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Abstract 
 
Glioblastoma multiforme (GBM) is a highly aggressive form of brain cancer with poor 

prognosis. As a result, novel compounds that provide effective inhibition of GBM growth and 

development are in demand. Tanshinone IIA is a lipophilic polyphenol compound derived 

from the root of red sage and has been used for centuries in Chinese herbal medicine. In this 

study, the model organism, D. discoideum was employed to validate the effect of tanshinone 

IIA on the inhibition of mTORC1 activity, thus mediating an anti-proliferative, anti-oxidant and 

pro-autophagy response that may function to inhibit cancer development and progression. In 

order to determine the mechanism of action of tanshinone IIA, mutants of mTORC1 

regulators, protein kinase B (pkb-/ - ), sesn- and mios-, were employed to identify a key role of 

the SESN/GATOR2/GATOR1 pathway in the intracellular effects of tanshinone IIA. 

Additionally, combinatory treatment of tanshinone IIA with phosphoinositide-3 kinase (PI3K) 

inhibitor, LY294002, was shown to inhibit PI3K activity in a synergistic manner, suggesting a 

potential therapeutic benefit in this combination. GBM cell lines were used to translate these 

findings in a clinically relevant model, showing that combinatory treatment of tanshinone IIA 

and a novel PI3K inhibitor, Paxalisib, synergistically inhibited 2D and 3D cell proliferation. 

Further analysis demonstrated that tanshinone IIA provided an antioxidant and proautophagy 

effect in D. discoideum, that was reliant upon the activation of SESN. However, in mammalian 

cells, SESN is commonly regulated by p53, a transcription factor, which is dysregulated in 

many cancer cells. Thus, novel compounds that can by-pass the upregulation of sesn and 

directly inhibit GATOR2 may provide robust treatments in all cancer types. A drug discovery 

protocol, screening 400 million compounds against the MIOS protein subunit of GATOR2, 

identified Mi3, a polyphenol compound, capable of inhibiting MIOS and inhibiting cell 

proliferation in both D. discoideum and GBM cell lines. To conclude, tanshinone IIA was found 

to function synergistically to inhibit GBM cell proliferation in both 2D and 3D cell culture with 

PI3K inhibitors, which was reliant upon the upregulation of SESN, and was also involved in the 

antioxidant and pro-autophagy role of tanshinone IIA. However, the targeted inhibition of 

GATOR2 has the potential to provide better therapeutic effects.  
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Chapter 1: Introduction 
 

1.1 Natural Products  
 

1.1.1 Introduction to natural products 
 

Natural products and bioactive compounds have been investigated in their effects on human 

health, disease and lifestyle. Natural products are small molecules or metabolites that are 

produced naturally with specific biological activities (Haefner, 2003; Butler, 2004; Mishra and 

Tiwari, 2011; Rey-Ladino et al., 2011; Nature, 2019). These compounds have the potential to 

be used in human disease treatments (Butler, 2004). An example of such research involves 

the use of decanoic acid, a medium chain fatty acid, found in coconut and palm kernel oils, 

which has the ability to reduce the activation of mTORC1, in a specific non-insulin or glucose 

related manner (Warren et al., 2020). This has the potential to provide improved medical 

effects for patients of epilepsy, cancer and neurodegenerative disorders (Warren et al., 2020). 

Furthermore, the natural product salinosporamide A, identified in Salinospora tropica, a 

marine bacteria and has been used in both experimental models and clinical trials of myeloma 

cancer to exhibit an anti-cancer property, working through 20S proteosome inhibition, 

blocking protein synthesis (Fenical and Jensen, 2006; Bull and Stach, 2007; Harvey, 2008; 

Marx and Burton, 2018). Compounds have been extracted from a wide range of organisms 

that have bioactive effects on cells for disease treatments.  

 

1.1.2 The use of natural products in anti-cancer therapies 
 

Anti-cancer therapies have benefited from the use of bioactive products. Between 1981 to 

2019, it was reported that 25 % of novel anti-cancer compounds were derived from natural 

products (Newman and Cragg, 2020), thus suggesting an effective avenue of investigation in 

developing new anti-cancer treatments. One such natural product that is now commonly 

used in western medicine is taxol, also known as Paclitaxel. This compound is an isolate from 

Taxus brevifolia. The bioactive compound exhibited effective and unique anti-proliferative 

effects in cancer cells through binding to microtubules and inhibiting the mitotic ability of 

cells, thus inhibiting disease progression (Wall, 1998; Oberlies and Kroll, 2004; Weaver, 2014). 

Following the understanding of how the compound functions as an anti-cancer compound, 

the chemical synthesis of taxol was studied in order to yield higher quantities as natural 
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isolation was poor and also to ensure stable and consistent extracts (Howat et al., 2014; Zhao 

et al., 2016). Paclitaxel has been used in the treatment of lung (Smit et al., 1998; Yamamoto 

et al., 2006), cervical (Moore et al., 2004; Monk et al., 2009; Tewari et al., 2014), thyroid 

(Onoda et al., 2016) and gastric cancers (van Hagen et al., 2012). To summarise, investigation 

of natural products has the potential to generate effective anti-cancer treatments.  

 

1.1.3 Tanshinone IIA 
 

Another natural product of interest is tanshinone IIA (T2A) (Figure 1). Tanshinone IIA is a 

bioactive compound derived from the dried roots of red sage, referred to as Tanshen or 

Danshen in their native countries, Japan and China (Su et al., 2015; Ma et al., 2015). These 

products have been used in traditional herbal medicines in order to treat cardiovascular and 

neurodegenerative diseases as well as an anti-inflammatory compound (Robertson et al., 

2014; Zhu et al., 2017; Zhou et al., 2019). There are four major isoforms of tanshinones 

isolated from Tanshen. These are tanshinone I, tanshinone IIA, cryptotanshinone and 

dihydrotanshinone (Jiang et al., 2019). Tanshinones are ancient compounds that have proven 

to have medicinal effects since the Eastern Han Dynasty.  

 

Tanshinone IIA has been reported to enhance blood circulation and is used in the treatment 

of many heart diseases including cardiomyopathy and arrhythmia (R. Guo et al., 2020). In 

addition, tanshinone has been investigated as an anti-cancer compound through reducing 

angiogenesis (Zhou et al., 2020) and reducing stemness (Li et al., 2022). In cancer cells 

tanshinone IIA has been shown to reduce cell proliferation (Alam et al., 2023) through 

inhibition of the cell cycle (Zhou et al., 2020) and triggering apoptosis (Jin, et al., 2021; Zhang 

et al., 2022). Thus, the precise mechanism of action of tanshinone IIA can be studied.  

 

1.1.4 Tanshinone IIA regulates mTORC1 
 

The mTORC1 pathway is a potential target of tanshinone IIA activity. It has been shown that 

tanshinone IIA can downregulate the activity of mechanistic target of rapamycin complex 1, 

mTORC1 (Shan et al., 2014; Fernandez Del Ama et al., 2016; Yan et al., 2018; Zhang et al., 

2021; Liu et al., 2022) in a range of cancer cell lines. The mTORC1 complex activity is mediated 

by a range of pathways including the PI3K/PKB/mTOR pathway, AMPK regulation and 
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SESN/GATOR2/GATOR1 (Sengupta et al., 2010). The PI3K/PKB/mTOR pathway is 

downregulated following tanshinone IIA treatment (Won et al., 2010; Li et al., 2015; Ren et 

al., 2015; Fernandez Del Ama et al., 2016; Lv et al., 2018; Y. Zhang et al., 2019). AMPK is a 

negative regulator of mTORC1 which is upregulated following tanshinone IIA treatment (Yun 

et al., 2014). This suggests that tanshinone IIA downregulates mTORC1 activity through 

interactions with multiple regulators of mTORC1. However, further investigation into the 

precise action of tanshinone IIA on the mTORC1 pathway and alternative regulators is 

required in the development of treatments for a range of diseases. 

 

Figure 1: The structures of the four tanshinone compounds 
 
Four tanshinone structures are shown where each of the basic structures are comprised of three aromatic rings. 

Tanshinone IIA and tanshinone I have a furan ring (purple circles) and cryptotanshinone and dihydrotanshinone 

have dihydrofuran rings (green circles). The compounds also differ through the two methyl groups on the bottom 

ring in tanshinone IIA and cryptotanshinone (orange circles), whereas tanshinone I and dihydrotanshinone have 

a single methyl group (red circles).    
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1.2 mTORC1  
 

1.2.1 An introduction to mTORC1 pathway 
 
Survival, growth, and the organisation of cells involves a range of intracellular and conserved 

pathways. One such pathway includes the PI3K/PKB/TSC/mTORC1 pathway (Sengupta et al., 

2010). The mechanistic target of rapamycin (mTOR) is a highly conserved serine/threonine 

kinase of the phosphoinositide 3 kinase related kinase family (PIKK) (Figure 2) (Brown et al., 

1994; Lakhlili et al., 2015). The mTOR protein interacts with a range of regulatory and 

activating proteins to form mTORC1 (complex 1). mTORC1 is involved in many intracellular 

effects including the regulation of mRNA translation, cell growth and autophagy (Glick et al., 

2010; Kim et al., 2011). mTORC1 activation via PI3K and PKB results in the regulation of 

intracellular mechanisms that involve both survival and homeostasis.  
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Figure 2: The mTORC1 pathway 

(A) From right to left, there are four main axes shown that converge onto mTORC1. (Brown pathway). Epidermal 

growth factor receptor (EGFR) is a membrane bound protein that activates growth factor receptor-bound 2 

protein (Grb2) and Son of sevenless (Sos), which goes on to activate a guanosine-nucleotide binding protein 

(Ras) then rapidly accelerated fibrosarcoma (Raf) then mitogen-activated protein kinase (MAPK/Mek) then 

extracellular signal-regulated kinase 1 (Erk) and then ribosomal S6 kinase (Rsk). Erk and Rsk have roles in 

inhibiting tuberous sclerosis complex (TSC) which inactivates Ras homologue enriched in brain (Rheb) which 

allows the activation of mechanistic target of rapamycin complex 1 (mTORC1). Another axis begins with the 

activation of a tyrosine kinase receptor (orange/peach axis) which activates phosphoinositide 3-kinase (PI3K) 
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which is essential for the conversion of phosphatidylinositol bisphosphate (PIP2) to phosphatidylinositol 

trisphosphate which activates 3-phosphoinositide (PIP3) dependent protein kinase 1, which activates protein 

kinase B (PKB) at the PKBA site as well as serine/threonine kinase serum and glucocorticoid kinase (SGK1) which 

inhibits TSC and p79S6K, which is a ribosomal S6 kinase. (Yellow pathway) Liver kinase B1 (LKB1) and p53 activate 

рΩŀŘŜƴƻǎƛƴŜ ƳƻƴƻǇƘƻǎǇƘŀǘŜ ŀŎǘƛǾŀǘŜŘ ǇǊƻǘŜƛƴ ƪƛƴŀǎŜ ό!atYύ, which inhibits mTORC1 activation. Amino acids 

(blue pathway) activate sensors that inhibit GAP activity towards Rag complex 2 (GATOR2), which inhibits the 

activation of GATOR1, which inactivates mTORC1. Following mTORC1 activation, there is phosphorylation of S6K 

and inhibition of eukaryotic translation initiation factor 4E binding protein (4E-BP) which activates eukaryotic 

ǘǊŀƴǎƭŀǘƛƻƴŀƭ ƛƴƛǘƛŀǘƛƻƴ ŦŀŎǘƻǊ п. ǿƘƛŎƘ ŀƭƭƻǿǎ рΩŎŀǇ ŘŜǇŜƴŘŜƴǘ Ƴwb! ǘǊŀƴǎƭŀǘƛƻƴΦ mTORC1 also activates 

hypoxia inducible factor 1-alpha (HIF-1), which facilitates glucose metabolism. (B) A simplified version of the 

PI3K/PKB/mTORC1 pathway which shows that PI3K activity goes on to allow the phosphorylation of PKB which 

activates mTORC1 which in turn phosphorylates 4EBP1 thus allowing survival, proliferation, growth and 

metabolism. Additionally, PKB phosphorylation activates the transcription factor FOXO allowing for the gene 

transcription to contribute to cell survival. (C) A simplified schematic of the AMPK/mTORC1 pathway where 

AMPK inhibits mTORC1 allowing for the phosphorylation of autophagy and Beclin regulator, AMBRA1, which is 

a proautophagy protein. (D) A simplified schematic showing the GATOR2/GATOR1/mTORC1 pathway which 

inhibits the activity of mTORC1 resulting in the activation of La related protein, LARP1, which represses mRNA 

translation resulting in reduced cell proliferation.  

 

1.2.2 Regulation of mTORC1  
 

The mTORC1 pathway is activated and regulated by a range of intracellular pathways (Figure 

1.2) that are controlled by the presence of nutrition, oxidative energy and both stress and 

growth factors. For example, the activation of epidermal growth factor (EGF) is dependent 

upon growth factors that allow activation through the dimerisation of two tyrosine kinase 

receptors (Yang et al., 2013; Saxton and Sabatini, 2017a). The dimerisation results in 

transphosphorylation of one or more tyrosine residues allowing allosteric interaction of 

tyrosine kinase domains to recruit intracellular signalling molecules through receptor bound 

secondary proteins such as growth factor receptor bound 2 (Grb2) and son of sevenless (Sos) 

(Mellinghoff et al., 2005; Zhang et al., 2007). Another recruited intracellular protein is Ras, a 

guanosine-nucleotide-binding protein GTPase. It activates rapidly accelerated fibrosarcoma 

(RAF) which initiates the mitogen-activated protein kinase (MAPK) cascade, whose 

downstream effector is extracellular signal-regulated kinase 1 (ERK1) (Orton et al., 2005). 

Both ERK and ERK-substrate, ribosomal S6 kinase (Rsk) are inhibitors of tuberous sclerosis 

complex (TSC), a heterotrimeric complex, composed on TSC1 and TSC2 and TBC1D7 (Dibble 
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et al., 2012). TSC2 plays an instrumental role in the activation of mTORC1 (Garami et al., 2003; 

Inoki, Corradetti and Guan, 2005; Huang and Manning, 2008) through regulation of Ras 

homologue enriched in brain (Rheb), a lysosomal membrane bound protein. TSC2 inhibits the 

de-activation of Rheb by activating a GTPase activating protein (GAP) domain of TSC2, 

allowing the activated state of Rheb to phosphorylate and activate mTORC1 (Inoki et al., 2003; 

Aoki and Fujishita, 2017; Yang et al., 2017). Dysregulation of this signalling pathway results in 

increased survival and development of tumour cells, including increased cellular proliferation, 

invasion and metastasis (Guo et al., 2020). The dysregulation of this pathway has been 

associated with inflammatory diseases and can also play a role in the motor function of 

muscular striatal cells (Yong et al., 2009; Hutton et al., 2017). To summarise, cellular 

interaction with growth factors triggers a cascade of phosphorylation from Grb2 through the 

RAF/MAPK/ERK1/TSC2 pathway resulting in the activation of mTORC1  (Hutton et al., 2017) 

however, overactivation of this pathway results in inflammation and tumorigenesis. mTORC1 

activity is regulated by the ERK and MAPK pathways. 

 

1.2.3 PI3K regulation of mTORC1 
 

Another pathway that converges on mTORC1 activation involves the PI3K/PKB pathway. 

Heterodimerisation of the tyrosine kinase domains recruits regulatory subunits, p85 and 

catalytic subunit p110 to activate PI3K (Hemmings and Restuccia, 2012). PI3K activation 

allows the phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) into 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Fruman et al., 1998). As a secondary 

messenger, PIP3 activates 3-phosphoinositide dependent protein kinase 1 (PDK1), a 

transducer, which phosphorylates protein kinase B (PKB), a serine threonine kinase, 

composed of two subunits PKBR1 and PKBA/Akt. Phosphorylation of PKB occurs at Thr308 

and Ser 473 of the kinase, located at the C-terminal domain of each isoform structure (Osaki, 

et al., 2004; Vanhaesebroeck et al., 2010; Hemmings and Restuccia, 2012) resulting in the 

phosphorylation and inhibition of TSC1. For inhibition of the TSC complex to take place, there 

is a requirement for the additional inhibition of TSC2 through the mTORC2 complex, which 

has a role in regulating PKB substrate activity (Jacinto et al., 2004; Saxton and Sabatini, 

2017b). Besides the fact that the increased activity of PI3K kinase results in the stimulation of 

oncogenes and growth factors, the dysregulation of this protein also contributes to altered 

calcium signalling in cardiovascular diseases, thrombosis and obesity and type 2 diabetes 
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mellitus (Fruman et al., 2017; Ghigo et al., 2017; Huang et al., 2018). Following the activation 

of tyrosine kinase receptors, the PI3K/PKB pathway is phosphorylated resulting in the 

inhibition of TSC2 thus allowing the activation of mTORC1. The consequences of 

overactivation of this pathway includes the development and progression of cancer, where 

mutations in this pathway and the regulators of this pathway are exhibited in 50 % of cancers 

(Martini et al., 2014). Overactivation of PKB has shown to lead to continuous phosphorylation 

of Forkhead box, FOXO, a transcription factor that inactivates B-cell lymphoma 2-like protein 

2, BIM, which results in increased cell survival, as well as p21, another transcription factor, 

the inhibition of which increases cell proliferation (Nakae et al., 2008; Zhang et al., 2011; Liu 

et al., 2018). Increased FOXO also increases the phosphorylation of MDM2 a protein that 

functions to inhibit the tumour suppressor p53 thus increasing tumour development (Chibaya 

et al., 2021). To conclude the regulation of the PI3K/PKB/mTORC1 pathway is vital for cancer 

suppression.  

 

1.2.4 AMPK regulation of mTORC1 
 

Another highly conserved axis of the mTORC1 pathway involves AMPK. AMPK activation 

through phosphorylation of threonine 172 is in response to high reactive oxygen species, low 

ATP and starvation (Mihaylova and Shaw, 2011). This highly conserved heterotrimeric protein 

responds to liver kinase B1 (LKB1), a tumour suppressor protein that has genetic mutations 

in inherited cancers including Peutz-Keghers syndrome [a rare and dominant hereditary 

disease where patients experience gastrointestinal complications including bleeding and 

blockage (Tacheci et al., 2021) as well as 1 in 5 of cervical cancers (Hardie, 2007; Shackelford 

and Shaw, 2009; Wingo et al., 2009). Another tumour suppressor that is involved in the 

regulation of AMPK is p53, which phosphorylates AMPK following increased oxidative stress 

(Jones et al., 2005; Green et al., 2011; Villanueva-Paz et al., 2016; Saxton and Sabatini, 2017b; 

Beyfuss and Hood, 2018). AMPK is an inhibitor of mTORC1 activation and therefore results in 

the decreased metabolism and mRNA translation, allowing replenishment of resources 

required for cellular survival (Jones et al., 2005; Green et al., 2011). AMPK phosphorylation is 

dependent upon the nutrition status of the cell and inhibits mTORC1 activity when there are 

intracellular stresses thus, dysregulation of this pathway results in cancer development 

(Hadad et al., 2008; W. Wang et al., 2015; Abtahi et al., 2021). Activation of AMPK not only 
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functions to inhibit mTORC1 activity, but also to activate ULK1 which functions to stimulate 

autophagy (Zachari and Ganley, 2017). Additionally, AMPK can activate FOXO transcription 

factors which upregulate autophagy related genes such as LC3B and Atg12 (Mammucari et 

al., 2007). FOXO also functions to activate sirtuins (Zhao et al., 2010; Dziewulska et al., 2020) 

which can function as inhibitors of necrosis factors such as NF-KB (Y. Liu et al., 2018). FOXO is 

also able to arrest the cell cycle at G1, G2 and M phases resulting in reduced cell proliferation 

(Quan et al., 2017; Li et al., 2018, 2020), thus dysregulation of AMPK can be detrimental to 

cell survival and health.  

 

1.2.5 SESN regulation of mTORC1 
 

An additional pathway involved in the regulation of mTORC1 activity is the 

SESN/GATOR2/GATOR1 pathway (Figure 3). This pathway is highly sensitive to the 

intracellular levels of amino acids, specifically leucine and arginine (Kimball et al., 2016). 

These two cytosolic amino acids regulate a sensor protein, SESN (Budanov et al., 2002). SESN 

is a negative regulator of mTORC1 through its ability to phosphorylate and bind to GATOR2, 

a complex of GTPase proteins, rendering it inactive (Kimball et al., 2016). The role of GATOR2 

is to inhibit the GTPase activating protein activity of GATOR1, a complex of GTPases with a 

role in regulating RAG A-D phosphorylation and thereby downregulating mTORC1 activity 

(Shen and Sabatini, 2018). The role of GATOR1 is the modulation of RAG proteins, which are 

located close to the Ragulator protein as well as lysosomal protein SLC38A9 and KICSTOR 

complex (Bar-Peled and Sabatini, 2014; Budanov, 2015). When GATOR1 is active, these 

proteins are inactive and are unable to facilitate the translocation of mTORC1 to the 

lysosomal membrane to interact with Rheb, triggering mTORC1 activity (Long et al., 2005; 

Kimball et al., 2016; Wolfson et al., 2017; Sung, Liao and Chien, 2018). When leucine and 

arginine levels are depleted due to ROS production or intracellular stress, SESN senses the 

depletion and binds with high affinity to GATOR2. The inhibition of GATOR2 allows the 

activity of GATOR1 to mediate mTORC1 inhibition through the Rag complexes. The 

SESN/GATOR2/GATOR1 pathway is self-regulating as inhibition of mTORC1 reduces cellular 

metabolism, thus allowing restoration of leucine and arginine levels, resulting in the 

dephosphorylation of SESN and the activity of mTORC1 (Bar-Peled and Sabatini, 2014; 

Chantranupong et al., 2014; Parmigiani et al., 2014; Wolfson and Sabatini, 2017). Intracellular 
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stress and low cytosolic levels of amino acids trigger SESN inhibition of GATOR2, resulting in 

the downregulation of mTORC1. 

 

 

Figure 3: The SESN/GATOR/mTORC1 axis 

DNA damage and cellular stresses that result in depleted amino acid levels allows the phosphorylation of SESN. 

SESN is able to bind with great affinity to GATOR2 complex to inhibit its activity in inhibiting GATOR1, thus 

allowing functioning of GATOR1. GATOR1 functions to inhibit the activity of mTORC1 through forcing the RAG 

A/B and RAG C/D proteins to remain in their inactive state- rendering the mTORC1 to remain away from the 

lysosomal membrane where it can be activated by Rheb (Figure 2). 

 

1.3 Use of D. discoideum as a model organism in biomedical research 
 

1.3.1 Introduction to D. discoideum  
 
Dictyostelium discoideum is a simple, tractable model organism that has provided a valuable 

role in biomedical research. The small, simple, and compact haploid genome and ease of 

culturing has made it an ideal model for biomedical research (Eichinger et al., 2005). The life 

cycle and development of D. discoideum is well established and deviations from expected 

maturation can direct the effect of mutations and intracellular functions of compounds 

(Urushihara, 2009). Found in the moist leaf litter of deciduous forest soil in 1935 (Raper, 
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1937), the social amoeba has been observed to undergo two mutually exclusive life styles. 

When cells have a large quantity of nutrients they divide via mitotic division and feed on 

bacteria through active phagocytosis (Eichinger and Noegel, 2003). Under starvation and lack 

of nutrients, the cells release the chemoattractant cyclic adenosine monophosphate (cAMP) 

in waves that allow aggregation and differentiation of cells into a multicellular unit called a 

fruiting body (Cai et al., 2012b). This is where future progeny cells are contained in a spore 

head, whilst sacrificed cells form a basal disk and stalk structure (Kim et al., 1998; Kim and 

Kimmel, 2006; Li and Purugganan, 2011). Multiple shapes and structures are formed before 

the final fruiting body structure, which includes a mound stage, closely followed by a slug 

(also known as a pseudoplasmodium). Within this state, the cells differentiate into the pre-

stalk or pre-spore cells and the slugs are commonly 2-4 mm in length and composed of 

approximately 100,000 cells (Jermyn and Williams, 1991; Glazier and Graner, 1993). 

Following these structures, the cells form a fruiting body of 12 mm in height with 80,000 cells 

in the spore and 20,000 cells in multicellular stalk (Kessin, 2010). D. discoideum single cells 

are composed of a plasma membrane and contain intracellular structures typical of higher 

eukaryotes including a nuclear envelope, advanced post-translational modification 

organelles and mitochondrial network (Molmeret et al., 2005). They have a compact haploid 

genome composed of 78% AT base pairs with 12,5000 genes encoded within 33.8 Mb of 

sequence (Lander et al., 2001; Eichinger et al., 2005; Saad et al., 2019). To summarise, D. 

discoideum has properties of higher eukaryotic cell types and conserved gene sequences 

which therefore provides a valuable contribution in molecular biology research.  

 

1.3.2 Advantages of D. discoideum use in biomedical research 
 

D. discoideum is advantageous for use in biomedical research, with greater knowledge of 

cellular origins and properties of each D. discoideum strain, as well as a relatively quick life 

cycle of 24 hours (Urushihara, 2009). This model organism is a more economic and efficient 

first line of inquiry compared to animal models and cancer cell lines derived from patients 

(Annesley and Fisher, 2009).A widespread technique which is used by many D. discoideum  

research groups involves the generation of Restriction enzyme mediated integration (REMI) 

mutant libraries. These involve the random integration of antibiotic resistance cassettes 

within genes of the haploid genome. A library of mutants can then be used to determine 
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which genes, and their resulting proteins, are involved in the cellular response to a compound 

(Kuspa and Loomis, 1992; Adachi et al., 1994). Wild type cells and the REMI mutant library 

are simultaneously exposed to the compound, where the library cells are compared to wild 

type response to the compound. This can commonly refer to a growth inhibiting effect of the 

compound in wild type cells, so the identification of a mutant that is resistant to the growth 

inhibition would infer some role of the gene and its encoded protein in the reduced growth 

seen in wild type cells. Further creation of knockouts by CRISPR-Cas9 (Sekine et al., 2018) or 

over-expressors through the use of vectors (Min et al., 2004) aid in the understanding of the 

mechanisms of action of the compounds. There are a wide range of techniques including the 

use of REMI mutant libraries in determining the mechanism of action of known anti-cancer 

treatments.  

 

 Figure 4: The life cycle of D. discoideum 

At the top single celled amoeba colonies are shown, which following starvation aggregate and release cAMP as 

a chemoattractant. The cells form a multicellular mound, followed by a mobile slug. During these stages, cells 

undergo differentiation and following maturation, the fruiting bodies can release the spore cells as future 

progeny.   
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Component of mTORC1 pathway Homo sapiens Dictyostelium 

discoideum 

PI3K 5 classes  5 classes 

PKB/ Akt 1 isoform 1 isoforms  

PKBR1 and PKBA 

PKBR1 lacks a PI3K 

binding pocket and is 

activated by PDK1 and 

mTORC2 

TSC 2 isoforms  

TSC1, TSC2 and TBD1D7 

1 isoform TSC2 

mTORC1 Rictor, Sin1 and Lst8 Pia, RIP3 and Lst8 

ULK1 Autophagy regulator - 

S6K1 Substrate of mTORC1 - 

4EBP1 Substrate of mTORC1 Substrate of mTORC1 

AMPK Inhibits mTORC1 directly 

and through TSC2 

Inhibits mTORC1 

directly only 

SESN 3 isoforms  

SESN1, SESN2 and SESN3 

1 isoform SESN 

GATOR complexes GATOR2 and GATOR1 GATOR2 and GATOR1 

p53 Regulates sesn expression - 

Table 1: Comparing the components of mTORC1 in both human and Dictyostelium systems 

The versatility and opportunity of discovery of the model organism D. discoideum encourages 

its use in cancer research. The mTOR pathway and its components are highly conserved 

across eukaryotes and can therefore be researched in the social amoeba (Serfontein et al., 

2011; Jaiswal et al., 2019). In both human and D. discoideum mTORC1 functions to regulate 

cell proliferation, cell survival, autophagy and protein synthesis. Specifically in D. discoideum 

mTORC1 functions as a nutrient sensor regulating cell proliferation based on cellular 

metabolism and energy status (Jaiswal et al., 2019). In D. discoideum, the role of mTORC1 

can be measured (Warren et al., 2020; Damstra-Oddy et al., 2021). In continuous abundance 
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of nutrients, mTORC1 has constant output and activity, allowing singular cell proliferation. In 

the absence of nutrients and nonoptimal conditions mTORC1 is inactivated and there is a 

cessation of growth (Jaiswal and Kimmel, 2019a; Jaiswal et al., 2019). There is similarity 

between mTOR complex regulation in both mammalian systems and D. discoideum, both in 

terms of homologous components and regulation. The GATOR complexes that are involved 

in responding to cytosolic amino acids that are conserved between D. discoideum and 

mammalian cells, however, they have not yet been functionally studied within D. discoideum 

(Wolfson and Sabatini, 2017). Many of the components of the mTOR complexes are found 

within D. discoideum, for example; FKBP12, TSC2, Rheb, Rictor (homologue referred to as Pia 

in D. discoideum), Sin1 (homologue referred to as RIP3 in D. discoideum), and Lst8 (Chen et 

al., 1997; Lee et al., 2005; Rosel et al., 2012). This also includes PKB related proteins. PKB 

plays an imperative role in the regulation and phosphorylation of mTORC1 and is a target of 

mTORC2 in both mammalian and D. discoideum cells (Jacinto et al., 2006). However, there 

are differences in the precise mTOR regulation and activity between the two cell types. This 

is demonstrated by the lack of necessity of PIP3/ PI3K in D. discoideum in the activation of 

mTORC1. PKB variants in D. discoideum are not regulated by PI3K, unlike in mammalian cells. 

Furthermore, the D. discoideum variant, PKBR1 lacks the PI3K binding area within a PH 

domain and requires PDK1 and mTORC2 phosphorylation to stimulate activity. However, the 

intracellular location and interaction of PKB and PDK1 remain conserved (Meili et al., 2000; 

Kamimura and Devreotes, 2010; Rosel et al., 2012; Liao et al., 2013; Khanna et al., 2016). 

 

1.4 Glioblastoma multiforme  
 

1.4.1 Introduction to GBM 
 
Glioblastoma multiforme (GBM) refers to an aggressive neoplasm, grade 4 cancer (Fiani et al., 

2021), that effects 3.21 in every 100,000 people (Bohn et al., 2018). Glioblastomas make up 

for 15% of brain tumour diagnoses (Thakkar et al., 2014). GBMs have a 5% survival at 5 years 

post diagnosis (Batash et al., 2017). Current treatments include surgical resection, 

chemotherapy and radiotherapy, where the main focus of research is in the post-operative 

approach to inhibiting the progression of disease (Jain, 2018; Fiani et al., 2021). GBMs are 

heterogenous tumours that have poor prognosis. GBM tumours are complicated by features 

of immune escape as well as tumour heterogeneity (Rong et al., 2022). Primary lesions are 
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commonly developed from neural stem cell precursors όWƻǾőŜǾǎƪŀΣ нлмфύ and are composed 

of microcysts, pseudopalisating cells, vascular cells and also areas of necrosis, particularly in 

the centre of the tumour (Hambardzumyan and Bergers, 2015).  The molecular and genomic 

alterations that contribute to the development of GBMs can differ from other brain cancers 

through higher levels of amplification of EGFR through a mutation in chromosome 7p, 

chromosome 9p and also deletion of PTEN which is associated with chromosome 10 (Vital et 

al., 2010; Crespo et al., 2011; Appin and Brat, 2014). These mutations effect the regulation of 

the mTORC1 pathway. In 70% of GBM primary lesions there is loss of heterozygosity of 

chromosome 10 which may contribute to the inhibition of tumour suppressor genes thus 

triggering GBM tumorigenesis (Ohgaki et al., 2004; Carico et al., 2012). Primary GBM tumours 

are classified as lesions that exhibit an estimated glomerular filtration rate and commonly 

have mouse double minute 2 homolog (MDM2) amplification (Riemenschneider and 

Reifenberger, 2009). On the other hand, secondary GBMs are typically associated with 

mutation in isocitrate dehydrogenase 1 (IDH1) and O6 methylguanine- DNA 

methyltransferase (MGMT) (Riemenschneider and Reifenberger, 2009). Additionally, GBM 

cells are very similar in behaviour to cancer stem cells as they express surface receptors such 

as CD133 and CD44 (Gilbertson and Rich, 2007) which are also expressed on neural progenitor 

cells (Murat et al., 2008). It is likely that these properties enhance the resistance of GBM cells 

to chemotherapeutic intervention as the cells are able to adapt and upregulate intracellular 

systems to avoid DNA damage response (Annovazzi, Mellai and Schiffer, 2017). The stemness 

of the GBM cells contribute to a highly pervasive and constantly adapting form of tumour that 

is proving difficult to treat successfully.  

 

1.4.2 Current treatment of GBM 
 

The primary treatment with the most effective results is surgical resection, this involves a 

gross total resection of the tumour. However, this intervention is not commonly available to 

patients due to the location and spread of the GBM tumour throughout the brain (Wu et al., 

2021). The treatment of each GBM subtype is dependent upon the mutations and epigenetics 

of the cancer cells. Unmethylated promoter status of MGMT is known to be a biomarker for 

temozolomide (TMZ) resistance which is linked to poor prognosis (Fiani et al., 2021). TMZ is 

an FDA approved drug, used as a primary treatment for GBM, which can cross the blood brain 
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barrier and work as a DNA alkylating agent (Fisher and Adamson, 2021). This treatment, whilst 

being the primary option, is not as effective as desired. It is commonly agreed that a clinical 

trial of a novel therapeutic to assess drug safety and tolerance is recommended to GBM 

patients, both to newly diagnosed and recurrent patients (Kazmi et al., 2019; Redjal et al., 

2020). There are currently three new compounds being tested for successful GBM treatment, 

Regorafenib, Paxalisib and VAL-083 by the GBM adaptive global, innovative learning 

environment (GBM AGILE) with an expected end of trial in 2024 (NCT03970447 

ClinicalTrials.gov: accessed 17/03/2022). This adaptive and randomised trial is in phase 2/3 

and is designed to evaluate multiple promising treatments in newly diagnosed and recurrent 

GBM patients. The anti-cancer treatments involved are focussing on established as well as 

novel treatments including the use of TMZ, Lomustine and radiation alongside the novel  

Regorafenib, Paxalisib and VAL-083 compounds. The primary endpoint of this investigation is 

to determine significance in overall survival of one treatment to the current treatment 

options. Interestingly, this clinical trial will allow multiple compounds and multiple techniques 

to be used alone or in combination in order to be evaluated simultaneously, regardless of 

pharmaceutical company.  The control treatment is TMZ alongside 6 weeks radiation (60 Gg) 

for newly diagnosed patients, and Lomustine for 6 cycles for the recurrent patients. There are 

three variable ΨŀǊƳǎΩ ǘƻ ǘƘŜ ǘǊƛŀƭΣ ǿƘŜǊŜ aDa¢ ǳƴƳŜǘƘȅƭŀǘŜŘ ǇŀǘƛŜƴǘǎ ŀǊŜ ǊŀƴŘƻƳƛǎŜŘ ƛƴǘƻ 

therapies with Regorafenib or Paxalisib whilst MGMT methylated patients are added to the 

VAL-083 arm. Regorafenib is a multi-kinase inhibitor (VEGFR2 and TIE2) and anti-angiogenic 

compound (Wilhelm et al., 2011), Paxalisib is a novel PI3K inhibitor (Heffron et al., 2016) and 

VAL-083 is a dianhydrogalactitol compound and alkylating agent, which functions to create a 

N7 methylation on DNA, inducing DNA methylation thus repressing transcription. The 

ongoing progress of this trial promises reduced progression of GBM in patients (Fiani et al., 

2021), there has been report of many side effects experienced with each compound. These 

side effects range from anaemia, risk of infection, fatigue, nausea, overall body pain, skin 

changes and ulcers to hepatotoxicity, leukopenia and thyroid dysfunction ό!ƭŀƴŘŀƐ et al., 

2022), which can negatively impact the quality of life of the patients. Current treatments for 

GBM are overall unsuccessful and therefore there is great effort in trialling newer 

compounds, however these are not without risk.  
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1.4.3 GBM and mTORC1 
 

The mTORC1 pathway is a vital pathway in the brain. mTORC1 signalling is involved in the 

protein translation and synthesis required for memory formation and learning (Neasta et al., 

2010). Hyperactivation of mTORC1 has been observed in most glioblastomas (Gini et al., 2013) 

as a consequence of mutations to the PI3K signalling pathway (Kao et al., 2007; Brennan et 

al., 2013; Y. Zhang et al., 2017) as well as inactive p53 (Hirose et al., 2001). There are currently 

three pathways that are thought to trigger GBM development. These include the 

amplification and over activation of receptor tyrosine kinases, including, but not limited to, 

epithelial growth factor (EGF) and vascular endothelial growth factor (VEGF) (Golding et al., 

2009). Another pathway involves the activation of the PI3K/PKB/mTORC1 pathway and the 

final suggests the inhibition of the p53 and retinoblastoma tumor suppression pathway 

results in GBM development. Each of these pathways converge and are linked to the activity 

and regulation of mTORC1.  

 

IDH-wild type GBM tumours have mutations within the PI3K/PKB/mTORC1 pathway (Brennan 

et al., 2013), which has been linked to increased invasiveness of the tumours. mTORC1 

activation triggers the binding of cyclin D to cyclin dependent kinase thus enabling cell division 

and increased cell proliferation (Vadlakonda et al., 2013; von Achenbach et al., 2020). In terms 

of finding a valid target of the PI3K/PKB/mTORC1 pathway for chemotherapeutic 

intervention, the PI3K isoform of class A, PI3K p110a, is ideal as it is commonly mutated in 

GBM cells (Hartmann et al., 2005). the upregulation of this pathway is a key contributor to 

angiogenesis in GBM patients (McCubrey et al., 2012; Batchelor et al., 2014; Wu et al., 2014). 

It has been shown that inhibition of HIF1a through mTORC1 inhibition decreases GBM 

differentiation into endothelial-like cells thus reducing the characteristics required for 

enhancing blood supply or development of vasculature (Huang et al., 2014). Additionally, the 

role of PTEN in the regulation of the PI3K/PKB/mTORC1 pathway may be an effective 

therapeutic target due to the role of PTEN to inhibit PKB phosphorylation and that 9.5 % of 

solid tumours possess mutations in the pten gene (Millis et al., 2019). PTEN expression in GBM 

cell lines is linked to the activity and quantity of p53 which results in cell cycle arrest and 

increases cellular sensitivity to chemotherapeutic drugs (Mayo et al., 2002; Dey et al., 2008; 
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Vitucci et al., 2013; Daniele et al., 2015). To summarise, the targeted inhibition of mTORC1 

via PI3K, PKB, PTEN and p53 may prove effective in the treatment of GBM.  

 

1.4.4 Tanshinone IIA as a potential GBM treatment 
 

There are six previous investigations into the effect of tanshinone IIA on GBM development. 

The most recent paper published showed that tanshinone IIA treatment alongside tumour 

necrosis factor- related apoptosis inducing ligand (TRIAL) can be used to help sensitise TRIAL- 

resistant GBM as tanshinone IIA treatment mediates cell sensitivity to TRIAL therapy though 

the inhibition of STAT3 and the increased activation of death receptor 4 and 5 (DR4 and DR5). 

The combination treatment can be used to help treat patients with drug resistance, which is 

a common problem in treating GBM (Zhou et al., 2021). A single compound investigation using 

tanshinone IIA on GBM human neurospheres, cultured in serum-free media to display 

characteristics of glioma stem cells (GSC), showed that tanshinone IIA had an inhibitory effect 

on GSC which are usually linked to contributing to GBM propagation and resistance to 

treatments. Tanshinone IIA also increased the expression of differentiation and neural lineage 

makers (GFAP and B-tubulin) which stimulates differentiation of GSC, this decreasing the 

expression of GSC markers (CD133 and nestin). Tanshinone IIA induced GSC apoptosis both in 

vitro and in vivo. The downregulation of the inflammatory cytokines IL6 and STAT3 point to 

this pathway being the affected pathway in tanshinone IIA treatment (Yang et al., 2014). 

Another study, using tanshinone I, a similar structure compound of the same tanshinone 

family (Figure 1), showed a cytotoxic effect on human U87 GBM cells, where tanshinone I 

induced endoplasmic reticulum stress, inhibited Akt signalling resulting in apoptosis and 

induced protective autophagy through the accumulation of reactive oxygen species (Jian et 

al., 2020). Interestingly, a study examined tanshinone IIA alongside Oxaliplatin, a platinum 

based chemotherapeutic agent, to reduce the neuropathic pain observed with chemotherapy 

(Di Cesare Mannelli et al., 2018). Platinum based chemotherapy is known to induce 

neuropathic pain, which refers to the shooting, stabbing and burning pains as a result from 

damage to the nervous system (Carozzi et al., 2015). The addition of tanshinone IIA provided 

an analgesic effect (Di Cesare Mannelli et al., 2018). Another study cultured a new cell line 

from the primary tissue from a 29 year old patient with a grade IV GBM which showed time 

and dose-dependent growth inhibition following tanshinone IIA treatment (Wang et al., 
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2007). These cells, which exhibit abnormal nuclei and immature organelle development, were 

exposed to tanshinone IIA which resulted in a dose-dependent inhibition of cell proliferation. 

There are currently six published papers investigating the effect of tanshinones on GBM 

development, each showing a dose-dependent response and potential relief from the side 

effects and pain experienced with chemotherapy alone.  

 

1.5 Antioxidants and cancer 
 

There is an interest in understanding the effect of antioxidants in the potential treatment of 

GBM due to the clearing of DNA damaging oxygen species which have been thought to trigger 

cancer development (Sheweita and Sheikh, 2011; Kirtonia, Sethi and Garg, 2020; Tsiailanis et 

al., 2020).  

 

1.5.1 Introduction to antioxidants 
  

Reactive oxygen species (ROS) are highly reactive molecules. ROS refer to metabolites of 

oxygen-based metabolism, with unpaired electrons, such as hydroxyl radicals, superoxide 

anions (O2
·- ) and singlet oxygen, which at increased levels interact with nucleic acids and 

proteins causing DNA and organelle damage (Winterbourn, 2008), thus triggering cell death 

(Schieber and Chandel, 2014; Phaniendra et al., 2015; Srinivas et al., 2019). Elevated levels of 

ROS are involved in the development and maturation of cancer cells through mediating 

enhanced proliferation, metastasis and angiogenesis, however at controlled levels, ROS act 

as signalling molecules and mediate cellular processes, such as differentiation (Bigarella et al., 

2014), proliferation (Liou and Storz, 2010) and migration (Hurd et al., 2012). Dysregulation of 

intracellular ROS levels has been linked ǘƻ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŎŀƴŎŜǊΣ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ŀƴŘ 

multiple sclerosis, and other degenerative diseases (Bakoyiannis et al., 2019). Thus, increased 

ROS levels result in the damage of intracellular components that can trigger cancer 

development and metastasis.  

 

The levels of intracellular ROS is dependent on antioxidants. Antioxidants function to clear 

O2
·- and hydrogen peroxide (H2O2) and thus, prevent oxidative damage (Moloney and Cotter, 

2018). ROS damage is not only mediated through free radicals of O2·-  but also the production 

of H2O2, which requires superoxide dismutase enzymes (SODs) (Fukai and Ushio-Fukai, 2011). 
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An example of an antioxidant pathway is the glutathione pathway. This pathway involves 

glutathione (GSH), glutathione-reductase, -peroxidase and -s-transferase proteins which are 

located in the cytosol and scavenge the cells for H2O2 in order to neutralise their damage by 

converting H2O2 to water and oxygen (Figure 5) (Arteel and Sies, 2001). To summarise, the 

intracellular response to increased ROS levels involves antioxidants, which can function to 

inhibit H2O2-mediated stress, for example through the glutathione pathway.  

 

Figure 5: Glutathione antioxidant pathway 

The glutathione antioxidant pathway is dependent on the oxidation of glutathione, mediated by selenium, 

converting H2O2 to H2O, in a loop mechanism that results in the oxidation of NADP+ to NADPH, mediated by 

riboflavin. This schematic is an adaptation of two published figures (Aoyama and Nakaki, 2012; Kirtonia, Sethi 

and Garg, 2020).  

 

1.5.2 The five mechanisms of elevated ROS 

 

ROS function to affect cancer development in five major ways. The first effect of elevated ROS 

is to trigger genetic instability through DNA damage (Loeb et al., 2003; Sieber et al., 2003), 

this process can trigger a positive feedback loop, where overproduction of ROS damages DNA, 

triggering further elevated levels of ROS production resulting in genetic instability. The 
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instability refers to oxidation of the DNA structure resulting in deletions, insertions and 

double strand breaks that are not repaired through non-homologous end joining 

(Karanjawala et al., 2002; Cooke et al., 2003; Pelicano et al., 2004). Thus, increased ROS levels 

provide instability of DNA through irreparable mutagenesis. 

 

The second effect of ROS in cancer cells, is the process of adaptation. Cancer cells are robust 

cell lines that mutate and evolve to improve survival against ROS levels and oxidative stress, 

as evidenced by increased activity of hypoxia-inducible factor (HIF-1), a pro-survival complex 

that is elevated in cancer cells exposed to hypoxic conditions  (Chandel et al., 2000; Harris, 

2002; Schroedl et al., 2002; Park et al., 2003; Wang et al., 2005; Pani et al., 2009). Another 

example of adaptation following elevated ROS is the Warburg phenomenon, where elevation 

in oxidative stress switches cellular metabolism from aerobic glycolysis (requiring oxygen) to 

anaerobic glycolysis, reducing H2O2 production and thus, reducing cell death (Aykin-Burns et 

al., 2009; Dang, 2012). Cancer cells adapt to increased ROS levels by transitioning to anaerobic 

metabolism resulting in reduced oxidative stress and greater chances of survival, suggesting 

that the effect of ROS on cancer is pathway specific, for example increased ROS induced JNK 

activation results in apoptosis whilst HIF-1 induction following ROS elevation results in 

adaptation of cancer cells, resulting in their survival and growth.  

 

The third response of cancer cells to ROS is cell death. A disproportionate increase in ROS 

levels, usually following chemotherapy, provides a toxic microenvironment (Liou and Storz, 

2010). Commonly, extreme levels of ROS trigger the activation of the JNK pathway (Sastre et 

al., 2000; Carmody and Cotter, 2001; Dhanasekaran and Reddy, 2008; Moon et al., 2010). The 

JNK pathway involves the phosphorylation of mitogen-activated protein kinases (MAPK) at 

the c-Jun region on the amino acids serine 63 and 73 in response to intracellular stress and 

DNA damage resulting in the recruitment of chromatin remodelling proteins for DNA repair 

(Van Meter et al., 2016). In oxidative stress environments, JNK proteins are activated to 

function as transcription factors, targeting pro-apoptotic genes such as p53 (Fuchs et al., 

1998; Johnson and Nakamura, 2007; Jones et al., 2007), or through the phosphorylation of 

downstream BH3-only proteins, Bim and Bmf, to inhibit the anti-apoptotic activity of Bcl2 

(Letai et al., 2002; Marani et al., 2002; Lei and Davis, 2003; Putcha et al., 2003; Adams and 
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Cory, 2007). To summarise, cell death following increased ROS levels requires the 

transcription of pro-apoptotic proteins mediated through the JNK pathway.  

 

The fourth response of cells to elevated ROS levels is the regulation of autophagy. The process 

of controlled recycling of cellular components is triggered by elevated ROS levels (Gibson, 

2010; Li et al., 2012; Ornatowski et al., 2020; Li et al., 2021; Kma and Baruah, 2022), which is 

likely mediated by mTORC1 regulators (Azad et al., 2009). Increased ROS levels are managed 

through augmented autophagy to clear the ROS producing and dysregulated mitochondria 

(Morselli et al., 2009; Debnath, 2011). PTEN, a negative regulator of the PI3K/PKB pathway, 

has been shown to trigger autophagy in response to elevated ROS levels (Azad et al., 2009). 

Additionally,  p53, the transcription factor that regulates sesn expression (Maddocks and 

Vousden, 2011) has increased levels following elevation of ROS. The role of autophagy in 

cancer cells can be both tumour suppressive and tumour promotive (Qu et al., 2003; Zhu et 

al., 2019). Therefore, ROS triggers autophagy in cancer cells, but the effect of increased 

autophagy can either promote cell death or survival.   

 

Autophagy will be discussed further in the autophagy section of the Introduction.  

 

The fifth effect of increased ROS in cancer cells is drug resistance. The responses mentioned 

above, such as adaptation and genetic instability, are vital for the evolution of cancer cells for 

improved survival (Moloney and Cotter, 2018). DNA damage-driven drug resistance has been 

reported, for example, in acute and chronic myeloid leukaemia. Patients commonly have 

tyrosine kinase receptor mutations (FLT3-ITD and Bcr-Abl) and are, thus, prone to oxidative 

damage and double strand breaks in the DNA that result in resistance to common tyrosine 

kinase inhibitor treatment (Skorski, 2002, 2007). Furthermore, increased ROS levels are 

established to increase expression of HIF-1, which not only encourages adaptation of cancer 

cells for survival, but is also evidenced to protect cells from radiation (Unruh et al., 2003; 

Brown and Wilson, 2004; Erler et al., 2004; Moeller et al., 2004). In summary, increased ROS 

can result in chemo- and radiation- resistance of cancer cells through triggering further 

genetic instability and evolution of gene transcription.  
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To conclude, there are five mechanisms through which ROS mediates cancer cell survival or 

death. Elevated ROS levels contribute to genomic instability, further mutagenesis and 

adaptation which protects cancer cells, or can trigger cell death through increased toxicity 

and activation of the JNK pathway, resulting in the transcription of tumour suppressive genes.  

 

1.5.3 The role of mTORC1 in ROS regulation 
 

The process by which ROS regulates mTORC1 activity varies. As mentioned previously, the 

mTORC1 complex functions to regulate cell metabolism, proliferation and survival (Sengupta 

et al., 2010; Jaiswal et al., 2019). It has been reported that low doses or transient exposure of 

cancer cells to hydrogen peroxide, induce elevated ROS and this increases mTORC1 activation, 

whilst higher concentrations and longer term exposure function to decrease and inhibit 

mTORC1 activity (Li et al., 2010) (Figure 6). It was evidenced that the inhibition was mediated 

by direct inhibition of mTORC1 through AMPK binding to Raptor (component of mTORC1) at 

serine 792. Furthermore, it was detailed that the inhibition of mTORC1 by increased ROS was 

dependent on PI3K in a TSC2 independent manner (Li et al., 2010). Chronic ROS exposure 

inhibits mTORC1, likely through AMPK and PI3K in a TSC2 independent manner. Additionally, 

it has been established that increased stress in the form of elevated ROS triggers DNA damage 

which activates p53 (Yue et al., 2022). p53 then functions to activate SESN which can activate 

AMPK and inhibit the TSC/Rheb/mTORC1 pathway (Gwinn et al., 2008). Parallel to this, 

increased intracellular levels of essential amino acids such as arginine and leucine function to 

activate SESN to inhibit GATOR2 function and thus inhibit GATOR1-dependent mTORC1 

activity (Parmigiani et al., 2014; Wolfson et al., 2017). The inhibition of mTORC1 in this 

manner results in reduced mitochondrial biogenesis, reduced nucleotide synthesis, reduced 

translation and protein and lipid synthesis as well as inhibition of autophagy (Laplante and 

Sabatini, 2012). The inhibition of mTORC1 via the PI3K/PKB/mTORC1 pathway can also 

function to inhibit further glucose metabolism through FOXO1 and 3 mediated translation 

(Panwar et al., 2023).  To summarise, ROS functions to inhibit mTORC1 activity.  
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Figure 6: A schematic to show the effects of ROS on mTORC1 through SESN and PKB mediated regulation 

Blue- The schematic shows the role of oxidative stress in activating p53 and subsequently SESN, resulting in the 

activation of AMPK and TSC1/2 to inhibit mTORC1 activity. Green- The schematic shows increased essential 

amino acid levels activates SESN which functions to inhibit mTORC1 in a GATOR dependent manner. Orange= 

The schematic shows that reduced growth factor input reduces PKB activity thus allowing FOXO1 and 3 

transcription which contributes to the antioxidant effects of mTORC1 inhibition. Yellow= the inhibition of 

mTORC1 results in reduced biological activity.  
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1.5.4 SESN2 as an antioxidant 
 

SESN2 is a negative regulator of mTORC1 with antioxidant properties. The SESN2 protein is 

composed of three domains, Sesn-A, Sesn-B and Sesn-C (Kim et al., 2015). Analysis of the 

crystallographic structure highlighted structural similarities between Sesn-A with the AhpD 

protein of Mycobacterium tuberculosis which exhibit helix-turn-helix oxidoreductase motifs 

that mediate antioxidant function through the Cys125 catalytic amino acids. This therefore 

suggests that SESN2 functions directly as an antioxidant (Kim et al., 2015). Additionally, the 

Sesn-C domain has a helix-loop structure which has amino acids Asp406 and Asp407, which 

are predicted to inhibit mTORC1 through GATOR2 interaction (Kim et al., 2015). Thus, 

activation of SESN2 is likely to result in antioxidant function downstream following inhibition 

of mTORC1 and reduced cellular metabolism.   

 

Enhanced sesn2 expression is involved in the antioxidant effect of many natural products. 

Bladder cancer cells UMUC3, T24T cells and HeLa cells were exposed to isorhapontigenin, a 

Chinese Herbal compound derived from Gnetum cleistostachyum, which functions by 

activating the MAPK8-JUN pathway resulting in increased sesn2 expression. This treatment 

decreased cellular proliferation through the stimulation of autophagy (Liang et al., 2016). It 

was concluded that isorhapontigenin functions to activate JUN, thus increasing sesn2 

expression resulting in increased autophagy and cell death.  

 

Quercetin is another sesn2 upregulating natural compound. It is a polyphenol derived from 

red onion and green tea (David et al., 2016) which has been shown to increase apoptosis in 

response to generating elevated ROS levels intracellularly (Kim et al., 2013). It was observed 

that quercetin upregulates sesn2 expression in HCT116 and HT-29 colon cancer cell lines, 

which is thought to then activate AMPK and inhibit mTORC1 activity. Thus, this experiment 

has shown that increased sesn2 expression is linked to increased apoptosis in colon cancer 

cell lines, likely through the inhibition of mTORC1 activity.  

 

Arsenic trioxide is another Chinese traditional medicine suggested to upregulate sesn2. In a 

glioblastoma primary cell line, the established glioblastoma cell line, U87-MG, human lung 

adenocarcinoma H1299 cell line and the A549 lung cancer cell line, arsenic trioxide functions 
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as an antioxidant in a sesn2-dependent manner (Lin et al., 2018). Sesn2 upregulation has 

antioxidant effects in multiple cell lines.  

 

Carnosol, a rosemary derivative, modulates sesn2 levels. In aggressive colon cancer cell lines 

HCT116 and SW480, carnosol upregulates Nrf2 through regulation of the PERK pathway 

resulting in upregulated expression of sesn2 (Yan et al., 2018), which is normally expressed at 

very low levels in these cell lines (Wei et al., 2017a). Carnosol functions as an antioxidant 

through Nrf2 and sesn2 suggesting that, in cancers with low sesn2 basal levels, the forced 

upregulation of sesn2 may function as an antioxidant.  

 

Natural product structures can be studied to develop novel compounds with sesn2 enhancing 

effects. The modified compound, Ch1A-F, a conformational derivative of cheliensisin A, a 

Chinese herbal compound derived from Goniothalamus cheliensis, has a pro-autophagic role 

on bladder cancer cells through increased sesn2 expression (Hua et al., 2018). The 

upregulation of sesn2 is shown to be mediated by SP1, a transcription factor regulated by JUN 

and PKB (Hua et al., 2018; Vellingiri et al., 2020). To conclude many natural products and their 

derivatives may function as antioxidants through sesn2 upregulation.  

 

1.5.5 Tanshinone IIA as an antioxidant  

The mechanism of tanshinone IIA as an antioxidant has not been well defined. The role of 

tanshinone IIA as an antioxidant has been investigated in the pathologies of atherosclerosis 

and cardiotoxicity (Zhao et al., 1996; Zhou et al., 2003; Fu et al., 2007; Li et al., 2008; Jiejun 

Zhu et al., 2017; Guo et al., 2018). Tanshinone IIA treatment of atherosclerosis regulates ROS 

levels through increased glutathione levels and SOD levels (Zhu et al., 2017). Following 

myocardial injury, Danshen derivative danshensu mediates ROS levels as a superoxide 

scavenger (Zhao et al., 1996), tanshinone IIA increases the ratio of (inhibition of apoptosis) 

Bcl2 to (pro-cell death) Bax and mediates increase SOD levels (Fu et al., 2007) or through the 

direct mediation of electron transfer reaction (Zhou et al., 2003). Thus, the antioxidant effect 

of tanshinone IIA has, so far, been investigated in the context of cellular protection, there is 

yet to be an investigation focussed on the antioxidant effect of tanshinone IIA as an anti-

cancer compound.  

 



 39 

1.5.6 Antioxidant research using D. discoideum 
 

Antioxidant research employing D. discoideum has been recently established (Kelly et al., 

2021; Alsaffar et al., 2023). However, there is still a lack of full characterisation of the ROS 

regulation pathways in this model organism. It is thought that ROS levels and the regulation 

of glutathione is important in D. discoideum development into fruiting bodies as ROS and 

glutathione are vital for differentiation (Garcia et al., 2003; Kelly et al., 2021). It is also 

established that there are five glutathione-s-transferase isozymes in D. discoideum, which has 

been used to show an antioxidant effect of a polyphenol derivative of nigella seeds [Nigella 

sativa] (Alsaffar et al., 2023). Importantly, the detection of ROS in the amoeba has been 

defined (Zhang and Soldati, 2013) allowing the analysis of compounds that can modulate ROS 

production. D. discoideum can be used as a model to determine the antioxidant functions of 

compounds, however the precise mechanisms through which D. discoideum regulate ROS are 

lacking.  

 

1.6 Autophagy 

 

1.6.1 Introduction to autophagy 

 

Autophagy is defined as an evolutionarily conserved process by which intracellular 

components are recycled and degraded through vesicle-mediated transport to lysosomes 

(Yang and Klionsky, 2010). Mammalian cells possess three autophagy methods including 

micro-autophagy which is defined by the protrusions of the lysosomal membrane to capture 

debris in the immediate surrounding area requiring removal (Mijaljica et al., 2011). 

Additionally there is macro-autophagy which is the process through which double-membrane 

vesicles and autophagosomes are produced to transport cytosolic proteins to the lysosome 

where they fuse with the lysosome to produce an autolysosome (Yorimitsu and Klionsky, 

2005). Less commonly there is also chaperone-mediated autophagy which requires the use 

of chaperone proteins to both identify and transport proteins with pentapeptide motifs to 

the lysosomal membrane where it crosses into the lysosome for degradation (Massey et al., 

2004). In D. discoideum only macroautophagy is defined and is the best studied form of 

autophagy and thus will be the only form of autophagy mentioned further in this thesis.  
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Autophagy is vital for cell survival. Basal autophagy levels function to maintain cellular 

homeostasis through degrading damaged or excess proteins and organelles (Yang and 

Klionsky, 2010). Excess autophagy can trigger cell death whilst inactive autophagy can result 

in neurodegeneration, heart disease and cancer development (Wirawan et al., 2012).  

 

1.6.2 The four phases of autophagy in mammalian cells  
 

There are four major phases of autophagy (Figure 7). Each step is conserved between 

mammalian cells and yeast which is a common model organism used in autophagy research 

(Reggiori and Klionsky, 2013). Step 1 is termed the initiation phase which describes the 

intracellular conditions that trigger autophagy. This can include stress, misfolded proteins and 

damaged DNA, this process can be mediated by unc-51-like kinase family (ULK1), p53 and 

sesn2 expression (He and Klionsky, 2009). The initiation phase can be further defined by three 

stages. Induction refers to the dissociation of mTORC1 from the induction complex, 

composed of ULK1, Atg13 RBI-inducible coiled coil 1 (RBICCI/FIP200) and Atg101 (Ganley et 

al., 2009; Hosokawa et al., 2009; Mercer et al., 2009). This stage is followed by nucleation 

which requires the complex formation of Atg14 with phosphatidyl-inositol-3-kinase proteins 

PIK3C3 and PIK3R4 (Burman and Ktistakis, 2010) along with BECN as a regulator (Kihara et al., 

2001; Furuya et al., 2005; J. W. Lee et al., 2010). The final stage of initiation involves the 

assembly of two conjugation complexes required for expansion of the phagophore (Weidberg 

et al., 2011). The two conjugation systems are composed of Atg12, Atg5, Atg10 and Atg16 as 

well as Atg8 and LC3B (Kirisako et al., 2000; Mizushima et al., 2001, 2003). To summarise, the 

initiation stage refers to the development and priming of the phagophore and is divided into 

three distinct phases requiring the assembly of different complexes to mediate phagophore 

development.  

 

Step 2 is referred to as phagophore development. This phase describes the expansion and 

bending of a double membrane (He and Klionsky, 2009). The source of the double membrane 

is widely disputed with evidence being published for the plasma membrane (Ravikumar et al., 

2010; Ravikumar et al., 2010), endoplasmic reticulum (Hayashi-Nishino et al., 2009; Ylä-

Anttila et al., 2009), golgi apparatus (Takahashi et al., 2011) and mitochondria (Hailey et al., 
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2010). The process by which there is bending of the membrane to a vesicle, spheroid shape 

remains unknown, however, phagophore development requires the formation and shaping 

of a double membrane vesicle.  

 

Step 3 is the ŀǳǘƻǇƘŀƎƻǎƻƳŜ ŘŜǾŜƭƻǇƳŜƴǘ ǿƘŜǊŜ ǘƘŜ ŘƻǳōƭŜ ƳŜƳōǊŀƴŜ ŜƴŎƭƻǎŜǎ ǘƘŜ ΨŎŀǊƎƻΩ 

proteins consisting of organelles or damaged DNA. The autophagosome is between 0.5 ς 1.5 

mm in diameter (Schworer et al., 1981).  

 

The final step requires for formation of the autolysosome where the autophagosome fuses 

with the lysosome, or in non-mammalian systems, the vacuole. The autophagosome is 

transported to the lysosomal membrane through microtubule mediation (Monastyrska et al., 

2009). The PIK3 complexes that were formed in the nucleation stage of initiation are 

positioned on the exterior of the autophagosome and interact with the VTI1B complex 

(Atlashkin et al., 2003) on the exterior of the lysosome. This activates GTPase RAB7 which 

promotes the fusion of the two membranes allowing the contents of the autophagosome 

exposure to the acidic contents of the lysosome (Yang and Klionsky, 2009).  

 

To summarise, autophagy is a multi-step process that requires the formation, transport and 

fusion of a double membrane autophagosome to a lysosome for controlled degradation of 

unwanted intracellular components 



 42 

  

Figure 7: Schematic of autophagy process 

Intracellular stressors trigger phagophore development which is dependent on the induction, nucleation and 

elongation processes to produce and autophagosome. The autophagosome is fused to a lysosome allowing the 

controlled degradation of autophagosome contents.  

 

1.6.3 Role of autophagy in cancer  

The role of autophagy in cancer can be either suppressive or promotive. Autophagy can 

suppress oncogenic development through maintenance of genomic stability as evidenced by 

proteins such as mutated p53 (Choudhury et al., 2013), BCR-ABL1 (Goussetis et al., 2012) and 

p62 (Duran et al., 2008) being cleared with upregulated autophagy. Elevated autophagy 

regulates cell proliferation and promotes cell death through programmed cell death 

mechanisms (Su et al., 2015). The first observation of autophagy in tumour suppression 

involved the BECN1 gene, in breast cancer cell lines, where allelic loss of BECN increased the 

risk of cancer in both mice and humans (Aita et al., 1999; Liang et al., 1999). As mentioned 

previously BECN is a key protein involved in the nucleation step of autophagy initiation, thus 

the loss of an autophagy-related protein triggering cancer suggests a role of autophagy in 

tumour suppression (Kihara et al., 2001; Yue et al., 2003; Furuya et al., 2005; Lebovitz et al., 
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2012). Furthermore, the increased production of autophagosomes has been linked to pro-

apoptotic responses showing that pro-autophagy treatments can act additionally through 

apoptosis promotion (Gozuacik and Kimchi, 2004; Kroemer and Levine, 2008). Additionally, 

autophagy has been shown to increase the induction of adaptive immune response 

mechanisms (Gajewski, et al., 2013) which is thought to contribute to the clearing of cancer 

cells. This involves a role of autophagy in regulating antigen presentation potential suggesting 

that defective autophagy will suppress the immune response and recognition of malignant 

cells, resulting in a lack of clearance (Ma et al., 2013; Puleston and Simon, 2014; Puleston et 

al., 2014). To summarise, autophagy can suppress oncogenic development through regulating 

BECN expression, inducing pro-apoptotic pathways and mediating adaptive immunity 

through antigen presentation.  

 

In contrast, there is a multitude of evidence that suggests autophagy has a protective role in 

cancer. It is established that as cancer cells progress, the requirement for energy also 

increases (Martínez-Reyes and Chandel, 2021). In order to meet the increased metabolic 

demand, autophagy is increased allowing greater energy for tumour sustainability and 

induction of tumour development (Debnath et al., 2023). This process is highlighted in 

majority of pancreatic ductal adenocarcinomas (PDA). KRAS/ Ras is the first protein involved 

in the Ras/MAPK pathway that regulates autophagy, PDA cells have a 90 % occurrence of 

KRAS mutations inducing increased autophagy and tumour proliferation (Guo et al., 2011; 

Rosenfeldt et al., 2013; Yang et al., 2014; Ying et al., 2016). Mutagenesis of autophagy related 

proteins resulting in increased autophagy, promote tumour development.  

 

In the context of GBM, autophagy contributes to the adaptive response of cells to 

chemotherapy, resulting in the increased resistance of cells to available treatments. 

Upregulation of cell survival autophagy has been observed in GBM cells exposed to TMZ 

through ULK1 and increased activity of PI3K has been linked to this increase (Zou et al., 2014; 

Pearson and Regad, 2017). In fact, Heparanase, an endo-b-D-glucoronidase compound has 

been linked to poorer outcomes in GBM treatment through inducing autophagy in brain 

tumours and enhancing chemoresistance (Shteingauz et al., 2015; Sanderson et al., 2017). 

Furthermore in IDH wild type GBM patients, there is a higher measurement of Cathepsins 

(cysteine proteases) that are expressed by GBM stem cells and are secreted into extracellular 
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space and are linked to the increased expression of LC3A and LC3B which are autophagy 

inducing proteins (Giatromanolaki et al., 2014). GBM stem cells are characterised by high 

levels of resistance, linking higher autophagy levels to poorer prognosis. Additionally, the 

inhibition of autophagy in GBM cells using trifluoperazine, downregulates Cathepsin L, and 

subsequently increases cell radiosensitivity (X. Zhang et al., 2017), thus the inhibition of 

autophagy might allow reduced resistance of GBM cells to chemotherapeutic intervention. 

 

The role of autophagy in metastasis is not the same in every cancer type. In hepatocellular 

carcinoma, the inhibition of autophagy resulted in reduced metastasis (Peng et al., 2013), 

which is similar to polyoma middle T oncogene-driven mammary tumour models, where the 

inhibition of RB1CC1, a protein involved in the induction stage of initiation of autophagy, 

results in reduced tumour proliferation and inhibition of metastasis from breast tissue to the 

lungs (Wei et al., 2014). These two studies suggest that autophagy is required for the 

translocation of tumour cells from one organ to another (Fung et al., 2008). On the other 

hand, there is evidence that autophagy is required for tumours to remain in dormancy. D2.OR 

mammary cancer cells are generally dormant with basal autophagy levels (Morris et al., 

1993), however, knockdown of key autophagy related proteins such as Atg3 triggers tumours 

to shift from dormant to metastatic, thus autophagy is required to prevent evolution of 

cancer to aggressive and metastatic subpopulations in this cancer cell type (La Belle Flynn et 

al., 2019). It has also been shown that the knockdown of Atg5, another autophagy related 

protein, results in metastasis of dormant breast cancer models (Aqbi et al., 2018). Another 

example involves PyMT breast cancer, where following surgical removal of the primary 

tumours, there is increased recurrence of cancer in patients with Atg12 or Atg5 mutations 

(Marsh et al., 2020). To conclude, the role of autophagy in cancer is dependent upon the 

cancer type, where increased autophagy can inhibit the metastasis of cancer in some cell 

lines, but can give rise to aggressive subpopulations in others.  

 

1.6.4 Tanshinone IIA and autophagy 

 

Autophagy induction following tanshinone IIA is likely to involve the PI3K/PKB/mTORC1 

pathway. As the inhibition of mTORC1 is known to stimulate autophagy through dissociation 

from the induction complex (Ganley et al., 2009; Hosokawa et al., 2009; Mercer et al., 2009) 
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and tanshinone IIA is an established mTORC1 inhibitor (Zhang et al., 2019; Zhang et al., 2021; 

Liu et al., 2022; Schaf et al., 2023),  it is likely that tanshinone IIA functions as a pro-autophagic 

compound. All publications studying the effect of tanshinone IIA on autophagy reported 

increased autophagy or apoptosis through a range of mechanisms, including the inhibition of 

PI3K/PKB/mTORC1 or the upregulation of mTORC1 negative regulators such as p53 or AMPK 

(Table 1).  

 

Publications measuring autophagy in cancer cell lines following tanshinone IIA treatment 

Cell type Autophagy Pathway Reference 

Breast cancer 

4T1 cells 

MCF-7 

Upregulated  P53 upregulation 

Bcl-2 inhibition 

PI3K/PKB/mTOR inhibition 

Cell cycle arrest 

(Lv et al., 2018; 

Liu et al., 2022) 

Osteosarcoma 

143 B cells 

Upregulated Sestrin upregulation 

JUN activation 

(Yen et al., 

2018b) 

GBM 

U251 cells 

Upregulated  PI3K/PKB/mTOR inhibition 

Increased LC3B and Beclin-1 

(Ding et al., 

2017) 

Promyelocytic 

leukaemia  

NB4 cells 

Upregulated PI3K/PKB/mTOR inhibition 

Increased LC3B 

(Pan et al., 

2021) 

Fibroblast  

(context: post-

surgery 

arthrofibrosis) 

Upregulated mTORC1 inhibition  

PI3K inhibition 

AMPK-mTOR upregulation 

(Zhang et al., 

2021) 

Colon cancer 

SW480 and HT29 

cell lines 

Upregulated  MEK/ERK/mTORC1 upregulation (Qian et al., 

2020) 

Ulcerative colitis Upregulated TLR4/PI3K/PKB/mTORC1 inhibition  (Peng et al., 

2021) 

Cardiotoxicity 

following 

Upregulated BECN upregulation 

LAMP1 upregulation  

(Wang et al., 

2019) 
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Doxorubicin 

treatment 

mTORC1 inhibition 

Neurotoxicity 

following 

oxaliplatin 

treatment 

N2a cells 

Upregulated Inhibition of PI3K/mTORC1 

Mitochondrial protection 

(Cheng et al., 

2019) 

Acute myeloid 

leukaemia 

U937 cells 

Upregulated PI3K/PKB/mTOR inhibition 

LC3B, Atg5 and BECN upregulation 

p53 upregulation 

(Guo et al., 

2019; Y. Zhang 

et al., 2019) 

Myocardial 

infarction model 

H9C2 cells 

Upregulated BECN, p62 and LC3B upregulation (Zhang et al., 

2019) 

Liver ischaemia  

Mouse liver 

samples 

Upregulated  MEK/ERK/mTOR upregulation 

Mitophagy 

(Wang et al., 

2018) 

Oral squamous 

cell carcinoma  

SCC-9 cells 

Upregulated BECN upregulation 

PI3K/PKB/mTOR inhibition 

Atg7, Atg12-Atg5 upregulation 

(Qiu et al., 

2018) 

Melanoma 

A375, MV3, M14, 

Hacat and HUVEC 

cells 

Upregulated Promoted autophagy body 

production 

PI3K/PKB/mTOR inhibition 

(Li et al., 2017) 

Leukaemia 

KBM-5 cells 

Upregulated  AMPK/ERK upregulation 

 

(Yun et al., 

2014) 

Table 2: Publications linking tanshinone IIA treatment to increased autophagy in a range of cell types. 

 

1.6.5 Autophagy research using D. discoideum 
 

D. discoideum development depends on autophagy to generate stalk cells for the fruiting 

body structure. Stalk development requires the programmed cell death of aggregated cells 

(Otto et al., 2003; Tresse et al., 2007), which can be identified through increased autophagic 
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vesicle formation in D. discoideum cells transformed with autophagy related protein Atg8-

GFP tagged vesicles (Fey et al., 2007; Domínguez-Martín et al., 2017). D. discoideum has been 

used to show that autophagy can be induced by the mTORC1 inhibitor rapamycin (Swer et al., 

2014). Thus, exemplifying the use of D. discoideum in understanding the autophagic effects 

of mTORC1 inhibiting compounds.  
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Aims of the Project: 
 
The overall aim of this project was to employ the model organism D. discoideum for use in a 

range of investigative techniques to determine the specific intracellular role of tanshinone 

IIA as a regulator of mTORC1 activity. The initial investigations focused on the role of 

tanshinone IIA on PI3K signalling, specifically along the PI3K/PKB/mTORC1 axis. Following 

this, an interest was taken into the effect of tanshinone IIA on the SESN/GATOR/mTORC1 

pathway. It was hypothesised that tanshinone IIA functions through both the inhibition of 

PI3K and the activation of SESN to inhibit mTORC1 activity and reduce cell proliferation. 

Another objective of this project was to find a clinically relevant combination treatment to 

inhibit these two pathways in GBM cell lines hypothesising that the combination of 

treatments between tanshinone IIA and a PI3K would have a synergistic effect on the 

inhibition of GBM cell culture. Following this, investigating the effect of tanshinone IIA as an 

antioxidant and pro-autophagy compound was investigated in order to elucidate the precise 

mechanism of action of tanshinone IIA as an anti-cancer compound. It was hypothesised that 

tanshinone IIA functions through SESN, GATOR2 and mTORC1 to exhibit pro-autophagic 

response in both D. discoideum and GBM cells. However due to established complications 

regarding the bioavailability of tanshinone IIA a subsequent objective of this project was to 

develop a tanshinone IIA mimetic that may have better bioavailability.  
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Chapter 2: Methods 
 

2.1 Cell culture of D. discoideum 
 

Cells were maintained in HL5 medium without glucose (FormediumTM) supplemented with 

1% glucose (Sigma-Aldrich) and Penicillin-streptomycin (Gibco by Life TechnologiesTM). Cells 

ŀǊŜ ƛƴŎǳōŀǘŜŘ ƛƴ нн ɕ/ ŜƛǘƘŜǊ ƛƴ shaking or stationary cell culture dishes. 

 

2.2 Compounds 
 

Tanshinone IIA (AdooQ Bioscience, A10890) was used and diluted to appropriate 

concentrations in DMSO. 

Paxalisib (GDC-0084) [Genentech, inc.] was sourced from Selleckchem and diluted to 

appropriate concentrations in DMSO. 

Mi compounds were sourced from MolPort- a third party compound distributor.  

 

2.3 Transfection of D. discoideum cells with PH-CRAC-GFP 
 

Wild type, Ax3, D. discoideum cells were washed twice with ice cold H50 buffer and 

resuspended to a final concentration of 5x107 cells/ml. Cells were mixed with 6.6 µg of vector 

(Kamimura et al., 2009) in a total volume of 100 µl. Cell vector mix was transferred to ice cold 

electroporation cuvette and pulsed twice at 650 V and 25 µF was applied. Transfected cells 

were put in 10 cm petri dish containing HL5 media, later exposed with selection antibody 

G418 disulfate salt (1:1000). PHCRAC-GFP cells were selected through continuous culturing of 

cells in 10-20 µg/ml G418 disulfate salt media.  

 

2.4 Preparation of chemotactically competent D. discoideum cells 
 
PHCRAC-GFP expressing wild type Ax3 cells (Loovers et al., 2006) were washed twice with 

development buffer (5 mM Na2HPO4, 5 mM KH2PO4, 0.2 mM CaCl2, 2 mM MgSO4, pH 6.5) 

(centrifugation: 500 g for 3 min) and pellet was resuspended to a final concentration of 2x107 

cells/ml (Cai et al., 2012; Kamimura et al., 2009). Following a 1-hour agitation step at 100 rpm, 

cells were made chemotactically competent through pulsing every 6 minutes for 4 hours with 

100 nm cAMP at 120 rpm agitation. 4-hour treatment experiments involved a starting 



 50 

concentration of 25 µM tanshinone IIA, 60 µM LY294002 or solvent (DMSO) control (0.2%). 

Cells were then washed twice with cold development buffer (centrifuged at 500g for 5 

minutes at 4 °C. Pellet resuspended to 2 x105 cells/ml with the compounds or solvent control 

added (4-hour treatments)).  

 

2.5 Time-lapse imaging of PI3K activity 
 

360 µl cells (0.72 x105 cells) were transferred to an 8 well chambered coverglass and 

incubated for 10-15 minutes allowing cell adhesion to coverglass (Cai et al., 2012). In the case 

of acute treatment experiments, the concentrations of tanshinone IIA and LY294002 were 

added during this adhesion step as well as solvent control with a level of 0.2%. Images were 

then recorded every 2 seconds for 1 minute using fluorescence microscope (Olympus IX71 

Microscope), followed by a stimulating treatment of 40 µl of 100 µM cAMP (final 

concentration: 10 µM) at time point 0. The fluorescence intensities of cell membrane and 

cytosol were analysed using ImageJ. Each value was normalised to the mean grey value of 

whole cell. All data are shown normalised to the time point -2 seconds (pre-cAMP 

stimulation). 

 

2.6 qPCR in D. discoideum 
 
Wild type, Ax3, cells were cultured to 30x104 cells/ml and treated with 25 µM tanshinone IIA, 

12 µM tanshinone IIA, 14 µM LY249002, or a combination of 12 µM tanshinone IIA and 14 µM 

LY249002 or solvent (DMSO) control (0.2%) for 24 hours. Following the 24-hour treatment, 

the RNA was extracted from the cells using RNeasy Kit  [Qiagen 74104] and cDNA was 

produced using Revert-Aid First Strand cDNA synthesis kit [Thermo Fisher Scientific, K1622]. 

cDNA was analysed using qPCR using the SYBR green Jumpstart Taq Ready-mix [Sigma, S4438] 

and primers around 100 base pairs apart within the gene of interest, sesn, and a housekeeping 

gene mcfQ DDB_G0272346. Primers were tested for efficiency using PCR and a melting curve 

was completed at the end of each qPCR run. The DD-Ct method was used to calculate fold 

change (Livak and Schmittgen, 2001).  

 

2.7 qPCR in mammalian GBM cell lines 
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GL261 and GBM59 cells were cultured to a final density of 1x107 cells/ml and treated with 

tanshinone IIA (3.77 µM), Paxalisib (0.46 µM) or combination of the two for 3 days. The RNA 

was extracted using RNeasy kit [Qiagen 74104] and cDNA was produced using the Revert-Aid 

First Strand cDNA synthesis kit [Thermo Fisher Scientific K1622]. cDNA was analysed using 

qPCR using the SYBR green Jumpstart Taq Ready-mix [Sigma, S4438] and primers around 200 

base pairs apart within the gene of interest, sesn2 and established control hprt. Primers were 

tested for efficiency using PCR and a melting curve was completed at the end of each qPCR 

run to test for gDNA contamination. The DD-Ct method was used to calculate fold change. 

Primer Cǿ όрΩ-оΩύ wŜǾ όрΩ-оΩύ 

Human sesn2 GTGACCCCCTCAGCTGACAT GAGCCCCTCTCCGAGTGAAG 

Human pten GTGGCGGAACTTGCAATCCT CCGTCGTGTGGGTCCTGAAT 

Human hprt CTCCGTTATGGCGACCC CACCCTTTCCAAATCCTCAG 

Mouse sesn2 CCGCCACTCAGAGAAGGTTCA CTGCGTACGGGGTAGTCAGG 

Mouse pten TCCTGCAGAAAGACTTGAAGGTG CAAAAGGATACTGTGCAACTCTGC 

Mouse hprt GCCATCACATTGTGGCCCTC ATGTAATCCAGCAGGTCAGCAAAG 

Dictyostelium sesn TTGGCTCATCAACCTTGGCTATTG TTCAGCGATGGACCAAGCATCG 

Dictyostelium mcfQ CACCGTAGAAGCTTTAGGACATGC AAGGCAATAGCGGCCATACCTG 

Table 3: qPCR primers 

 

2.8 Growth assay in D. discoideum 
 
DǊƻǿǘƘ ŀǎǎŀȅǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ нп ǿŜƭƭ ǇƭŀǘŜǎΣ ǿƛǘƘ ŜŀŎƘ ǿŜƭƭ ƘƻƭŘƛƴƎ рлл ˃ƭ ƳŜŘƛŀ ŀƴŘ 

0.5-x- 104 cells and compound at a constant solvent (DMSO) level of 0.8 %. All conditions were 

set up in duplicates or triplicates. Cell densities were measured at the indicated days using a 

using Neubauer improved cell counting chamber and a Nikon TMS Microscope. IC50 values 

were calculated by combining the normalised graphs from individual experiments and 
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plotting the difference in cell density from day 6 to day 3 against the log tanshinone IIA 

concentration. 

 

2.9 Design of CRISPR primers 
 

Specific guides (with adjacent PAM sequences) were designed using Crispor.tefor.net. Three 

guides were generated with complementary sequences. These sequences were ordered from 

Sigma Aldrich (Table 4). The designed guides lacked cut sites for Bbsl or BsmBI enzyme sites 

(GAAGAC/GTCTTC or CGTCTC/GCAGAG) or TTTT repeats. 

 

Table 4: CRISPR Oligo 

sequences for sestrin and 

MIOS null mutants 

Three guides were generated 

with their complimentary 

sequences to be used in 

pairs. The oligos must be 

used in pairs, oligo 1 and 

oligo 2 are used in a pair for 

each guide. Orange sequence highlights restriction enzyme overhangs for Bpil. 

 

2.10 Phosphorylation and annealing of DNA oligos 
 
/ƻƳǇƭŜƳŜƴǘŀǊȅ 5b! ƻƭƛƎƻǎ όм ˃ƭ ƻŦ ŜŀŎƘ ƻƭƛƎƻ ƻŦ ƻƴŜ ǇŀƛǊύ ǿŜǊŜ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ŀƴŘ ŀƴƴŜŀƭŜŘ 

ǳǎƛƴƎ лΦр ˃ƭ ¢п tbY ƭƛƎŀǎŜ όbŜǿ 9ƴƎƭŀƴŘ .ƛƻƭŀōǎΣ м ˃ƭ мл Ȅ ¢п ƭƛƎŀǘƛƻƴ ōǳŦŦŜǊ όbŜǿ 9ƴƎƭŀƴŘ 

.ƛƻƭŀōǎύ ŀƴŘ м ˃ƭ I2O (Sigma-Aldrich). The phosphorylation and annealing reaction took place 

ŀǘ ол ƳƛƴǳǘŜǎ ŀǘ от ɕ/ ŀƴŘ ǘƘŜƴ р ƳƛƴǳǘŜǎ ŀǘ фр ɕ/ ŦƻƭƭƻǿŜŘ ōȅ ŀ ŘŜŎƭƛƴŜ ōȅ р ɕ/ ŜǾŜǊȅ р 

ƳƛƴǳǘŜǎ ǘƻ ŀ Ŧƛƴŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ нр ɕ/Φ !ƴƴŜŀƭŜŘ 5b! ƻƭƛƎƻǎ ǿŜǊŜ ŘƛƭǳǘŜŘ мΥнрл ƛƴ I2O. 

 
 

2.11 Digestion and ligation 
 
Digestion and ligation reactions include the phosphorylated and annealed oligonucleotides (2 

˃ƭ ƻŦ мκнрл ŘƛƭǳǘŜŘ ŀƴƴŜŀƭŜŘ ƻƭƛƎƻǎύΣ лΦо ˃ƭ ǘƘŜ ǇƭŀǎƳƛŘ όǇ¢aмнурύΣ н ˃ƭ мл Ȅ Cŀǎǘ5ƛƎŜǎǘ ōǳŦŦŜǊΣ 

м ˃ƭ 5¢¢ ό{ƛƎƳŀ-!ƭŘǊƛŎƘύΣ м ˃ƭ !¢t όb9.ύΣ м ˃ƭ Cŀǎǘ5ƛƎŜǎǘ .Ǉƛƭ ό¢ƘermoFisher, Fermentas) and 

Sesn Oligo 1 fw рΩ!D/!!/D!DD¢D!¢D/!/D¢¢DD¢¢!/! 
Sesn Oligo 1 rev рΩ!!!/!!!/¢D¢!!//!!/D¢D/!¢/!// 

Sesn Oligo 2 fw рΩ!D/!!/D!¢D/¢¢DD¢//!¢/D/¢D!!¢ 
Sesn Oligo 2 rev рΩ!!!/!!!/!¢¢/!D/D!¢DD!//!!D/! 

Sesn Oligo 3 fw рΩ!D/!!D/!DD/!¢D!!//!!¢¢/!D/D! 

Sesn Oligo 3 rev рΩ!!!/!!!/¢/D/¢D!!¢¢DD¢¢/!¢D// 
MIOS oligo 1 fwd. рΩ!D/!D¢!!/¢/!!!/¢!!¢/!¢/! 

MIOS oligo 1 rev рΩ!!!/¢D!¢D!¢¢!D¢¢¢D!D¢¢!/ 

MIOS oligo 2 fwd. рΩ!D/!!D¢!¢¢¢/!!/¢!/!!/!// 

MIOS oligo 2 rev рΩ!!!/DD¢D¢¢D¢!D¢¢D!!!¢!/¢ 

MIOS oligo 3 fwd. рΩ!D/!¢¢DD!D!!¢!¢!¢¢!¢/!!D 
MIOS oligo 3 rev рΩ!!!//¢¢D!¢!!¢!¢!¢¢/¢//!! 
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м ˃ƭ ¢п 5b! ƭƛƎŀǎŜ όbŜǿ 9ƴƎƭŀƴŘ .ƛƻƭŀōǎύ ǿƛǘƘ ммΦт ˃ƭ ŘŘI20. The ligation reaction was 

ƛƴŎǳōŀǘŜŘ ƛƴ ŀ ǘƘŜǊƳƻŎȅŎƭŜǊ ŦƻǊ р ƳƛƴǳǘŜǎ ŀǘ от ɕ/ ŀƴŘ ǘƘŜƴ но ɕ/ ŦƻǊ р ƳƛƴǳǘŜǎΦ ¢ƘŜǎŜ 

conditions were cycled 6 times.  

 

2.12 Transformation into competent Escherichia coli cells 
 
Competent E. coli [TOP 10] cells were mixed with the ligated plasmid in a 1:10 ratio and 

ƛƴŎǳōŀǘŜŘ ƻƴ ƛŎŜ ŦƻǊ мр ƳƛƴǳǘŜǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ƘŜŀǘ ǎƘƻŎƪŜŘ ŦƻǊ м Ƴƛƴ ŀǘ пн ɕ/Σ млл ˃ƭ [. 

ōǊƻǘƘ ǿŀǎ ŀŘŘŜŘ ŀƴŘ ǘƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ от ɕ/ ŦƻǊ ƻƴŜ ƘƻǳǊΦ ¢ǊŀƴǎŦƻǊƳŜŘ ŎŜƭƭǎ 

όнлл ˃ƭύ ǿŜǊŜ ǎǇǊŜŀŘ ƻƴ [. ŀƎŀǊ ŀƳǇƛŎƛƭƭƛƴ ǇƭŀǘŜǎ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŀǘ отɕ/ ŦƻǊ ŀǇǇǊƻȄƛƳŀǘŜƭȅ мс 

hours. 

 

2.13 Colony PCR to confirm uptake of plasmid 
 

LƴŘƛǾƛŘǳŀƭ ōŀŎǘŜǊƛŀ ŎƻƭƻƴƛŜǎ ǿŜǊŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ рл ˃ƭ [. ōǊƻǘƘ ŀƴŘ t/w ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ 

carried out to confirm the successful integration of the guide (annealed oligo) as a template, 

н ˃ƭ ƻŦ ǘƘŜ ōŀŎǘŜǊƛŀ ŎƻƭƻƴƛŜǎ ǿŜǊŜ ǳǎŜŘ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ŀ ǇǊƛƳŜǊ ǘƘŀǘ ōƛƴŘǎ ƛƴ ǘƘŜ ƎǳƛŘŜ όhƭƛƎƻ 

1) and a primer that binds in the vector (CRISPR insert screen F) (Table 5). A PCR was carried 

ƻǳǘ ŦƻǊ м ƳƛƴǳǘŜ ŀǘ фр ɕ/ ŦƻƭƭƻǿŜŘ ōȅ оп ŎȅŎƭŜǎ ƻŦ фп ɕ/ ŦƻǊ ол ǎŜŎƻƴŘǎΣ рн ɕ/ ŦƻǊ ол ǎŜŎƻƴŘǎΣ 

су ɕ/ ŦƻǊ н ƳƛƴǎΣ ǘƘŜƴ Ŧƛƴŀƭ су ɕ/ ŦƻǊ мл ƳƛƴǎΦ 

{ŀƳǇƭŜǎ όу ˃ƭύ ǿŜǊŜ ǎŜǇŀǊŀǘŜŘ ƻƴ ŀ м ҈ ŀƎŀǊƻǎŜ ƎŜƭΦ ¢ƘŜ ŜȄǇŜŎǘŜŘ ōŀƴŘ ǎƛȊŜ ƛǎ Ϥрлл ōǇΦ ¢ƘŜ 

GeneJET Plasmid Miniprep Kit (Thermo Scientific) was used to isolate plasmid DNA. 

 

Primer Sequence 

CRISPR Insert screen F рΩ /D!!!!D!D!D!// оΩ 

Table 5: Sequence for PCR to determine uptake of vector 

 

2.14 Transfection of D. discoideum cells with CRISPR vector 
 
D. discoideum cells were washed twice in H50 buffer (20 mM HEPES, 50 mM KCl, 10 mM NaCl, 

1 mM Mg2SO4, 5 mM NaHCO3, 1mM Na2HPO4). For each wash step, cells were centrifuged 

for 3 minutes at 500 g and resuspended in 10 ml of fresh H50. After the final wash step, cells 

were resuspended to a final concentration of 5 x 107
 ŎŜƭƭǎκƳƭ ŀƴŘ р ˃Ǝ ƻŦ ŜŀŎƘ ǇƭŀǎƳƛŘ ǿŀǎ 

added. Samples were mixed, transferred to a chilled electroporation cuvette, and then pulsed 



 54 

two times at 850 V with 5 seconds rest between each pulse. Transfected cells were added to 

мл Ƴƭ I[р ƳŜŘƛǳƳ ŀƴŘ ŀŦǘŜǊ мс ƘƻǳǊǎ ǎŜƭŜŎǘƛƻƴ όмл ˃ƎκƳƭ Dпмуύ ǿŀǎ ŀŘŘŜŘΦ 

 

2.15 Identification of CRISPR knock outs 
 
After the cells were incubated for 4 days in selection (G418), cells were serial diluted on SM 

plates containing Raoultella planticola. Individual colonies (that represent isogenic strains) 

were isolated after 3-5 days, and cells were lysed and used as template for PCR reactions 

using primers that target exon 2 of the MFS gene (Table 6). PCR products were purified using 

the QIAquick PCR purification kit (Qiagen). The purified samples were sequenced by Eurofins 

Genomics using the forward primer. Sequences were analysed using Snapgene Viewer. 

Sesn fw AATAATGAGAGATCCAGGAC 
Sesn Rev GCAGTATTTTCGGTTGCAG 

Table 6: Primer pairs to identify CRISPR mutations 

 
 

2.16 Protein extraction in D. discoideum  
 
Total protein from D. discoideum cells was extracted using Laemelli buffer where total cell 

number was determined, and cells were resuspended at a concentration of 7.5 x 107 cells/ml 

in Laemmli buffer and boiled for 6.5 min at 96 °C. 
 

2.17 Protein extraction in GBM cells 
 
Cells were cultured for desired times to a final concentration of 1x107 cells/ml. The cells were 

rinsed with cold PBS and then removed from the 6 well plate using RIPA buffer supplemented 

with protease inhibitor kinase. Samples were centrifuged for 30 minutes at 14,000 xg and a 

Bradford assay was used to measure protein concentration (Bradford, 1976). Protein samples 

ǿŜǊŜ ŘƛƭǳǘŜŘ ǘƻ м ˃Ǝκ˃ƭ ǿƛǘƘ мс ҈ сȄ ƭƻŀŘƛƴƎ ōǳŦŦŜǊκ ƭŀŜƳŜƭƭƛΦ  

 

2.18 Western blot  
 
Protein samples (7-10 ˃ ƭύ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴǘƻ ŀ мр҈ {5{-PAGE resolving gel (2.3 ml H2O, 5 ml 

ŀŎǊȅƭŀƳƛŘŜΣ нΦр Ƴƭ ¢Ǌƛǎ уΦу όмΦр aύΣ млл ˃ƭ {5{ όмл҈ύΣ млл ˃ƭ !t{ όмл ҈ύΣ п ˃ƭ ¢9a95ύ ŀƴŘ 

ǎǘŀŎƪƛƴƎ ƎŜƭ όмΦмр Ƴƭ IнлΣ оол ˃ƭ ŀŎǊȅƭŀƳƛŘŜΣ рлл ˃ƭ ¢Ǌƛǎ сΦу όлΦр aύΣ нл ˃ƭ {5{Σ нл ˃ƭ !t{Σ н ˃ƭ 

TEMED. The samples were separated at 80-100 V for 2 hours. Proteins were then transferred 
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ǘƻ ŀ лΦн ˃Ƴ t±5C ƳŜƳōǊŀƴŜ ŦƻǊ Ǉ-4E-BP-1, 4EBP1, LC3B and SESN ŀƴŘ лΦпр ˃Ƴ ƴƛǘǊƻŎŜƭƭǳƭƻǎŜ 

for p-PKB substrate, p62 and p53. Transfers were carried out overnight at 15 V (4 °C) for p-

4EBP1, 4EBP1, LC3B and SESN western blots. Transfers were carried out for 1.5 hours at 90 V 

(on ice) for p-PKB substrate, p62 and p53 western blots. 

Membranes were dried for 2 -3 hours and stained with ponceau S stain [Sigma, P3504]. 

Stained membranes were scanned to determine total protein. Following this, membranes 

were washed three times with TBST (1 x Tris-buffered saline, containing 0.1 % TWEEN 20 

(Sigma-Aldrich)).  

Membranes were blocked with LICOR INTERCEPT blocking buffer (LI-COR) for 1 hour at room 

temperature. Subsequent to this, membranes were incubated with primary antibodies 

overnight at 4 °C (phospho (Thr37/46)-4E-BP-1) [Cell signalling technology, 9459, 1:1000]; or 

p-akt substrate [Cell signalling technology, clone 23C8D2, 1:1000], LC3B [Sigma, L7543 

1:1000], 4EBP1 [Cell signalling technology, 9644S, 1:1000], anti-p62 [Sigma, P0067, 1:1000], 

p53 [Cell signalling technology, 9282T, 1:1000], SESN [Cell signalling technology, 10795, 

1:1000], streptavidin/MCCC1 [ThermoFisher, S21378, Alexa FluorTM 680 conjugate (loading 

control D. discoideum samples), 1:5000] or b-actin [Sigma, A228, 1:10000]. All antibodies 

were dissolved and resuspended in LICOR INTERCEPT blocking buffer supplemented with 0.1 

% Tween 20.  

After primary incubation, membranes were washed three times with TBST and then 

incubated with secondary antibody 1 hour at room temperature (IRDye 800CW goat-anti-

rabbit IgG secondary antibody, 1:10000; dissolved in LICOR INTERCEPT blocking buffer 

supplemented with 0.1 % Tween 20 and for loading control in mammalian samples, IRDye 

680RD goat anti-mouse secondary antibody, 1:100000; dissolved in LICOR intercept blocking 

buffer supplemented with 0.1 % Tween20).  

Following this, membranes were washed three times with TBST and once in TBS. Membranes 

were imaged using an Odyssey CLx imaging system with Image Studio Software version 3.0-

4.0. The band intensities of were determined using Image Studio Lite [LICOR, version 3-4] and 

total protein was measured using ImageJ (Ponceau S stain). Band intensities of proteins of 

interest were normalised either to total protein or to MCCC1 or b-actin and for each 

experiment percentages of the total normalised band intensities were calculated. 

A minimum of n=6 repeats were carried out for all of these experiments. 
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2.19 Autophagy assay using Atg8-GFP plasmid 
 
Cells were made to express GFP-Atg8 (as previously described in (Mesquita et al., 2017; 

Warren et al., 2021) and cultured to a density of 1.33 x106 cells/ml in 2 ml of HL5 media for 

control and treatment or KK2 (1L water, 22g KH2PO4 and 7g K2HPO4) for starvation conditions. 

Treatments included 25 µM tanshinone IIA or solvent DMSO control for 24 hours. Starvation 

conditions involved incubation of cells in KK2 for 4 hours. Shaking was continued for 1 hour 

before cells were removed (without additional pipetting). Cells were imaged live under KK2 

1% agar gel after cells were resuspended in KK2. Per sample a minimum of 15 images were 

taken and within each image at least 6 cells were analysed and mean values were generated 

per image. The time in KK2 and time under the agar were kept consistent between each 

repeat. Cells were imaged using Olympus IX71 wide-field fluorescence microscope and 

captured using Micropix camera, model elite 2. For measurement of Atg8 positive structures, 

cells were analysed using micropix analysis tool [MicroPix Cytocam software] where 

autophagosome number was normalised to cell size, which was measured across largest 

diameter. Per photograph, approximately 8 cells were analysed.  

 

2.20 Mammalian autophagy assay 
 
GBM cells were cultured to a final concentration of 1x106 cells/ml and were treated as 

described in autophagy results chapter. Cells were removed by trypsin and versene treatment 

and washed twice with 1x Assay buffer provided by Abcam autophagy detection kit 

(ab139484). Cells were incubated with autophagy detection green dye for 30 minutes in PBS 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ р҈ C.{Φ /Ŝƭƭǎ ǿŜǊŜ ǇŜƭƭŜǘŜŘ ŀƴŘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ рлл ˃ƭ мȄ ŀǎǎŀȅ ōǳŦŦŜǊ 

and analysed using FACS machine. % parent was the value measured as a % of cells expressing 

the dye every 10,000 events.  

 

2.21 Dihydroethidium assay (DHE)- antioxidant levels 
 
D. discoideum cells were cultured to a final concentration of 1.6-2 x 106 cells/ml. For 

starvation conditions they were starved for 4 hours in KK2 phosphate buffer. Treated cells 

were incubated for 24 hours with indicated concentrations of tanshinone IIA with a constant 

solvent level of 0.2 % or Mi3 treatment. Cells were resuspended in SS6.4 buffer (0.12M 

sorbitol, 16.69 mM KH2PO4, 6.27 mM Na2HPO4, pH 6.4) (Zhang and Soldati, 2013)Φ рл ˃ƭ ŎŜƭƭǎ 
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were seeded into a CoStar or Nunc F96 Microwell polystyrene plate from Thermo Scientific 

ŀƴŘ рл ˃ƭ ǿƻǊƪƛƴƎ ǎƻƭǳǘƛƻƴ ƻŦ 5I9 όсл ˃aΣ мκрлл ŘƛƭǳǘŜŘ ƛƴ {{сΦп ōǳŦŦŜǊύ ǿŀǎ ŀŘŘŜŘΦ 

Fluorescence was measured using Spectra Max GEMINI EM plate reader (SoftMax Pro 

Software 7, excitation 522 nm, emission: 605 nm, read every 2 mins for 13 minutes, shake for 

5 seconds between reads at 22 °C).  

 

2.22 Sulforhodamine B assay (SRB)- cell proliferation of mammalian cells 
 
Cells were cultured to a final concentration of 1x107 cells/ml in 96 well plates and treated 

ǿƛǘƘ ƛƴŘƛŎŀǘŜŘ ŎƻƳǇƻǳƴŘǎ ŀǘ р ŀƴŘ мл ˃a ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΦ фс ǿŜƭƭ ǇƭŀǘŜǎ ǿŜǊŜ ƳŀŘŜ ŦƻǊ Řŀȅ 

0, 3, 6 and 9, where media was removed and trichloroacetic acid (50 % wt/vol) was used to 

fix the cells to the base of the plate. The SRB 0.4 % dye (vol/vol) was added to each well and 

incubated for 1 hour and washed off using 1 % acetic acid. Dry plates were rehydrated with 

10 mM and plate was read using plate reader at OD 490 nm.  

 

2.23 Mammalian cell culture 2D 
 
GBM59- Cells were sourced from the John Fulcher lab at Imperial College London (Syed et al., 

2013)Φ ¢ƘŜȅ ǿŜǊŜ ŎǳƭǘǳǊŜŘ ŀǎ ŀ ǇǊƛƳŀǊȅ ŎŜƭƭ ƭƛƴŜ ƳŀƛƴǘŀƛƴŜŘ ƛƴ ŀ 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ 

Medium (DMEM) supplemented with F-12 nutrient mixture [Gibco, 10565018] and 10 % 

Foetal Bovine Serum (FBS) [Gibco, 10270105].  

GL261- Cells (Akbasak, Oldfield and Saris, 1991) were obtained from the John Fulcher Lab at 

Imperial College London and maintained in DMEM [Gibco, 31966-021] supplemented with 10 

% FBS [Gibco, 10270105]. 

U87-MG- Cells were purchased from Cell Lines Service [Catalogue: 300367] and maintained 

ƛƴ 9ŀƎƭŜΩǎ aƛƴƛƳǳƳ 9ǎǎŜƴǘƛŀƭ aŜŘƛǳƳ ό9a9aύ ώSigma, M4655] supplemented with 5 % non-

essential Amino Acids [Sigma, M7145] and 5 % Sodium Pyruvate [Sigma, S8636] 

All cell lines were incubated at 37°C with 5% CO2. 

Growth assays were carried out by seeding 1x107 cells in 96 well plates. Following a 24 hour 

incubation period, the compounds were added to a final volume of 200 ml and measurements 

of cell densities were carried out using Sulforhodamine B stain at days 0, 3, 6 and 9 [Sigma, 

S1402] (Voigt, 2005). Three technical repeats were carried out in each of the three biological 

repeats.  
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2.24 Mammalian cell culture 3D 
 
GBM59 and GL261 cell lines were used in 3D spheroid investigation where spheroids were 

ǇǊŜǇŀǊŜŘ ǳǎƛƴƎ р Ҏ мл7 cells of each glioblastoma cell line, cultured in individual wells of a 96 

ǿŜƭƭ ǇƭŀǘŜ ŀǘ от ϲ/ ŦƻǊ п Řŀȅǎ ǘƻ ŀƭƭƻǿ ǎǇƘŜǊƻƛŘ ŦƻǊƳŀǘƛƻƴ (Guyon et al., 2020), cell lines were 

used until passage 20 for GBM59 and passage 30 for GL261. Spheroids were treated with 

tanshinone and Paxalisib treatment on day 0 only. Spheroid diameter was measured using 

Echo Revolver microscope prior to compound treatment, then following Paxalisib, tanshinone 

IIA or combinatory treatment on days 3, 6 and 9. Images were analysed using ImageJ to 

measure the area of each spheroid and calculate approximate spheroid size change based on 

a spherical volume (volume=“ὶ). Three technical repeats were carried out in each of the 

three biological repeats. BLISS analysis was carried out to calculate potential synergy using 

the following equation: Yab= Ya + Yb - YaYb where a value of Yab is compared to the observed 

result and if the inhibition is greater than expected then there is synergy, if the inhibition is 

less than or equal to expected then there is no synergy (Q. Liu et al., 2018).  

 

2.25 Computational screening  
 
A library was used by MCULE (mcule purchasable (full)) in a hit-identification structure-based 

virtual screen against the MIOS ̡ propeller region. The top 1000 hits are provided which 

allowed the docking (SwissDock) of these structures against the human MIOS protein, Top 25 

ŎƻƳǇƻǳƴŘǎ ǿŜǊŜ ƭƛǎǘŜŘ ŀƴŘ ǳǎƛƴƎ aƻƭǇƻǊǘ ΨCƛƴŘ ǎƛƳƛƭŀǊΩ ǎŜǊǾƛŎŜΣ ŀŘŘƛǘƛƻƴŀƭ ƛƴƘƛōƛǘƻǊǎ ǿŜǊŜ 

discovered and docked. Visualisation of binding sites used UCSF Chimera (Candidate version 

1.15 (build 42258).   

 

2.26 Statistical analysis 
 
The data is represented as mean ± SEM. Statistical significance between two sample groups 

was analysed using a two-tailed Mann-Whitney test (GraphPad PRISM, version 10). This is 

because the data is unpaired, and we cannot assume normal distribution with smaller sample 

sizes (n<30).  
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Chapter 3: Investigating the mechanism of action of tanshinone IIA 

through the positive and negative regulators of mTORC1 in D. 

discoideum 

 

3.1 Introduction 
 
The regulation of mTORC1 activity involves multiple pathways, dysregulation of which can 

result in cancer development. Irregular regulation of mTORC1 stimulates cancer 

development through increased cellular proliferation, protein translation and abnormal 

homeostasis processes (Won et al., 2010; L. Wang et al., 2015; Ding et al., 2017; Huang et al., 

2019). Positive regulators of mTORC1, such as the PI3K/PKB/mTOR pathway function to 

activate mTORC1 activity (Fruman et al., 2017), where upregulation of this pathway is 

established to stimulate oncogene transcription and pro-cancer pathways ό{Ŝƪǳƭƛŏ et al., 

2000a; Nicholson and Anderson, 2002; Moritz et al., 2010; Du et al., 2016). In fact, the 

increased activity of the PI3K/PKB/mTORC1 pathway has been implicated in the generation 

of cancer as not only do mutations in PI3K contribute to over 30% of solid tumours (Samuels 

and Ericson, 2006), but they also significantly increase the formation and remodelling of 

blood vessels, referred to as angiogenesis, which promotes tumour growth through allowing 

a constant abundance of nutrients required for continued growth (Manning and Cantley, 

2007). Additionally, imperfect function of negative regulators of mTORC1 including the 

SESN/GATOR2/GATOR1 pathway can contribute to cancer development through decreased 

mTORC1 suppression (Bar-Peled et al., 2013; Shen and Sabatini, 2018). Thus the regulation 
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of mTORC1 is vital in maintaining normal cellular conditions and inhibiting cancer 

development.  

 

Natural products have been investigated as mTORC1 regulators. Tanshinone IIA, the Chinese 

herbal compound has been observed both in vivo and in vitro to inhibit cell proliferation 

through inhibition of PI3K (Su, 2018; Guo et al., 2019; Liu et al., 2019; Xue et al., 2019; Y. 

Zhang et al., 2019), PKB (L. Wang et al., 2015; Su and Chiu, 2016; Li et al., 2017) and AMPK 

activity (S.-M. Yun et al., 2014). Thus the regulation of mTORC1 is vital in maintaining normal 

cellular conditions and inhibiting cancer development. Despite these observations, a clear 

mechanism of action for tanshinone IIA as an mTORC1 inhibitor has yet to be defined, and 

consequently, there is a need for further research to elucidate the precise mechanisms 

underlying the mTORC1 inhibitory effect of tanshinone IIA. 

 

In this chapter, the aim was to determine the intracellular mechanism of action of tanshinone 

IIA in regulating mTORC1 activity using D. discoideum. In order to achieve this, there was 

focus on the positive regulation of mTORC1 through validating the known role of tanshinone 

IIA inhibiting the PI3K/PKB pathway with the use of both PKB double null mutants and 

objectives to measure the activity of PKB. Subsequently, the regulator of PKB, PI3K, was 

investigated to determine the potential role of tanshinone IIA in regulating the activity of 

PKB. These experiments were carried in parallel to J. Schaf and the combination of results 

have been published (Schaf et al., 2023). Finally, to achieve the aim of this chapter, the 

mTORC1 negative regulator, SESN was investigated as a potential mechanism of action of 

tanshinone IIA, including the generation of a sesn- mutant. Additionally in silico 

computational analysis was carried out to probe a potential role of tanshinone IIA in SESN 

activation. To summarise, this chapter aims to determine a role of tanshinone IIA using D. 

discoideum.  

 

  



 61 

3.2 Results 
 

3.2.1 Tanshinone IIA inhibits PKB substrate phosphorylation in D. discoideum 
 

It has previously been determined that tanshinone IIA reduced the cell proliferation of D. 

discoideum in a dose dependent manner through the inhibition of mTORC1 (Schaf et al., 

2023). Thus, in order to investigate the effect of tanshinone IIA on positive regulators of 

mTORC1, the effect of compound treatment on PKB was analysed. PKB substrate 

phosphorylation was used as a read out for PKB activity by measuring the phosphorylation of 

RXXS/T sequences (Figure 8) (Williams et al., 2019). D. discoideum wild type (Ax3) cells were 

incubated with tanshinone IIA (25 µM) or DMSO solvent control for 1 and 24 hours to 

investigate the effect of tanshinone IIA in acute and chronic treatment periods. The pkb-/ - 

mutant was employed as a negative control (Kamimura and Devreotes, 2010). This 

investigation showed that acute (1 hour) tanshinone IIA treatment resulted in a 53% decrease 

of PKB substrate phosphorylation (p=0.0003) and was consistent with substrate 

phosphorylation with aberrant PKB (pkb-/ - mutant) as there was no significant difference in 

PKB substrate phosphorylation between wild type cells treated with tanshinone IIA and in the 

pkb-/ - mutant cells. Additional analysis of PKB substrate phosphorylation within cells with 

tanshinone IIA (25 µM) for 24 hours showed a 63% decrease (p=0.0043), this reduction in PKB 

substrate phosphorylation was not significantly different to the levels observed in the pkb-/ - 

mutant cells. Therefore, tanshinone IIA functions to inhibit the activity of PKB in D. discoideum 

following both acute and chronic treatment. 
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Figure 8: Investigating the acute and chronic effect of tanshinone IIA on PKB activity 

 (A-B) Wild type cells exposed to tanshinone IIA for 1 hour were used in western blot analysis of PKB substrate 

phosphorylation, where decreased PKB activity was observed in cells treated with tanshinone IIA (25 mM) by 

53% p=0.0043. The negative control of pkb-/ - mutant cells showed reduced PKB substrate phosphorylation of 66 

% (p=0.0003). (C-D) Cells treated for 24 hours showed reduced PKB substrate phosphorylation by 70 % with 

tanshinone IIA (25 mM) treatment (p=0.0043) and by 77 % in the pkb-/ -  cells (p=0.0022). There was no significant 

difference between PKB substrate phosphorylation between the tanshinone IIA treated wild type cells and the 

pkb-/ -  mutant. n=8/5-6 biological repeatsΦ !ƭƭ Řŀǘŀ ŀǊŜ ǎƘƻǿƴ ŀǎ ƳŜŀƴ ҕ {9aΣ ƴǎҐ Ǉ Ҕ лΦлрΣ ϝ ǇҖлΦлрΣ ϝϝ ǇҖлΦлмΣ 

*** ǇҖлΦллр όǘǿƻ-tailed Mann-Whitney test). 

 

3.2.2 Tanshinone IIA inhibits PI3K activity  
 
Tanshinone IIA was shown to inhibit the activity of PKB, thus the regulator of PKB, PI3K was 

investigated in D. discoideum following exposure to tanshinone IIA. PI3K is a kinase protein 

that functions to phosphorylate PIP2 to PIP3 for secondary intracellular messaging including 

the activation of PKB ό{Ŝƪǳƭƛŏ et al., 2000a). PI3K activity can be measured in starved D. 

discoideum by employing cells transformed with a PHCRAC-GFP [Pleckstrin homology (PH) 

domain of cytosolic regulator adenylate cyclase (CRAC) expressed with green fluorescent 

protein (GFP)] vector. Transformed cells were pulsed with cAMP and exposed to tanshinone 








































































































































































































































































































































