanowytsch, 2023; Falkingham, 2021), but showed no effect in U-

87 MG (Falkingham, 2021). Here, palbociclib produced differential effects in U-87 MG and 

BTNW914 cells. Palbociclib treatment led to an insignificant increase in CIZ1 levels in 

BTNW914 and decrease in U-87 MG. 

 

These studies also investigated the effect of other CDK inhibitors: roscovitine (Cdc2, CDK2, 

CDK5 inhibitor), Ro3306 (CDK2 inhibitor), and CDK2-IN-73 (cyclin A/CDK2 inhibitor) that all 

showed insignificant reductions or no effect on CIZ1 in glioblastoma. The mixed data in this 

area (increases, reductions, no effects) suggest a more complex relationship, potentially 

dependent on specific CDKs and/or cell cycle phase. Interestingly, Pauzaite (2019) showed 

the effects of CDK inhibitors in cell cycle synchronised NIH/3T3 cells. In this context there 



 81 

were significant effects on CIZ1 levels that correlated with cell cycle phase where CDK2 

inhibition with CVT-313, PHA-767491, and roscovitine effectively reduced CIZ1 levels. This 

was also supported by siRNA targeting cyclin E1 and cyclin E2 or cyclin A2 alone that 

effectively reduced CIZ1 levels. Importantly this was reversed by proteosome inhibition with 

MG132, consistent with proteosome mediated degradation. The data presented here 

suggest that the effects are either more inconsistent in glioblastoma cells, or perhaps there 

are alterations to the expression of either phosphatases that have been shown to regulate 

CIZ1 phosphorylation status (Pauzaite, 2019), modulation of E3 ligase activity or potentially 

deubiquitinase (DUB) activity. Further work in genetically distinct cell lines may resolve 

some of these questions. 

 

Further development of the methodology within this thesis would prove insightful. For 

example, using multiple dosing throughout an incubation compared to one single dose at 

the start may show distinct effects. Extending the incubation of FUCCI U-87 MG live cell 

imaging experiments may also reveal an optimal incubation and concentration for each 

inhibitor to observe cell cycle effects. Also, using these newly developed FUCCI U-87 MG 

cells to create 3D spheroid cultures would allow similar assessment of cell cycle effects in 

3D, which could be compared with 2D data. A mass spectrometry experiment assessing the 

phosphorylation status of CIZ1 in untreated and CDK inhibitor treated glioblastoma samples 

may reveal more information of the proposed model of CIZ1 regulation in glioblastoma. 

 

Investigating how CDK inhibition complemented other standard glioblastoma treatments 

(TMZ, radiotherapy, TTFields) would be insightful. CDK inhibition may slow/arrest the cell 

cycle of glioblastoma cells, allowing other therapies more opportunity to exert cytotoxic 

effects. A future direction of this work could be to identify synergy between CDK inhibition 

and the new TTFields therapy. 

 

Limitations of this work include the absence of a patient-derived 3D model. Immortalised 

and patient-derived 2D cultures show differing responses to CDK inhibition, so not being 

able to compare these in 3D is a weakness, here. Also, measuring the potency of CDK 

inhibitors in 3D culture through measurement of spheroid diameters was perhaps an 
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inaccurate method. After live/dead staining, it was apparent that some dead cells were 

being part of the measurements, resulting in falsely high IC50 estimations by GraphPad. 

 

Here, we show that a panel of CDK inhibitors are effective at treating glioblastoma in vitro. 

This efficacy should now be investigated in preclinical animal models to further the 

advancement of this therapy to the clinic. Also, variation in the effects of CDK inhibitors 

across cell lines has been demonstrated here and elsewhere. Screening a panel of patient-

derived glioblastoma cell lines for relative CIZ1 expression and relating this to their response 

to CDK inhibition may reveal the reasons for the variations in responses and also determine 

the relationship between CDK activity, CIZ1 expression, and tumourigenesis in glioblastoma. 
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5. Conclusion 
 

In summary, the link between CIZ1 expression and CDK inhibition in glioblastoma is unclear 

and needs further investigation. However, CDK inhibitors are potent inhibitors of cellular 

proliferation and induce cytotoxic and cytostatic effects. These data support further 

investigation of CDK inhibition in glioblastoma in pre-clinical animal models to determine its 

efficacy in more sophisticated models. 
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7. Appendices 
 

 
Appendix 1. Full gels from Figure 3.14 A. 
 

 
Appendix 2. Full gels from Figure 3.14 B. 
 



 100 

 
Appendix 3. Full gels from Figure 3.15 A. 
 

 
Appendix 4. Full gels from Figure 3.15 B. 
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