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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 1A is a lipophilic polyphenol compouncdie

from the root of red sage and has been used for centuries in Chinese herbal medicine. In this
study, the model organisnl). discoideumvas employed to validate the effect of tanshinone

[IA on the inhibition of mMTORC1 activity, thus mediating ar@oliferative, antitoxidant 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 BKb’-), sesnand mios, were employed to identify a key role of

the SESN/GATOR2/GATOR1 pathway in the intracellular effects of tanshinone IlIA.
Additionally, combinatory treatment of tanshinone I1A with phosphoinosiBddnase (P13K)
inhibitor, LY294002, was shown to inhibIBR 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 Il1A
and a novel PI3khibitor, Paxalisib, synergistically inhibited 2D and 3D cell proliferation.
Further analysis demonstrated that tanshinone IlA provided an antioxidant and proautophagy
effect inD. discoideunthat was reliant upon the activation of SESN. Howgaenammalian

cells, SESN is commonly regulated by p53, a transcription factor, which is dysregulated in
many cancer cells. Thus, novel compounds that capasg the upregulation asesnand
directly inhibit GATOR2 may provide robust treatments in all cancestypy drug discovery
protocol, screening 400 million compounds against the MIOS protein subunit of GATOR?2,
identified Mi3, a polyphenol compound, capable of inhibiting MIOS and inhibiting cell
proliferation in both D. discoideum and GBM cell lines. Tolodeg tanshinone [IA was found

to function synergistically to inhibit GBM cell proliferation in both 2D and 3D cell culture with
PI13K inhibitors, which was reliant upon the upregulation of SESN, and was also involved in the
antioxidant and preautophagy rt¢e of tanshinone IIA. However, the targeted inhibition of

GATORZ2 has the potential to provide better therapeutic effects.
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Chapter 1: Introduction

1.1 Natural Products

1.1.1Introduction to natural products

Natural products and bioactive compounds have been investigated in their effects on human
health, diseaseand lifestyle. Natural products are small molecules or metabolites that are
produced naturally with specific biological activit{gtaefner, 2003; Butler, 2004; Mishra and
Tiwari, 2011; Rekadinocet al., 2011; Nature, 2019)These compounds have the potential to

be used in human disease treatmer{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 mMTORCL, in a specifimaoln or glucose
related manner(Warrenet al, 2020) This has the potential to provide improved medical
effects for patients of epilepsy, cancer and neurodegenerative diso(ti¢asrenet al.,, 2020)
Furthermore, the natural product salinosporamide A, identifiedSalinospora tropicaa
marine bacterisandhas been used in both experimental models and clinical trials of myeloma
cancer to exhibit an anttancer property, working through 20S proteosome inhibition,
blocking protein synthesi@~enical 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.

1.1.2The use of natural products in antincer therapies

Anti-cancer therapies have benefited from the use of bioactive products. Between 1981 to
2019, it was reported that 25 % aobvelanti-cancer compounds were derived from natural
products(Newman and Cragg, 202@hus suggesting an effective avenue of investigation in
developing new antcancer treatmentsOne such natural product that is now commonly
used in western medicine is taxol, also known as Paclitaxel. This compound is an isolate from
Taxus brevifoliaThe bioactive compound exhibited effectisad uniqueanti-proliferative

effects in cancer cells through binding to microtubules and inhibiting the mitotic ability of
cells, thus inhibiting disease progress(@viall, 1998; Oberlies and Kroll, 2004; Weaver, 2014)
Following the understanding of how the compound functions as ancamtcer 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 exffidctsatet al., 2014; Zhao
et al,, 2016) Paclitaxel has been used in the treatment of |(8gitet al., 1998; Yamamoto
et al, 2006) cervical(Moore et al, 2004; Monket al, 2009; Tewaret al,, 2014) thyroid
(Onodaet al., 2016)and gastric cancefwan Hagert al, 2012) To summarise, investigation

of natural products has the potential to generate effective amahcer treatments.

1.1.3Tanshinone IIA

Another natural product of interest is tanshinone A (T2Ryure 1) Tanshinone IlA is a
bioactive compoud derived from the dried roots of red sage, referred to as Tanshen or
Danshen in their native countries, Japan and Cl8wet al., 2015; Maet al,, 2015) These
products have been used in traditional herbal medicines in order to treat cardiovascular and
neurodegenerative diseases as well as an-mfthmmatory compoundRobertsonet al.,

2014; Zhuet al, 2017; Zhowet al., 2019) There are four major isoforms of tanshinones
isolated from Tanshen. These are tanshinone I, tanshinone lIA, cryptotanshinone and
dihydrotanshinondJianget 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 arrhytiiRiaGucet al.,, 2020) In
addition, tanshinone has been investigated as an-aaticer compound through reducing
angiogenesigZhouet al, 2020)and reducing stemnesfLi et al, 2022) In cancer cells
tanshinone IIA has been shown to reduce cell proliferatigtam et al., 2023)through
inhibition of the cell cyclé¢Zhouet al., 2020)and triggering apoptosi§lin et al.,2021; Zhang

et al, 2022) Thus, the precise mechanism of action of tanshinone Il1A can be studied.

1.1.4Tanshinone IlA regulates mTORC1

The mTORC1 pathway is a potential target of tanshinone IIA activiigs been shown that
tanshinone IIAandownregulate theactivity of mechanistic target of rapamycin complex 1,
MTORCIShanet al., 2014; Fernandez Del Anad al., 2016; Yaret al, 2018; Zhangt al.,
2021; Litet al,, 2022)in a range of cancer cell linékhe mTORC1 complex activity is mediated

by a range of pathways including the PI3K/PKB/mTOR pathway, AMPK regulation and
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SESMGATOR2/GATORISengupta et al., 2010) The PISK/PKB/mTOR pathway is
downregulated following tanshinone IlA treatmefWonet al,, 2010; Let al., 2015; Reret

al., 2015; Fernandez Del Ameaal, 2016; L\et al, 2018; Y. Zhanet al, 2019) AMPK is a
negative regulator of mMTORC1 which is upregulated following tanshinone IIA treagifient

et al, 2014) This suggests thatahshinone IIA downregulates mTORC1 activity through
interactions with multiple regulators of mMTORC1. However, further investigation into the
precise action of tanshinone IIA on the mTORC1 pathway and alternative regulators is

required in the development dfeatments for a range of diseases

Dihydrotanshinone Cryptotanshinone

Figurel: The structuresof the four tanshinone compound

Four tanshinone structures are shown whewech of the basic structures are comprised of three aromatic rings.
Tanshinone llIA and tanshinone | have a furan ring (purple circles) and cryptotanshinone and dihydrotanshinone
have dihydrofuran rings (green circles). The compounds also differ througivdheethyl groups on the bottom

ring in tanshinone I1A and cryptotanshinone (orange circles), whereas tanshinone | and dihydrotanshinone have

a single methyl group (red circles).
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1.2mTORC1

1.2.1An introduction to mMTORGAthway

Survivalgrowth, and the organisation of cells involves a range of intracellular and conserved
pathways. One such pathway includes the PI3SK/PKB/TSC/mTORC1 p&@bngypteet al.,

2010) The mechanistic target of rapamycin (mMTOR) is a highly conserved serine/threonine
kinase of the phosphoinositide 3 kinase related kinase family (PHdre 2)Brownet al.,

1994; Lakhliliet al, 2015) The mTOR protein interacts with a range of regulatory and
activating proteins to form mTORC1 (complex 1). mTORCL1 is involved in many intracellular
effects including the regulation of mMRNA translation, cell growth and autop{@ligket al.,

2010; Kimet 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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Figure2: The mTORC1 pathway

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

growth factor receptor(EGFRj)s a membrane bound protein that activates growth factor recegitound 2

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

(Ras) then rapidly accelerated fibrosarcoma (Raf) then mit@gémated protein kinase (MAPK/Mek) then
extracellular signategulated 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 theactivation of mechanistic target of rapamycin complex 1 (mMTORC1). Another axis begins with the

activation of a tyrosine kinase receptor (orange/peach axis) which actipdesphoinositide &inase (PI3K)
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which is essential for the conversion of phosphatidylinositol bisphosphate (PIP2) to phosphatidylinositol
trisphosphate which activates-fthosphoinositidg(PIP3)dependent protein kinase 1, which activates protein

kinase B (PKB) tite PKBA site as well as serine/threonine kinase serum and glucocorticoid kinase (SGK1) which
inhibits TSC and p79S6¥hich is a ribosomal S6 kinase. (Yelt@athway) Liver kinase B1 (LKB1) and p53 activate
PQFRSY2aAYyS Y2y2LK2aLKI GS ,whidhiinhibis tnBORC1LdbtiRatios. Ayiinoladids | & S 0 |
(blue pathway) activate sensors that inhibit GAP activity towards Rag complex 2 (GATDRB)inhibits the

activation of GATORZ1, which inactivates mTORC1. Following mTORC1 adfiatds,phosphorylation dd6K

and inhibition of eukaryotic translation initiation factor 4E binding protein-B4#8 which activates eukaryotic

GNI yatraA2yrt AYyAGAFGA2Y FI1OG2N n. mTORQHKIsolattifag da p QO
hypoxia inducible factor-alpha (HIFL), whch facilitates glucose metabolisi(B) A simplified version of the
PI3K/PKB/mMTORC1 pathway which shows that PI3K activity goes on to allow the phosphorylation of PKB which
activates mTORCL1 which in turn phosphorylates 4EBP1 thus allowing survival, proliferation, growth and
metabolism. Addibnally, PKB phosphorylation activates the transcription factor FOXO allowing for the gene
transcription to contribute to cell survival. (C) A simplified schematic of the AMPK/mMTORCL1 pathway where
AMPK inhibits mTORC1aaing for the phosphorylation of autophagy and Beclin regulator, AMBRAL, which is

a proautophagy protein. (D) A simplified schematic showing the GATOR2/GATOR1/mTORC1 pathway which
inhibits the activity of mTORCL1 resulting in the activation of La relateip, LARP1, which represses mRNA

translation resulting in reduced cell proliferation.

1.2.2Regulation of mTORC1

The mTORC1 pathway is activated and regulated by a range of intracellular pathiwayes (
1.2) that are controlled by the presence miditrition, oxidative energy and both stress and
growth factors. For example, the activation of epidermal growth factor (EGi#@pendent
upon growth factors that allow activation through the dimerisation of two tyrosine kinase
receptors (Yanget al, 2013; Saxton and Sabatini, 201738he 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 factoreptor bound 2 (Grb2) and son of sevenless (Sos)
(Mellinghoffet al., 2005; Zhangt al., 2007) Another recruited intracellular protein is Ras, a
guanosinenucleotidebinding proteinGTPase. It activates rapidly accelerated fibrosarcoma
(RAF) which initiates the mitogeactivated protein kinase (MAPK) cascadehose
downstream effector is extracellular sigragulated kinase 1 (ERK@rton et al., 2005)

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

complex (TSCa heterotrimeric complex, composed on TSC1 and TSC2 and TEUUDE
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et al, 2012) TSC2 plays an instrumental role in the activation of mTQR&ameet al., 2003,

Inoki, Corradetti and Guan, 2005; Huang and Manning, 26@8ugh 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 phosphorylatel activate mTOREthokiet al., 2003;

Aoki and Fujishita, 2017; Yaetal,, 2017) Dysregulation of this signalling pathway results in
increased survival and development of tumour cells, including increased cellular proliferation,
invasion and metastasi€Guo et al, 2020) Thedysregulation of this pathway has been
associated withinflammatory diseasg and can alsplay a role inthe motor function of
muscular striatal cellfYorg et al., 2009; Huttonet al, 2017) To summarisecellular
interaction with growth factors triggers a cascade of phosphorylation from Grb2 through the
RAF/MAPK/ERK1/TSC2 pathway resulting in the activation of mT(®R@a&n et al,, 2017)
however, overactivation of this pathway results in inflammation and tumorigenesi©RC1

activity is regulated by the ERK and MAPK pathways.

1.2.3PI3K regulation of mTORC1

Another pathway that converges on mTORC1 activation invdalvesPI3K/PKB pathway.
Heterodimerisation of the tyrosine kinase domains recruits regulatory subunits, p85 and
catalytic subunit p110 to activate PI3Kemmings and Restuccia, 201PI3K activation
allows the phosphorylation of phosphatidylinositol hphosphate (PH into
phosphatidylinositol 3,4/isphosphate (Pl (Frumanet al., 1998) As a secondary
messenger, PPPactivates 3phosphoinositide dependent protein kinase 1 (PDK4)
transducer which phosphorylates protein kinase @KB) 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 thée@ninal domain of each isoform structu(®si,

et al, 2004; Vanhaesebroeak al., 2010; Hemmings and Restuccia, 20d4ulting 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 actiyigcintoet 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 dysregulatadrthis proteinalso contributes to altered

calcium signalling in cardiovascular diseases, thrombosis and obesity and type 2 diabetes
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mellitus (Frumanet al,, 2017; Ghiget al,, 2017; Huangt al., 2018) Following the activation

of tyrosine kinase receptors, the PI3K/PKB pathway is phosphorylated resulting in the
inhibition of TSE thus allowing the activation of mTORC The consequences of
overactivation of this pathwajncludes 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 boxi-zOXO, a transcription factor that inactiva@sell lymphoma Zike protein

2, BIM, which results in increased csliirvival, as well as p21, another transcription factor,
the inhibition of which increases cell proliferatigNakaeet al.,2008; Zhangt 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 developi&Embaya

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

suppression.

1.2.4AMPK 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 starvatiofMihaylova and Shaw, 201Ihis highly conserved heterotrimeric protein
responds to liver kinase B1 (LKB1), a tumour suppressor protein that has genetic mutations
in inherited cancers including Petkzghers syndroméa rare and dominainhereditary
disease where patients experience gastrointestinal complications including bleeding and
blockagg(Tachecet al.,2021)as well as In 5 of cervical cancer@ardie, 2007; Shackelford

and Shaw, 2009; Winget al, 2009) Another tumour suppressor that is involved in the
regulation of AMPK is p53, which phosphorylates AMPK following increased oxidative stress
(Jone=et al,, 2005; Greemt al,, 2011; Villanuev#azet al,, 2016; Saxton and Sabatini, 2017b;
Beyfuss and Hood, 2018MPK is an inhibitor of mMTORC1 activation and therefore results in
the decreased metabolism and mRNA translation, allowing replenishment of resources
required for cellular survivglonest al., 2005; Greemt al., 2011) AMPK phosphorylation is
dependent upon the nutrition status of the cell and inhibits mMTORC1 activity when there are
intracellular stresseghus, dysregulation of this pathway results in cancer development
(Hadadet al,, 2008; W. Wangt al., 2015; Abtahet al,, 2021) Activation of AMPK not only
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functions to inhibit mMTORC1 activity, but also to activate ULK1 which functietsrolate
autophagy(Zachari and Ganley, 201 Additionally, AMPK can activate FOXO transcription
factors which upregulate autophagy related genes such as LC3B and(Magd@2nucariet

al., 2007) FOXO also functions to activate sirtufdbaoet al., 2010; Dziewulskat al., 2020)
whichcan function asnhibitors of necrosis factors such ab-KB(Y. Litet al,, 2018) FOXO is

also able to arrest the cell cycle at G1, G2 and M phases resulting in reduced cell proliferation
(Quanet al, 2017; Let al, 2018, 202Q)thus dysregulation of AMPK can be detrimental to

cell survival and health.

1.2.5FSNegulation of mTORC1

An additional pathway involved in the regulation of mMTORC1 activity is the
SESMGATOR2/GATOR1 pathwd¥rigure 3) This pathway is highly sensitive to the
intracellular levels of amino acids, specifically leucine and argifdmaballet al, 2016)

These two cytosolic amino acids regulate a sensor proggsNBudanowet al,, 2002) EESN

is a negative regulator of mMTORC1 through its ability to phosphorylate and bind to GATOR2,
a complex of GTPase proteins, rendering it inadtdimballet 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-B phosphorylation and thereby downregulating mTORC1 activity
(Shen and Sabatini, 2018)he role of GATOR1 is the modulation of RAG proteins, which are
located close to theRagulator protein as well as lysosomal protein SLC38A9 and KICSTOR
complex (BarPeled and Sabatini, 2014; Budanov, 2008hen GATOR1 is active, these
proteins are inactive and are unable to facilitate the translocation of mMTORCL1 to the
lysosomal membrane to interact with Rheb, triggering mTORCL1 adfivtyget al., 2005;
Kimballet al, 2016; Wolfsoret al, 2017; Sung, Liao and Chien, 20Mhen leucine and
arginine levels are depleted due to ROS production or intracellular sB&Senses the
depletion and binds with high affinity to GATOR®Re inhibition of GATORallows the
activity of GATOR1 to mediate mTORCL1 inhibition through the Rag complExes.
SESN/GATOR2/GATOR1 pathway igeglilating as inhibition of mMTORC1 reduces cellular
metabolism, thus allowing restoration of leucine and arginine levels, resulting in the
dephosphorylation of SESN and the activity of mTO@2tPeled and Sabatini, 2014;
Chantranupongt al,, 2014; Parmigiargt al., 2014; Wolfson and Sabatini, 201Ifjtracellular
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stress and low cytosolic levels of amino acids triggfeBNhhibition of GATORZ2, resulting in

the downregulation of mMTORCL.

@MIOS @WDR24 @WDRS9 OSEHIL OSEC13

GATOR2
Complex

GATOR1
Complex

Figure3: TheSESIKGATOR/MTORCL1 axis

DNA damage and cellular stresses that result in depleted amino acid levels allows the phosphoryBES&Nof
SESNSs able to bind with great affinity to GATOR2 complex to inhibit its activity in inhibiting GATOR1, thus
allowingfunctioningof GATOR1. GATORL1 functions to inhibit the activity of mMTORC1 through forcing the RAG
A/B and RAG C/D proteins to remain in their inactive stedadering the mTORCL1 to remain away from the

lysosomal membrane where it can be activated by Rikgule 2).

1.3Use ofD. discoideurras a model organism in biomedical research
1.3.1Introduction toD. discoideum

Dictyostelium discoideuts a simple, tractable model organism that has provided a valuable
role in biomedical research. The smalinple,and compact haploid genome and ease of
culturing has made it an ideal model for biomedical resedEibhingeset al., 2005) The life
cycle and development db. discoideunis well established and deviations from expected
maturation candirect the effect of mutations and intracellular functions obmpounds

(Urushihara, 2009)Found in the moist leaf litter of deciduous forest soil in 19R&per,
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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 phagocytogksichinger and Noegel, 2008nder starvation and lack

of nutrients, the cells release the chemoattractant cyalienosine monophosphate (CAMP)

in waves that allow aggregation and differentiation of cells into a multicellular unit called a
fruiting body(Caiet al, 2012b) This is where future progeny cells are contained in a spore
head, whilst sacrificed cells form a basal disk and stalk stru¢imreet al., 1998; Kim and
Kimmel, 2006; Li and Purugganan, 20Muiltiple 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 prespore cdls and the slugs are commonly42mm in length and composed of
approximately 100,000 cellgJermyn and Williams, 1991; Glazier and Graner, 1993)
Following these structures, the cells form a fruiting body ofmt® in height with 80,000 cells

in the spore and 20,000 cells in multicellular st@dlessin, 2010D. discoideunsingle cells

are composed of a plasma membrane and contain intracellular structures typical of higher
eukaryotes including a nuclear envelope, advanced -pesisiational modification
organelles and mitochondrial netwo(Kolmeretet 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(Landeret al,, 2001; Eichingeet al., 2005; Saact al., 2019) To summariseD.
discoideumhas properties of higher eukaryotic cell types and conserved gene sequences

which therefore provides a valuable contribution in molecular biology research.

1.3.2Advantages db. discoideumse in biomedical research

D. discoideunis advantageous for use in biomedical research, with greater knowledge of
cellular origins and properties of ea€h discoideunstrain, as well as a relatively quick life
cycle of 24 hourgUrushihara, 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, 2008)widespread technique which is used by m&nydiscoideum
research groups involves the generationR#striction enzyme mediatadtegration (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; Adaehil., 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 compoundhis 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 wvild type cells. Further creation of knockouts by CRIG&$¥Sekineet al,, 2018)or
over-expressors througkhe use of vectorgMin 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 knowstamtier

treatments.

Single cell colony

Spore release )
; S Starvation

Aggregation:
v cAMP waves

Fruiting body

Mound
{ [ formation
Slug/ pseudoplasmodium

Figure4: The life cycle oD. discoideum

At the top single celled amoeba colonies are shown, which following starvation aggregate and release cCAMP as
a chemoattractant. The cells form a multicellular mound, followed by a mobile slug. During these stages, cells
undergo differentiation and followip maturation, the fruiting bodies can release the spore cells as future

progeny.
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Component of mMTORC1 pathwa] Homo sapiens Dictyostelium

discoideum
PI3K 5 classes 5 classes
PKB/ Akt 1 isoform 1 isoforms

PKBR1 and PKBA

PKBR1 lacks a PI3
binding pocket and is
activated by PDK1 an

MTORC2
TSC 2 isoforms 1 isoform TSC2
TSC1TSC2 and TBD1D7
MTORC1 Rictor, Sinl and Lst8 Pia, RIP3 and Lst8
ULK1 Autophagy regulator -
S6K1 Substrate of MTORC1 -
4EBP1 Substrate of MTORC1 Substrate of MTORC1
AMPK Inhibits mMTORC1 directl] Inhibits MTORC]
and through TSC2 directly only
SESN 3isoforms 1 isoformSESN
SESN1, SESN2 and SES
GATOR complexes GATOR2 and GATOR1 | GATOR2 and GATOR1
p53 Regulatesesnexpression | -

Table 1: Comparing the components of MTORCL1 in both human and Dictyostelium systems

The versatility and opportunity of discovery of the model orgarisrdiscoideunencourages

its use in cancer research. The mTOR pathway and its components are highly conserved
across eukaryotes and can therefore be researched in the social aniSebf@nteinet al,

2011; Jaiswatt al., 2019) In both human and. discoideurmTORC1 functions to regulate

cell proliferation, cell survival, autophagy and protein synthejecifically iD. discoideim
MTORCL1 functions as a nutrient sensegulating cell proliferation based on cellular
metabolism and energy statyJaiswalkt al, 2019) In D. discoideumthe role of mTORC1

can be measure@Warrenet al., 2020; Damstr&ddyet 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 mTORCL1 is inactivated and there is a
cessation of growth(Jaiswal and Kimmel, 2019a; Jaisemhkl., 2019) There is similarity
between mTOR complex regulation in both mammalian system®anliscoideumboth in

terms of homologous components and regulation. The GATOR complexes that are involved
in responding to cytosolic amino acids that are conserved betwBeriscoideumand
mammalian cellshowever, they have not yet been functionally studied witBindiscoideum
(Wolfson and Sabatini, 2017). Many of the components of the mTOR complexes are found
within D. discoideumfor example; FKBP12, TSC2, Rheb, Rintmnologue referred to as Pia

in D. discoideury Sinl (homologue referred to as RIP®indiscoideuryy and Lst§Chenet

al., 1997; Leeet al, 2005; Rosett al, 2012) Thisalso includes PKB related proteins. PKB
plays an imperative role in the regulation and phosphorylabdmTORCL1 and is a target of
MTORC2 in both mammalian abd discoideuntells(Jacintoet 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 idiscoideunin the activation of
MTORCL1. PKB variant®indiscoideunare not regulated by PI3K, unlike in mammalian cells.
Furthermore, theD. discoideunvariant, 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 ofkl8 and PDK1 remain conser\gtkili et al,, 2000;

Kamimura and Devreotes, 2010; Rastedl, 2012; Liaet al., 2013; Khannat al., 2016)

1.4 Glioblastoma multiforme
1.4.1 Introduction to GBM

Glioblastoma multiforme (GBM) refers to an aggressive neoplasm, grade 4 (aiacest al.,
2021) that effects 3.21 in every 100,000 peopBohnet al., 2018) Glioblastomas make up
for 15% of brain tumour diagnoséshakkaret 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 theopesative
approach to inhibiting the progression of disegSain, 2018; Fiamt al, 2021) GBMs are
heterogenous tumours that have poor prognosgBM tumours are complicated by features

of immune escape as well as tumour heterogenéRpnget al.,2022) Primary lesions are
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commonly developed from neural stem cell precursorsV2 @ 6 S @ dahdraEcomposedp O
of microcysts, pseudopalisating cells, vascular cells and also areas of necrosis, particularly in
the centre of the tumou(Hambardzumyan and Bergers, 201%5he molecular and genomic
alterations thatcontribute to the development o6GBMscandiffer 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 chromosofWé&let

al., 2010; Crespet al, 2011; Appin and Brat, 2014ljhese mutations effect the regulation of
the mMTORC1 pathwayn 70% of GBM primary lesions thereloss of heterozygosity of
chromosome 10 which may contribute to thehibition of tumour suppressor genes thus
triggering GBM tumorigenes{®hgaket al,, 2004; Caricet al,, 2012) Primary GBM tumours

are classified as lesions that exhibit an estimated glomerular filtration rate and commonly
have mouse double minute 2 homologMDPM2) amplification (Riemenschneider and
Reifenberger, 2009)On the other hand, secondary GBMs are typically associated with
mutation in isocitrate dehydrogenase 1 (IDH1) and O6 methylguaniB&NA
methyltransferase (MGMT(Riemenschneider and Reifenberger, 200®ditionally, GBM
cells are very similar in behaviour to cancer stem ealthey express surface receptors such
as CD133 and CD#@a3ilbertson and Rich, 200&hich are also expressed on neural progenitor
cells(Murat et al., 2008) It is likely that thes@roperties enhance the resistance of GBM cells
to chemotherapeutic intervention as the cells are ableattapt and upregulate intracellular
systems to avoid DNA damage respo(®enovazzi, Mellai and Schiffer, 201Te stemness

of the GBM cells contribute to a higtggrvasive 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, timgervention is not commonly available to
patients due to the location and spread of the GBM tumour throughout the l{i4inet 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 progr&siet 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 agéhsher and Adamson, 202This 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 recurrgrdtients (Kazmiet al, 2019; Redjaét al.,

2020) There are currently three neeompoundsbeing tested for successful GBM treatment,
Regorafenib, Paxalisib and V@&3 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 adaind randomised trial is in phase 2/3
and is designed to evaluate multiple promising treatments in newly diagnosed and recurrent
GBM patients. Thanti-cancertreatments involvedare focussing on established as well as
novel treatments including the usef GMZ, Lomustineand radiation alongside the novel
Regorafenib, Paxalisib and V@&3compoundsThe primary endpoinbf this investigations

to determine significance in overall survival of one treatment to the current treatment
options. Interestinglythis 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 radiatiog)(60 G
for newly diagnosed patients, and Lomustine for 6 cycles for the recurrent patients. There are
threevariableWl N¥YaQ (2 (GKS GNAIfS>X gKSNBE aDa¢ dzyYSGf
therapies with Regorafenib or Paxalisib whilst MGMT methylated patients are added to the
VAL083 arm. Regorafenib is a mekinase inhibitor (VEGFR2 and TIE2) andangiogenic
compound(Wilhelmet al., 2011) Paxalisib is a novel PI3K inhibifdeffronet al,, 2016)and
VAL083 is a dianhydrogalactitol compound and alkylating agent, which functions to create a
N7 methylation on DNA, inducing DNAethylation thus repressingtranscription The
ongoing progress of this trigromises reduced progression of GBiMpatients(Fianiet al.,

2021) there has been report of many side effects experienced with each compdimeke

side effects range from anaemia, risk of infection, fatigue, nausea, overall body pain, skin
changes and ulcers to hepatotoxicity, leukopenia and thyroid dysfundtiont | gtRlIl €
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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1.4.3GBM and mTORC1

The mTORC1 pathway is a vital pathway in the braifORC1 signalling is involved in the
protein translation and synthesis required for memory formation and lear(iNenstaet al.,
2010) Hyperactivation of mMTORCL1 has bebeserved in most glioblastom&&iniet al., 2013)

as a consequence of mutations to the PI3K signalling patliKaget al., 2007; Brennart

al.,, 2013; Y. Zhargt al,, 2017)as well as inactive pgBliroseet 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 (MB&K)inget al.,
2009) Another pathway invoh@the activation of the PISBK/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 mMTORC1

IDHwild type GBM tumours have mutations within the PI3BK/PKB/mTORC1 pa(Bvexynan

et al, 2013) which has been linked to increased invasiveness of the tumours. mTORC1
activationtriggers the binding of cyclin D to cyclin dependent kinase thus enabling cell division
and increased cell proliferatigivadlakondat al., 2013; von Achenbagtt al,, 2020) In terms

of finding a valid target of the PISK/PKB/mMTORC1 pathway for chemotherapeutic
intervention, the PI3K isoform of class A, PI3K pl110a, isadedlis commonly mutated in
GBM cellfHartmannet al., 2005) the upregulation of this pathway is a key contributor to
angiogenesis in GBM patier{tdcCubreyet al., 2012; Batcheloet al., 2014; Wet al., 2014)

It has been shown that inhibition of HIF1la through mTORCZ1 inhibition decreases GBM
differentiation into endotheliallike cells thus reducing the characteristics required for
enhancing blood supply or development of vasculatiitaanget al., 2014) Additionally, the

role of PTEN in the regulation of the PI3K/PKB/mTORC1 patmasgtybe an effective
therapeutic targetdue to the role of PTEN to inhibit PKB phosphorylatindthat 9.5 % of

solid tumours possess mutations in theengene(Milliset 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 dr(igayoet al., 2002; Deyet al.,, 2008;
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Vitucciet al, 2013; Danielet al,, 2015) To summarise, théargeted inhibition of mTORC1
via PI3K, PKB, PTEN and p53 may prove effective in the treatment of GBM.

1.4.4Tanshinone IIA aspotential GBM treatment

There are six previous investigations into the effect of tanshinone 1A on GBM development.
The most recent paper published showed that tanshinone IIA treatment alongside tumour
necrosis factorrelated apoptosis inducing ligand (TRIAL) can be used tshaktise 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 R(dR4R5).

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

a common problenmn treatingGBM(Zhouet al., 2021) A single compound investigation using
tanshinone 1IA on GBM human neurospheres, cultured in sdram media to display
characteristics of glioma stem cells (GSC), showed that tanshinone 1A had an inhibitory effect
on GSC which are usually linked to trinuting to GBM propagation and resistance to
treatments. Tanshinone IIA also increased the expression of differentiation and neural lineage
makers (GFAP andt&bulin) whichstimulates differentiation of GSC, this decreasing the
expression of GSC mark¢€D133 and nestin). Tanshinone 1A induced GSC apoptosis both
vitro andin viva The downregulation ahe inflammatory cytokines IL6 and STAT3 point to
this pathway being theffected pathway in tanshinone IIA treatmeYanget 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 cellsere tanshinone |
induced endoplasmic reticulum stress, inhibited Akt signalling resulting in apoptosis and
induced protective autophagy through the accumulation of reactive oxygen sp@ieet

al., 2020) Interestingly, a studgxaminedtanshinone IlIA alongside Oxaliplatin, a platinum
based chemotherapeutic agent, to reduce the neuropathic pain observed with chemotherapy
(Di Cesare Mannellet 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 systef@arozzet al.,2015) The addition of tanshinone IlA provided

an analgesic effedqDi Cesare Mannekt 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 dosedependent growth inhibitionfollowing tanshinone IllIA treatmenfWanget al.,
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2007) These cells, which exhibit abnormal nuclei and immature organelle development, were
exposed to tanshinone IMhich resulted ira dosedependentinhibition of cellproliferation.
There are currentlysix published papers investigating the effect of tanshinones on GBM
development, each showing a dedependent response and potential relief from the side

effectsand 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
GBMdue to the clearing of DNA damaging oxygen species which have been thought to trigger
cancer developmenfSheweita and Sheikh, 2011; Kirtonia, Sethi and Garg, 2020; Tsikilanis
al., 2020)

1.5.1Introduction to antioxidants

Reactive oxygen species (R@& highly reactive molecules. R@Ser to metabolites of
oxygenbased metabolismwith unpaired electronssuch as hydroxyl radicals, superoxide
anions(&,") and singlet oxygen, which at increased levels interact with nucleic acids and
proteins causing DNA and organelle dam@genterbourn, 2008) thus triggering cell death
(Schieber and Chandel, 2014; Phaniergtral., 2015; Srinivast al., 2019) Elevated levels of
ROS are involved in the development and maturation of cancer cells through mediating
enhanced proliferation, metastasis and angiogenelsisvever at controlled levels, ROS act

as signalling molecules and mediate cellular processesh as differentiatiofBigarelleet al.,

2014) proliferation(Liou and Storz, 201@nd migration(Hurdet al.,2012) Dysregulation of
intracellular ROS levemsbeen linkedi 2 G KS 3ISYSNI GA2y 2F OF yOSNI
multiple sclerosisand otherdegenerative diseas¢Bakoyiannigt al., 2019) Thus, increased
ROS levels result in the damage of intracellular components that can trigger cancer

development and metastasis.

The levels of intracellular RGsSdependent on antioxidants. Antioxidants function to clear
O."and hydrogen peroxide g@,) and thus, prevent oxidative dama@doloney and Cotter,
2018) ROS damage is not omhediated throughfree radicals of & but also the production
of HO;, which requires superoxide dismutase enzymes (S@PDkai and Ushi&ukai, 2011)
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An example of an antioxidant pathway is the glutathione pathway. This pathway involves
glutathione (GSH), glutathioreductase -peroxidase ands-transferase proteins which are
located in the cytosol and scavenge the cells fgdtn order to neutralise their damage by
converting HO; to water and oxygen (Figur® (Arteel and Sies, 2001Jo summarisethe
intracellular response to increased ROS levels invawmisxidants which canfunction to

inhibit HLO,-mediated stressfor examplethrough the glutathione pathway.

NADPH

N
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Figureb: Glutathione antioxidant pathway

The glutathione antioxidant pathway is dependent on the oxidation of glutathione, mediated by selenium,
converting HO, to HO, in a loop mechanism that results in the oxidation of NADINADPH, mediated by
riboflavin. This schematic is an adaptation of two published fig(heyama andNakaki, 2012; Kirtonia, Sethi
and Garg, 2020)

1.5.2The five mechanisms of elevated ROS

ROS function taffectcancer development in five major ways. The first effect of elevated ROS
is to trigger genetic instability through DNA damdgeebet al., 2003; Siebeet al.,2003)
this process can trigger a positive feedback ladpere 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 roomologous end joining
(Karanjawalat al., 2002; Cooket al., 2003; Pelicanet 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 hypexiducible factor (lH=1), a presurvival complex

that is elevated in cancer cells exposed to hypoxic conditif@sandelket al,, 2000; Harris,

2002; Schroedét al,, 2002; Parlet al, 2003; Wanget al, 2005; Panet 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® production and thus, reducing cell deatAykinBurnset

al., 2009; Dang, 2012¢ancer cells adapt to increased ROS levels by transitioning to anaerobic
metabolism resulting in reduced oxidative stress and greater chances of sustiggesting

that the effect of ROS on cancermpigthway specificfor example increased ROS induced JNK
activation results in apoptosis whilst HIFinduction 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 disproptetioceease in ROS
levels, usually following chemotherapy, provides a toxic microenvironrfigati and Storz,
2010) Commonly, extreme levels of ROS trigger the activation of thepdtiiay (Sastreet
al.,2000; Carmody and Cotter, 2001; Dhanasekaran and Reddy, 2008;aViaqQr2010) The
JNK pathway involves the phosphorylation of mitogetivated protein kinases (MAPK) at
the cJun region orthe amino acids serine 63 and #Bresponse to intracellular stress and
DNA damage resulting in the recruitment of chromatin remodelling proteins for DNA repair
(Van Meteret al, 2016) In oxidative stress environments, JNK proteins astvated to
function as transcription factorgargeting preapoptotic genes such as p%Buchset al.,
1998; Johnson and Nakamura, 2007; Jogtesl., 2007) or through the phosphorylation of
downstreamBH3only proteins, Bim and Bmf, to inhibit the aapoptotic activity of Bcl2
(Letaiet al,, 2002; Marankt al., 2002; Lei and Davis, 2003; Put&tal., 2003; Adams and
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Cory, 2007) To summarise, cell death following increased ROS levels requires the

transcription of preapoptotic proteins mediated through the JNK pathway.

The fourth response of cells to elevated ROS levels is the regulation of autophagyocess

of controlled recycling of cellular components is triggered by elevated ROS (&ieton,
2010; Leet al, 2012; Ornatowslet al,, 2020; Let al, 2021; Kma and Baruah, 202®hichis
likely mediated by mTORCL1 regulatpdzadet al.,2009) Increased ROS levels are managed
through augmented autophagy to clear the ROS producing and dysregulated mitochondria
(Morselliet al., 2009; Debnath, 2011PTEN, aeygative regulator of the PI3K/PKB pathway,
has been shown to trigger autophagy in response to elevated ROS (Aralet al.,2009)
Additionally, p53, the transcription factor that regulatesesnexpression(Maddocks and
Vousden, 2011has increased levels following elevation of RO role of autophagy in
cancer cells can be both tumour suppressive and tumour prom@@ueet al., 2003; Zhiet

al., 2019) Therefore, ROS triggers autophagy in cancer dalisthe effect of increased

autophagy can either promote cell death or survival.

Autophagywill be discusseéurther in the autophagy section of thiatroduction.

The fifth effect of increased ROS in cancer cells is drug resistance. The responses mentioned
above, such as adaptation and genetic instahidite vital for the evolution of cancer cells for
improved surviva{Moloney and Cotter, 2018PNA damageriven drug resistance has been
reported, for example in acute and chronic myeloid leukaemiBatients commonly have
tyrosine kinase receptor mutations (FLIM® and BeAbl) andare, thus,prone to oxidative
damage and double strand breaks in the DNA that result in resistance to common tyrosine
kinase inhibitor treatment(Skorski, 2002, 2007Furthermore, increased ROS levels are
established to increase expression of H|Rvhich not only encourages adaptation of cancer
cells for survival, but is also evidenced to protect cells from radigtismruh et al,, 2003;
Brown and Wilson, 2004, Erlet al., 2004; Moelleret al., 2004) In summary, increased ROS
can result in chemoand 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 isedetoxicity

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

1.5.3The role of mMTORC1 in ROS regulation

The process by which ROS regulates mTCGIR@ty varies As mentioned previously, the
MTORC1 complex functions to regulate cell metabolism, proliferation and suiSerajupta

et al.,2010; Jaiswadt al, 2019) It has been reported that low doses or transient exposure of
cancer cells to hydrogen peroxideduce elevated RC#d thisincreases mTORC1 activation,
whilst higher concentrations and longer term exposure function to decrease and inhibit
MTORCL1 activifiet al., 2010)(Figure 6) 1t was evidenced that the inhibition was mediated

by direct inhibition of MTORC1 through AMPK binding to Raptor (component of mMTORC1) at
serine 792. Furthermore, it was detailed that the inhibition of mMTORC1 by increased ROS was
dependent on PI3K in a €3 independent mannefLiet al, 2010) Chronic ROS exposure
inhibits MTORCL1, likely through AMPK and PI3K in a TSC2 independent rAddiiemally,

it has been established that increased stress in the form of elevated ROS triggers DNA damage
which activates p58Yueet al., 2022) p53 then functions to activate SE®Nich can activate
AMPK and inhibit the TSC/Rheb/mTORCL1 path(@yinnet 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 GAJ€pRef@dent mTORC1
activity (Parmigianiet al, 2014; Wolfsoret al., 2017) The inhibition of mMTORCL1 in this
mannerresults in reduced mitochondrial biogenesis, reduced nucleotide synthesis, reduced
translation and protein and lipid synthesis as well as inhibition of autopllagyiante and
Sabatini, 2012) The inhibition of MTORC1 via the PISK/PKB/mTORC1 pathway can also
function to inhibit further glucose metabolism througfOXO1 and 3 mediated translation

(Panwaret al,, 2023) To summarise, RG@nctions toinhibit MTORCL1 activity
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Figure6: 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 mMTORC1 activity. Giémnschematic shows increased essential
amino acidevels activates SESN which functions to inhibit mMTORC1 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 ofT@RCL1 inhibition. Yellow+e inhibition of

MTORC1 results in reduced biological activity.
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1.5.4 FESK as an antioxidant

SESN is a negative regulator of mMTORC1 with antioxidant properties SB&R protein is
composed of three domains, Sefn SesfB and SesiE (Kimet al,, 2015) Analysis of the
crystallographic structure highlighted structural similarities between Sesvith the AhpD
protein of Mycobacterium tuberculosiwhich exhibit helixurn-helix oxidoreductase motifs
that mediate antioxidant functiothrough the Cys125 catalytic amino acidhis therefore
suggess that SESR functions directly as an antioxida(imet al,, 2015) Additionally, the
SesnC domain has a hellwop structure which has amino acids Asp406 and Aspdfith
are predicted to inhibit mMTORC1 through GATOR2 interadtfom et al, 2015) Thus
activation of SESNis likely taresult in antioxidant function downstream following inhibition

of MTORC1 and reduced cellular metabolism.

Enhancedsesr2 expression is involved in the antioxidant effect of many natural products.
Bladder cancer cells UMUC3, T24T cells and HelLa cells were exposed to isorhapontigenin, a
Chinese Herbal compound derived fro@netum cleistostachyumwhich functiors by
activating the MAPK8JUN pathway resulting in increasses expression. This treatment
decreased cellular proliferation through the stimulation of autophfigganget al., 2016) It

was concluded that isorhapontigenin functions to activate JUN, thus incresssmg

expression resulting in increased autophagy and cell death.

Quercetin is anothesesn2 upregulating natural compound. It is a polyphenol derived from
red onion and green te@Davd et al, 2016)which has been shown to increase apoptosis in
response to generating elevated ROS levels intracelluliget al.,2013) It was observed

that quercetin upregulatesesn2 expression in HCT116 and-B9J colon cancer cell lines,
which is thought to then activate AMPK and inhibit mMTORC1 activity. Thus, this experiment
has shown thaincreasedses2 expression is linked to increasagoptosis in colon cancer

cell lines likelythrough the inhibition of mMTORC1 activity.
Arsenic trioxide is another Chinetsaditional medicine suggested to upregulasesn2ln a

glioblastoma primary cell line, the established glioblastoma cell line;M&7 human lung

adenocarcinoma H1299 cell line and the A549 lung cancer cell line, arsenic trioxide functions
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as an antioxidant in aesn2-dependent manner(Linet al, 2018) Sesn2upregulation has

antioxidant effects in multiple cell lines.

Carnosol, a rosemary derivativeodulatessesn2evels In aggressive colon cancer cell lines
HCT116 and SW480, carnosol upregulates Nrf2 through regulation of the PERK pathway
resulting in upregulated expressionsgsn'Yanet al., 2018) which is normally expressed at

very low levels in these cell linégv/ei et al, 2017a) Carnosol functions as an antioxidant
through Nrf2 andsesn2suggesting thatin cancers with lowsesn2basal levels, the forced

upregulation ofsesn2mayfunction as an antioxidant.

Natural product structures can be studied to develop novel compoundsseghZnhancing
effects. The modified compound, ChEA a conformational derivative of cheliensisin A, a
Chinese herbal compourdkrived fran Goniothalamus cheliensisasa pro-autophagic role

on bladder cancer cells through increasedsn2 expression(Hua et al, 2018) The
upregulation ofsesnds shown to be mediated by SP1, a transcription factor regulated by JUN
and PKBHuaet al., 2018; Vellingiret al., 2020) To conclude many natural products and their

derivativesmayfunction as antioxidants througkesn2upregulation.

1.5.5Tanshinone IIA as an antioxidant

The mechanism of tanshinone IIA as an antioxidant has not been well defined. The role of
tanshinone IlA as an antioxidant has been investigated in the pathologies of atherosclerosis
and cardiotoxicityZhaoet al., 1996; Zhotet al,, 2003; Fiet al,, 2007; Let al.,2008; Jiejun
Zhuet al,, 2017; Gueet al,, 2018) Tanshinone IlA treatment of atherosclerosis regulates ROS
levels through increased glutathione levels and SOD |gi#is et al, 2017) Following
myocardial injury, Danshen derivative danshensu mediates ROS levels as a superoxide
scavengelZhaoet al., 1996) tanshinone IlA increases the ratio (@fhibition of apoptosis)

Bcl2 to(pro-cell death)Bax and mediates increase SOD le{felset al,, 2007)or through the

direct mediation of electron transfer reactiq@houet al,, 2003) Thus, the antioxidant effect

of tanshinone IlA 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.

38



1.5.6Antioxidant research usirigy discoideum

Antioxidant research employinD. discoideunhas been recently establishg&ellyet al,
2021; Alsaffaet 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 irD. discoideundevelopment into fruiting bodies as ROS and
glutathione are vital for differentiatior(Garciaet al., 2003; Kellyet al., 2021) It is also
established that there arBve glutathione-s-transferase isozymes . discoideunwhich has
been used to show an antioxidant effect of a polyphenol derivative of nigella $bigislia
sativg] (Alsaffa et al., 2023) Importantly, the detection of ROS in the amoeba has been
defined(Zhang and Soldati, 2018)Jowing the analysis of compounds that can modulate ROS
production.D. discoideuncan be used as a model to determine the antioxidant functions of
compounds, however the precise mechanisms through whictliscoideumegulate RO&re

lacking.

1.6 Autophagy

1.6.1Introduction to autophagy

Autophagy is defined as an evolutionarily conserved process by which intracellular
components are recycled and degraded through vesiggliated transport to lysosomes
(Yang and Klionsky, 201Ylammalian cells possess three autophagy methodsuding
micro-autophagywhich isdefined by the protrusions of the lysosomal membrane to capture
debris in the immediate surrounding area requiring remoyilijaljica et al., 2011)
Additionally there isnacro-autophagywhich isthe process through which doubleembrane
vesicles and autophagosomes are produced to transport cytosolic proteins to the lysosome
where they fuse with the lysosome to produce an autolysosdivierimitsu and Klionsky,
2005) Less commonly there is alsbhaperonemediated autophagyhich 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 degrad@tiasseyet al.,
2004) In D. discoideunonly 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 orgafébeg and
Klionsky, 2010)Excess autophagy can trigger cell death whilst inactive autophagy can result

in neurodegeneration, heart disease and cancer developrifitawanet al., 2012)

1.6.2The four phases of autophagy in mammalian cells

There are four major phases of autophafyigure7). Each step is conserved between
mammalian cells and yeast which is a common model organism used in autophagy research
(Reggiori and Klionsky, 2013tep 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 bySiddke kinase family (ULK1), p53 and
seq2 expressiorfHe and Klionsky, 20Q9)he initiation phase can be further defined by three
stages. Induction refers to the dissociation of mMTORC1 from the induction complex,
composed of ULK1, Atg13 Riducible coiled coil 1 (RBICCI/FIP200) and AtgGanleyet

al., 2009; Hosokawat al., 2009; Merceret al., 2009) This stage is followed by nucleation
which requires the complex formation of Atgl4 wijgthosphatidy-inositol3-kinase proteins
PIK3C3 and PIK3Rurman and Ktistakis, 2018lpng with BECN as a regulafirharaet al,,

2001; Furuyeet al, 2005; J. W. Leet al., 2010) The final stage of initiation involves the
assembly of two conjugation complexes required for expansion of the phagopivaielberg

et al.,2011) The two conjugation systems are composed of Atg12, Atg5, Atg10 andasigl6
well asAtg8 and LC3&Kirisakaet al., 2000; Mizushimat 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 membrar(éle and Klionsky, 20Q9)he source of the double membrane

is widely disputed with evidendseing publishedor the plasma membrangRavikumaet al,,

2010; Ravikumaet al., 2010) endoplasmic reticulunfHayashiNishinoet al, 2009; Yla
Anttila et al, 2009) golgi apparatugTakahashet al., 2011)and mitochondrigHaileyet al.,
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2010) The process by which there is bending of the membrane to a vesicle, spheroid shape
remains unknow, however, magophore development requires the formation and shaping

of a double membrane vesicle.

Step3isthé dzi 2 LIKI 3232YS RS@OSt2LIYSYyld ¢6KSNB (KS R2d
proteinsconsisting obrganelles or damaged DNA.€ldutophagosomes between 0.5 1.5

mm in diameter(Schworeret al.,1981)

The final step requires for formation of the autolysosome where the autophagosome fuses
with the lysosome, or in nemammalian systems, the vacuole. The autophagosome is
transported to the lysosomal membrane through microtubule mediafidionastyrskeet 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
(Atlashkinet 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 lysosofiYang and Klionsky, 2009)
To summarise, autophagy is a mgtep process that requires the formation, transport and

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

unwanted intracellular components
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Figure7: 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 cents.

1.6.3Role of autophagy in cancer

The role of autophagy in cancean be either suppressive or promotive. Autophagy can
suppress oncogenic development through maintenance of genomic stability as evidenced by
proteins such as mutated pg&houdhunyet al., 2013) BCRABL1(Gousseti®t al,, 2012)and

p62 (Duranet al, 2008)being cleared with upregulated autophagy. Elevated autophagy
regulates cell proliferation and promotes cell death through programmed cell death
mechanismgSuet al, 2015) The first observation of autophagy in tumour suppression
involved the BECNL1 gene, in breast cancer cell lines, where allelic loss of BECN increased the
risk of cancer in both mice and humaffsta et al., 1999; Lianget al., 1999) As mentioned
previously BECN is a key protein involved in the nucleation step of autophagy initiation, thus
the loss of an autophaggselated protein triggering cancer suggests a role of autophagy in

tumour suppressiorfKiharaet al., 2001; Yuet al,, 2003; Furuy&t al,, 2005; Lebovitet al.,
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2012) Furthermore, the increased production of autophagosomes has been linked to pro
apoptotic responses showing that peutophagy treatments can act additionally through
apoptosis promotionGozuacik and Kimchi, 2004; Kroemer and Levine, 2@@R)tionally,
autophagy has been shownto increase the inductionof adaptive immune response
mechanismgGajewskigt al.,2013)which isthought to contributeto 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 clearan®éa et al., 2013; Puleston and Simon, 2014; Pulestbn

al., 2014) To summarise, autophagy can suppress oncogenic development through regulating
BECN expression, inducing fapoptotic 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(MartinezReyes and Chandel, 2021y order to meet the increased metabolic
demand, autophagy is increased allowing greater energy for tumour sustainability and
induction of tumour developmen{Debnah 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 autophagg tumour proliferation(Guoet al, 2011;
Rosenfeldet al, 2013; Yangt al,, 2014; Yingt al,, 2016) Mutagenesis of autophagy related

proteins resulting in increased autophagy, promote tumour development.

In the context of GBM, autophaggontributes 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 PISK has been linked to this in¢Zeas al., 2014;
Pearson and Regad, 201W) fact, Heparanase, an endeD-glucoronidase compound has
been linked to poorer outcomes in GBM treatment through inducing autophagy in brain
tumours and enhancing chemoresistan@hteingauzt al, 2015; Sandersoat al., 2017)
Furthermore in IDH wild type GBM patients, there is a higher measurement of Cathepsins

(cysteine proteases) that are expressed by GBM stemaradlare secreted into extracellular
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space and are linked to the increased expression of LC3A and LC3B which are autophagy
inducing proteing(Giatromanolakiet 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 trifluoparee, downregulates Cathepsin L, and
subsequently increases cell radiosensitii§, Zhanget al., 2017) thus the inhibition of

autophagy might allow reduced resistance of GBM celtshtamotherapeutic 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 metast@enget al., 2013)

which is similar to polyoma middle T oncogesieven 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 fromslst 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 anoth&unget al, 2008) On the other

hand, there is evidence that autophagy is required for tumours to remain in dormancy. D2.0OR
mammary cancer cells are generally dormant with basal autophagy IéVelgis 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 subpopulationthis cancer cell typé_a Belle Flynat

al., 2019) It has also been shown that the knockdown of A@aother autophagy related
protein, results in metastasis of dormant breast cancer mo¢&tgiet 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 Atgl2 or Atg5 mutations
(Marshet 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.

1.64 Tanshinone Il1A and autophagy

Autophagy induction following tanshinone 1IA lisely to involve the PISK/PKB/mTORC1
pathway.As he inhibition of mMTORCL1 is known to stimulate autophagy through dissociation

from the induction complexGanleyet al., 2009; Hosokawat al., 2009; Merceet al.,2009)
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andtanshinone IlA is an established ORCL1 inhibitqZhanget al., 2019; Zhanet al., 2021,

Liuet al, 2022; Schadt al,, 2023) it is likely that tanshinone IIA functions gsra-autophagic
compound. All publicationstudying theeffect of tanshinone [IA on autophaggported
increased autophagy or apoptosis through a range of mechanisniading the inhibition of
PI3K/PKB/mTORC1 or the upregulation of mMTORCL1 negative regulators such as p53 or AMPK
(Table 1)

Publicationsmeasuring autophagy in cancer cell lines following tanshinone IIA treatment

Cell type Autophagy Pathway Reference
Breast cancer | Upregulated P53 upregulation (Lvet al,, 2018;
4T1 cells Bcl2 inhibition Liuet al,, 2022)
MCF7 PISK/PKB/mTOR inhibition

Cell cycle arrest

Osteosarcoma | Upregulated Sestrin upregulation (Yenet al,
143 B cells JUN activation 2018b)
GBM Upregulated PI3K/PKB/mTOR inhibition (Dinget al.,,
U251 cells Increased LC3&nd Beclinl 2017)
Promyelocytic | Upregulated PISK/PKB/mTOR inhibition (Panet al.,
leukaemia Increased LC3B 2021)
NB4 cells
Fibroblast Upregulated MTORCL1 inhibition (Zhanget al.,,
(context: post PI13K inhibition 2021)
surgery AMPKMTOR upregulation

arthrofibrosis)

Colon cancer | Upregulated| MEK/ERK/mTORCL1 upregulatioj (Qianet al.,
SW480 and HT2¢ 2020)

cell lines

Ulcerative colitis| Upregulated | TLR4/PI3K/PKB/mTORCL inhibitif (Penget al,

2021)
Cardiotoxicity | Upregulated BECN upregulation (Wanget al.,
following LAMP1 upregulation 2019)
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Doxorubicin

MTORC1 inhibition

treatment
Neurotoxicity Upregulated Inhibition of PISK/mMTORC1 (Chenget al.,
following Mitochondrial protection 2019)
oxaliplatin
treatment
NZ2a cells
Acute myeloid | Upregulated PISK/PKB/mTOR inhibition (Guoet al,
leukaemia LC3B, Atg5 and BECN upregulatii 2019; Y. Zhang
U937 cells p53upregulation et al, 2019)
Myocardial Upregulated | BECN, p62 and LC3B upregulati(¢ (Zhanget al.,
infarction model 2019)
HIC2 cells
Liver ischaemia| Upregulated MEK/ERK/mTOR upregulation | (Wanget al.,
Mouse liver Mitophagy 2018)
samples
Oral squamous | Upregulated BECN upregulation (Qiuet al.,
cell carcinoma PISK/PKB/mTOR inhibition 2018)
SC cells Atg7, Atgl2Atg5 upregulation
Melanoma Upregulated Promoted autophagy body (Liet al,, 2017)
A375, MV3, M14, production
Hacat and HUVE PISK/PKB/mTOR inhibition
cells
Leukaemia Upregulated AMPK/ERK upregulation (Yunet al.,
KBMS5 cells 2014)

Table2; Publications linking tanshinone IIA treatment to increasadtophagy in a range of cell types.

1.6.5Autophagy research using D. discoideum

D. discoideundevelopment 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; Tresset al,, 2007) which can be identified through increased autophagic
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vesicle formation irD. discoideuntells transformed withautophagy related proteiitg8
GFP tagged vesicl@seyet al., 2007; Dominguekartinet al., 2017) D. discoideunhas been
used to show that autophagy can be inducedly mTORCL1 inhibitoapamycin(Sweret al.,

2014) Thus exemplifying the use dD. discoideunmn understanding the autophagic effects
of mMTORC1 inhibiting compounds.

47



Aims of the Project:

The overall aim of this projegtasto employ the model organism. discoideunfor use in a
range of investigative techniques to determine the specific intracellular role of tanshinone
IIA as a regulator of mMTORCL1 activity. The initial investigations focused on the role of
tanshinone 1l1A on PI3K signalling, specifically along tBiK/PKB/mTORC1 axiollowing

this, an interest was taken into the effect of tanshinone IIA on the SESN/GATOR/mTORC1
pathway. It was hypothesised that tanshinone IlA functions through both the inhibition of
PI3K and the activation of SESN to inhibit mTO&tity 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 lindypothesising that the combination of
treatments between tanshinone IIA and a PRuld have a synergistic effect on the
inhibition of GBM cell culturd-ollowing this, investigating the effect of tanshinone IIA as an
antioxidant and preautophagy compound wasvestigatedn order to elucidate the precise
mechanism of action oanshinone IlA as an argancer compound. It was hypothesised that
tanshinone IIA functions through SESN, GATOR2 and mTORC1 to pxkaitophagic
response in bottD. discoideunand 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 hdoedter bioavailability.
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Chapter 2: Methods

2.1 Cell culture db. discoideum

Cells were maintained in HL5 medium without glucose (Formedipsupplemented with
1% glucose (Signradrich) and Penicillistreptomycin (Gibco by Life Technologi@s Cells
' NB Ay Odzo I (i S Rshakifig onstatiopary cél sultukeSiistiest y

2.2 Compounds

Tanshinone IIA (AdooQ Bioscience, A10890) was used and diluted to appropriate
concentrations in DMSO.

Paxalisib (GDE0084) [Genentech, inc.vas sourced from Selleckchem and diluted to
appropriate concentrations in DMSO.

Mi compounds were sourced from MolPed third party compound distributor.

2.3 Transfection of D. discoideum cells withRGR-AGSFP

Wild type, Ax3,D. discoideuncells were washed twice with ice cold50 buffer and
resuspended to a final concentration of 5Xt@lls/ml. Cells were mixed with 6.6 ug of vector
(Kamimureet al., 2009)in a total volume of 100 pl. Cell vector mix was transferred to ice cold
electroporation cuvette and pulsed twice at 650 V and 25 pF was applied. Transfected cells
were put in 10 cm petri dish containing HL5 media, later exposed seiéaction antibody
G418 disulfate salt1:1000) PHracGFP cells were selected through continuous culturing of
cells in 1620 pg/ml G418 disulfate salt media.

2.4 Preparation of chemotactically competéntdiscoideursells

PHRracGFP expressing wild type Ax3 céllsoverset al, 2006)were washed twice with
development buffer (5 mM N&PQ, 5 mM KHPQ, 0.2 mM Cagl 2 mM MgS@ pH 6.5)
(centrifugation: 500 g for 3 min) and pellet was resuspended to a final concentration df 2x10
cells/ml (Cai et al., 2012; Kamimura et al., 2009). Followingauf.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-héur treatment experiments imMved a starting
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concentration of 25 pM tanshinone Il1A, 60 uM LY294002 or solvent (DMSQO) d@n24)
Cells were then washed twice with cold development buffen{rifuged at 500g for 5
minutes at 4 € Pellet resuspended to 2 x36ells/ml with the compounds or solvent control

added (4hour treatments)).

2.5 Timelapse imaging of PI3K activity

360 pl cells (0.72 x2Ccells) were transferred to an 8 well chambered coverglass and
incubated for 1615 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 duing 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 1X71
Microscope), followed by a stimulating treatment of 40 pl ddO01pM cAMP (final
concentration: 10 uM) 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 dataare shown normalised to the time point2 seconds (preAMP

stimulation).

2.6 gPCR in D. discoideum

Wild type, Ax3, cells were cultured to 30£b@lls/ml and treated with 25 uM tanshinone lIA,

12 puM tanshinone IIA, 14 uM LY249002, or a combination of 12 uM tanshinone IlIA and 14 pM
LY249002 or solvent (DMSO) control (0.2%) for 24 hours. Following 4he@uR4reatment,

the RNA was extracted from ehcells usingRNeasy Kit[Qiagen 74104and cDNA was
produced usindrevertAid First Strand cDNA synthesis Kih¢rmo Fisher Scientific, K1§22
cDNA was analysed using gRGRg the SYBR green Jumpstart Ragdymix [SigmaS4438

and primers around 100 base pairs apart within the gene of intesest) and a housekeeping
genemcfQDDB_G027234®rimers were tested for efficiency using PCR antking curve

was completed at the end of each qPCR Time DD-Ct method was used to calculate fold
change(Livak and Schmittgen, 2001)

2.7 gPCR in mammalian GBM cell lines
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GL261 and GBM59 cells wereltured to a final density of 11X’ celldml and treated with

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

was extracted usinNeasy kitQiagen 74104and cDNA was produced usitige RevertAid

First Strand cDNA synthesis Kithermo Fisher Scientific K1§22DNA wasnalysed using
gPCRising the SYBR green Jumpstart Taq Rea@rySigma, S4438hd primers around 200

base pairs apart within the gene of interesgsn2and established contrdiprt. Primers were

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

run to test for gDNA contaminatiomheDD-Ct method was used to calculate fold change.

Primer Co -opW@ wS J-o@pQ

Humansesn2 GTGACCCCCTCAGCTGACAT| GAGCCCCTCTCCGAGTGAAG
Humanpten GTGGCGGAACTTGCAATCCT| CCGTCGTGTGGGTCCTGAAT
Humanhprt CTCCGTTATGGCGACCC CACCCTTTCCAAATCCTCAG
Mousesesn?2 CCGCCACTCAGAGAAGGTTC| CTGCGTACGGGGTAGTCAGG
Mousepten TCCTGCAGAAAGACTTGAAG( CAAAAGGATACTGTGCAACT(
Mousehprt GCCATCACATTGTGGCCCTC| ATGTAATCCAGCAGGTCAGCH
Dictyosteliumsesn | TTGGCTCATCAACCTTGGCTA TTCAGCGATGGACCAAGCAT(
DictyosteliummcfQ | CACCGTAGAAGCTTTAGGAC, AAGGCAATAGCGGCCATACC

Table3: qPCR primers

2.8 Growth assay . discoideum

DNR ¢ ( K

aal éa

gSNBE OF NNA SR

2dzi Ay

H N

gStt

0.5x- 10*cells and compound at a constant solvent (DMSO) level of 0.8 %. All condigians

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 Microscepell@s

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 guidegwith adjacent PAM sequences) were designed using Crispor.tefor.net. Three
guides were generated with complementary sequences. These sequences were drdared
Sigma Aldrich (Tab®. The designed guides lacked cut sites for Bbsl or BsmBI enzyme sites
(GAAGAC/GTCTTC or CGTCTC/GCAGAG) or TTTT repeats.

SesnOligolfw |pQ! D/ ! ! / D! DD¢ D! ¢ D/ !
SesnOligolrev|ipQ! 't /1 11/ ¢D¢! !/ [ 1] Table 4 CRISPR Oligo
SesnOligo2fw [p Q! D/ ! ! / D! ¢D/ ¢ ¢ DD ¢/ sequences for sestrin and
SesnOligo2rev|p Q! 1/ 11/t ¢¢/ ! D/ D!

MIOS null mutant
SesOligo3fw |pQ! D/ ! | D/ | DD/ ! ¢D! ! / i mitants
Sesn Oll_gosrev pQt v/ v 11/ ¢/ D/ ¢D! ! ¢ Three guides were generated
MIOSoligo 1fwdlp Q! D/ tDet t/ e/t vt /el o o
MIOSoligo 1rev|p Q! ' I / ¢D! ¢D! ¢ ¢! D¢ ¢ ¢ 0 Mer compimenay
MIOS oligo2fwd/p Q! D/ ! ' D¢! ¢ ¢ ¢/ | | / ¢ 1 Sequences to be used in
MIOS oligo2rev|p Q! ' 1 / DD¢ D¢ ¢ DC¢C! D¢ ¢ [ pairs. The oligos must be
MIOSO“gOBde pQ' D/ l ¢¢DD' DI ! ¢| ¢I q used in pairsy 0|ig01and
MIOSoligo3rev|p Q! ' 1 / /[ ¢¢D! ¢! ! ¢! ¢! d

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

/| 2YLX SYSYyGlFNE 5b! 2ftA32a om >t 2F SIFOK 2fA32
dzaAy3 nop >f ¢n tbyYy fA3ILAS 6bS¢g 9y3IflLYyR . A2
. A 2f | 0a 00 (Sigrldvichy The phosphorylation and annealing reaction took place

Fd on YAydziSa Fd o1 e/ YR (GKSY p YAydziSa |
YAYydziSa G2 | FAYEFE GSYLISNI GdzNBE 2F HP. 6/ @ | yy

2.11 Digestion and ligation

Digestion and ligation reactions include the phosphorylated and annealed oligonucleotides (2
>f 2F MKHpn RAfdziSR IyySIfSR 2t{A32a0X ndoo >f
M >f 5 ¢I¢t RNMAKUE m >f | ¢t ehndFisbeE Fesmentds) a@l a ( 5 A
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Mm >f ¢n 5b! fAILFAS 06bSs O FHe lighten reaktdri iad 4 O & 7
AyOdzoml GSR Ay | GKSNXY2080fSNJ F2NJ p YAydziSa |

(@

conditions were cycled 6 times.

2.12 Transformation into competeBscherichia cotells

CompetentE. coliiTOP 10]cells were mixed with the ligated plasmid in a 1:10 ratio and
AyOdzol 6SR 2y AOS F2N) mp YAydziSaod {IYLX Sa ¢S
ONRGK ¢l ad RRSR YR (KS al YL Sa ¢SNB AyOdzl i
Onnn >t8FRSKAP RBRLINFIAFN FYLIAOAtTETAY LXFGSa |FyR

hours.

2.13 Colony PCR to confirm uptake of plasmid

LYRADGARdzZ f oF OGSNARIF O2f2yASa 6SNB NBAdzALISYR
carried out to confirm the successful integration of the guide (annealed dgya)template,

H >f 2F GKS oF OGSNRIF O2ft2yASa ¢gSNBE dzaSR G238
1) and a primer that binds in the vector (CRISPR insert screen F)f.ableCR was carried

2dzi F2NIm YAydziS d op e/ F2it26SR 060& on 0OecC
cy e/ F2NIH YAYyazr GKSYy FAYyILf cy s/ F2NI mn YA
{I YLt Sa oy >ft0 6SNB aSLINIXYGSR 2y | m I 3 NE

GeneJET Plasmid Miniprep Kit (Thermo Scientific) was used to isolate plasmid DNA.

32>

Primer Sequence

CRISPR InsertscreenF | pQ /D! 1 I D! DI D!/ /] o

Table5: Sequence for PCR to determingptake of vector

2.14 Transfection db. discoideursells with CRISPR vector

D. discoideunaells were washed twice in H50 buffer (20 mM HEPES, 50 mM KCI, 10 mM NacCl,
1 mM M@SQ, 5 mM NaHCO3, 1mM N4PQ). For each wash step, cells were centrifuged
for 3 minutes at 500 g and resuspended in 10 ml of fresh H50. After the final wasleedtep,

N>

were resuspended to a final concentration of 5 X088 f f ak Y yR p >3 27

added. Samples were mixed, transferred to a chilled electroporatimette,and then pulsed
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two times at 850 V with 5 seconds rest between each pulse. Transfected cells were added to
Mn Yt 1 [p YSRAdzY YR I FGSNI mc K2dz2NR &St SOGA?2

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 containingraoultella planticola. Individual colonies (that represent isogenic strains)
were isolated after & days, and cells were lysed and used as template for PCR reactions
using primers that target exon 2 of the MFS gene (T&pI®CR products were purified using

the QIAquick PCR purification kit (Qiagen). The purified samples were sequenced by Eurofins
Genomics using the forward primer. Sequencesengnalysed using Snapgene Viewer.

Sesn fw | AATAATGAGAGATCCAG!

Sesn Rey GCAGTATTTTCGGTTGC/
Table6: Primer pairs to identify CRISPR mutations

2.16 Protein extraction iB. 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 D’sells/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 anlden 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 concentrgBoadford, 1976)Protein samples

GSNB RAfdziSR G2 m >3k>f 6AGK mMc 22 cE f21 RAY3

2.18 Western blot

Protein samples (10>t 0 ¢ SNB f 2 I R PRGErgsdlving del (MBpHH 5{nB {
I ONEBf I YARSZT uHdp Yi ¢NARaA yody omdp avI wmnn >f
aGlrOlAy3 3I3St o6modmp YE | HnX oon >f FFONRBfIl YARS

TEMED. The samples were separated at@0 V for 2 hours.mteins were then transferred
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G2 F non >Y t +BEBRYEBRINIBAMSESR NRLINPnp >Y YAlGNEP
for p-PKB substratep62 and p53Transfers were carried oavernight at 15 V (49 for p-
4EBP14EBP1, LC3B a8&SNvestern blots Transfers were carried ofr 1.5 hours at 90 V

(on ice) for pPKB substratgp62 and p53 western blats

Membranes were dried for 23 hours and stained with ponceau S stffsigma, P3504]
Stained membranesvere scanned to determine total protein. Following this, membranes
were washed three times with TBST (1 x-buffered saline, containing 0.1 % TWEEN 20
(SigmaAldrich)).

Membranes were blocked with LICOR INTERCEPT blocking bt@f@R)for 1 hour at room
temperature. Subsequent to this, membranes were incubated with primary antibodies
overnight at 4 °C (phospho (Thr37/48:BR1) [Cell signalling technolog9459,1:1004; or

p-akt substrate[Cell signalling technology, clone 23C802,00Q, LC3B[Sigma, L7543
1:1004, 4EBPICell signalling technology, 9644S, 1:10@Mt-p62[Sgma, P006,/1:1004,

p53 [Cell signalling technology, 9282T, 1:1DG®ESNCell signaling technology, 10795,
1:1004, streptavidin/MCCC{IThermoFisher, S21378, Alexa Fiwd@80 conjugate (loading
control D. discoideunsamples),1:500Q or b-actin [Sgma, A228, 1:100Q0All antibodies

were dissolved and resuspendedulfCOR 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 800CWagtat

rabbit 1gG secondary antibody, 1:10000; dissolved in LICOR INTERCEPT blocking buffer
supplemented with 0.1 % Tween 28nd for loading control in mammalian samples, IRDye
680RD goat arminouse 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 systdnmimage Studio Software version 3.0

4.0. The band intensities of were determined using Image StudidlWi@OR, version4 and

total protein was measured using ImageJ (Ponceau S stain). Band intensities of proteins of
interest were normalised either to total protein or to MCC@1 b-actin and for each
experiment percentages of the total normalised band intensities veateulated.

A minimum of n=6 repeats were carried out for all of these experiments.
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2.19 Autophagy assay using A@BP plasmid

Cells were made to express GKi#g8 (as previously described (NMesquitaet al., 2017,
Warrenet al,, 2021)and cultured to a density of 1.33 »a€ells/ml in 2 ml of HL5 media for
control and treatment or KK@L water, 22g KiIRQ, and 7g KHPQ) for starvation conditions.
Treatments included 25 pM tanshinone Il1A 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 additiongipetting). Cells were imaged live under KK2

1% agar gel after cells were resuspended in RI€R.sample a minimumfd5 imagesvere

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 1X71 Jfvedé fluorescence microscope and
captured usingMicropix camera, model elite Zor measurement of Atg8 positive structures,
cells were analysed using micropix analysis tpdlcroPix Cytocam softwarejvhere
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 &6lls/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 detecgreen dye for 30 minutes in PBS
adzLJL) SYSYGSR 6AGK p» C.{d /Stta 6SNB LISttt Si:
and analysed using FACS machine. % parent was the value measured asbs%xqiressing

the dye every 10,000 events.

2.21 Dihydroethidium assédpHE)antioxidant levels

D. discoideuncells were cultured to a final concentration of £6x 1¢ cells/ml. For

starvation conditions they were starved for 4 hours in KK2 phosphate buffer. Treated cells

were incubated for 24 hours with indicated concentrationgasfshinone IIAvith a constant

solvent level of 0.2 % or Mi3 treatment. Cells were resuspended in SS6.4 buffer (0.12M
sorbitol, 16.69 mM KH2P0O4, 6.27 mM Na2HPO4, pHZhdng and Soldati, 20k8) pn >f OSf

56



were seeded into a CoStar or Nunc F96 Microwell polystyrene plate from Thermo Scientific
FYR pn >t @g2NJAy3 azftdziAz2y 2F 519 ocn >azX
Fluorescence was measured using Spectra Max GEMINI EM plate reader (SoftMax Pro
Sotware 7, excitation 522 nm, emission: 605 nm, read every 2 mins for 13 minutes, shake for

5 seconds between reads at 22).

2.22 Sulforhodamine B assay (SB#) proliferation of mammalian cells

Cells were cultured to a final concentration of 1xt@lls/ml in 96 well plates and treated

GAGK AYRAOFGSR O2YLRdzyRa G p YR mn >a 02yC
0, 3, 6 and 9, where media was removed and trichloroacetic aciéo(%@/vol)wasused 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 L{Byedet al.,

20130 ¢ KS@& GgSNB OdzZ GdzZNBR & | LINAYEFNE OSftft A
Medium (DMEM supplemented with A2 nutrient mixtue [Gibco, 10565018hnd 10 %

Foetal Bovine Serum (FES)bcq 10270105.

GL261 Cells(Akbasak, Oldfield and Saris, 199&ye obtained from the John Fulcher Lab at

Imperial College London and maintained in DMEibcq 31966021] supplemented with 10

% FB$Gibcq 10270105

U87-MG- Cells were purchased from Cell Lines Service [Catalogue: 300367] and maintained

Ay 91 3fSQa aiAyAYdzy 9Siging MAbshsupplemedtRAWILT % o a 9 a0
essential Amino Acids [Sigma, M7145] and 5 % Sodium Pyruvate [Sigma, S8636]

All cell lines were incubated at 37°C with 5%.CO

Growth assays were carried out by seeding IxHlis in 96 well plates. Following a 24 hour
incubation period, the compounds were added to a final volume ofr2ind 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 wdfermids were

LINB LI NB R Td=ils\ of eéxchmlioltastonma cell line, cultured in individual wells of a 96
gStt LXIFGS G ot c¢/ F2 NJ(GuyoReta, 2020) ell linds tvetes & LIK S
used until passage 20 for GBM59 and passage 30 for G&pBéroids were treated with
tanshinone and Paxalisib treatment on day 0 opheroid diameter was measured using

Echo Revolver microscope prior to compound treatment, then following Pax&isghinone

[IA 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 volumévolume=-“1i ). 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: ¥= Y4+ % - YaYb where a value of ¥ 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 synéeylLivet al,, 2018)

2.25 Computational screening

A library was used by MCULE (mcule purchasable (full)) ifdehtiification structurebased

virtual screen against the MIOSpropeller region. The top 1000 hits are provided which

allowed the docking (SwissDock) of these structures against the human MIOS protein, Top 25
O2YLRdzyRa ¢SNB fA4AGSR YR dzaAAy3 az2fLR2NI WCA
discovered and dded. 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 betwesarhptegroups
was analysed using a twailed MannWhitney test (GraphPad PRISkersion 1. This is
because the data isnpaired,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 mTORCD.in

discoideum

3.1 Introduction

The regulation of mMTORCL1 activity involves multiple pathways, dysregulation of which can
result in cancer development. Irregular regulation of mMTORC1 stimulates cancer
development through increased cellular proliferation, protein translation and abnormal
homeostasis processé€g/onet al., 2010; L. Wangt al,, 2015; Dinget al., 2017; Huangt al.,,

2019) Positive regulators of mTORC1, such as the PI3K/PKB/mTOR pathway function to
activate mTORCL1 activiffrrumanet al, 2017) where upregulation of this pathway is
established to stimulate oncogene transcription and -pemcer pathway® { S {etzl.A 6
2000a; Nicholson and Anderson, 2002; Moetzal, 2010; Duet al, 2016) In fact, the
increased activity of th@I3K/PKB/mTOR@athwayhas been implicated in the generation

of canceras rot only do mutations in PI3K contribute to over 30% of solid tum@¢Besnuels

and Ericson, 2006)put they also significantly increase the formation and remodelling of
blood vesselgeferred to asangiogenesisyhichpromotes tumour growththroughallowing

a constant abundance of nutrients required for continued grotManning and Cantley,
2007) Additionally, imperfect function of negative regulators of mMTORC1 including the
SESMGATOR2/GATORL1 pathway can contribute to cancer development through decreased
MTORCL1 suppressigBarPeledet al., 2013; Shen and Sabatini, 2018hus the regulation
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of mMTORC1 is vital in maintaining normal cellular conditions and inhibiting cancer

development.

Natural products have been investigated as mTORCL1 regulators. Tanshinone IIA, the Chinese
herbal compound has been observed bathvivoand in vitro to inhibit cell proliferation
through inhibition of PI3KSu, 2018; Guet al, 2019; Liwet al,, 2019; Xueet al,, 2019; Y.
Zhanget al,, 2019) PKBL. Wanget al,, 2015; Su and Chiu, 2016¢Lial, 2017)and AMPK

activity (S:M. Yunet al,, 2014) Thus the regulation of mMTORCL1 is vital in maintaining normal
cellular conditions and inhibiting cancer development. Despite these observations, a clear
mechanism of action for tanshinone IIA as an mTORCL1 inhibitor has yet to be defined, and
consequentlythere is a need for further research to elucidate the precise mechanisms

underlying the mTORC1 inhibitory effect of tanshinone IIA.

In thischapter, the aim wado determine the intracellular mechanism of action of tanshinone
[IA in regulating mTORCL1 activitgingD. discoideumin order to achieve thighere was
focus on the positive regulation of mMTORCL1 through validating the known role of tanshinone
lIA inhibiting the PI3K/PKB pathwayth the use of both PKB double null mutardad
objectives to measure the activity of PKB. Subsequernttly,regulator of PKB, PI3Was
investigated to determine the potential role of tanshinone IlA in regulating the actfity
PKB.These experiments were carried in parallel to J. Schaf and the combination of results
have been publishedSchafet al, 2023) Finally,to achieve the aim of this chapter, the
MmTORChegative regulator SESNvasinvestigated as potential mechanism of action of
tanshinone IIA including the generation of asesn mutant. Additionally in silico
computational analysis was carried out to probe a potential role of tanshinone B&ASN
activation. To summarise, this chaptaims todetermine a role of tanshinone liésingD.

discoideum
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3.2 Results

3.2.1Tanshinone A inhibits PKB substrate phosphorylatiorDindiscoideum

It has previously been determined that tanshinone 1A reduced the cell proliferati@ of
discoideumin a dose dependent manner through the inhibition of mTOR&:hafet al,
2023) Thus, inorder to investigate the effect of tanshinone IIA on positive regulators of
MTORC1, the effect of compound treatment on PKB was analyBK& substrate
phosphorylation was used as a read out for PKB actiyitjeasuring the phosphorylation of
RXXS/T sequenc@sigure8) (Williamset al., 2019) D. discoideunwild type (Ax3) cells were
incubated with tanshinone IIA (25 pM) or DMSO solvent control fand 24 hoursto
investigate the effect of tanshinone IIA in acute and chronic treatment peribde pkb’-
mutant was employed as a negative contrfdamimura and Devreotes, 2010)hs
investigationshowed thatacute (1 hourjanshinone IIA treatment resulted in a 53% decrease
of PKB substrate phosphorylatio (p=0.0003 and was consistent withsubstrate
phosphorylation withaberrant PKBpkb’- mutant) as there was no significant difference in
PKB substrate phosphorylation between wild type cells treated with tanshinone IlA and in the
pkb’- mutant cells Additional analysis of PKB substrate phosphorylation within cells with
tanshinone IA25 puM)for 24 hoursshowed a63% decreas@=0.0043, this reduction in PKB
substrate phosphorylation was not significantly different to the levels observed ipkbé
mutant cells Therefore tanshinone A functions to inhibit the activity of PKBidiscoideum

following bothacute and chronic treatment

61



Figure8: 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, wherelecreasel PKB activityvas observed in cells treated with tanshinone (24 mM) by

53% p=0.0043The negative control gikb’- mutant cells showed reduced PKB substrate phosphorylation of 66

% (p=0.0003)(GD) Cells treated for 24 houshowed reduced PKB substrate phosphorylation by 70 % with
tanshinone IIA (25hM) treatment (p=0.0043) and by 77 % in thidy’- 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 repeat® ! f £ RIF Gl NS5 aK2gy a YSIyYy p {9az
* | DKN ® n rtpileddMamn@/hitney test).

3.2.2 Tanshinone lIA inhibits PI3K activity

Tanshinone [IA was shown to inhibit the activity of PKB, thus the regulator of PKB, PI3K was
investigated inD. discoideunfollowing exposure to tanshinone IIA. PI3K is a kinase protein
that functions to phosphorylate Pifo PIR for secondary intracellular messaging including

the activation of PKB { S {etlzl,A2600a) PI3K activity can be measuredsitarvedD.
discoideumby employing cells transformed with BHracGFP[Pleckstrin homology (PH)
domain of cytosolic regulator adenylate cyclase (CRX@)essed with green fluorescent

protein (GFH)vector. Transformed cells weplsed with cAMP andxposed to tanshinone
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