Investigating the Potential Role of SIRT1

in Glioblastoma Multiforme;

A Comparison Between
Glioma and Normal Astrocyte Cells

In Culture

By

Susanna Brow

A thesis
submitted to the Victoria University of Wellington
in fulfilment of the requirements for the degree of

Masters in Biomedical Science

Victoria University of Wellington

2015






Abstract

Objective

Glioblastomas (GBMs) are the most prevalent primary brain tumours in adults and
the outcome for this disease remains very poor. With treatment options limited,
there is growing interest to find potential differences between normal and malignant
molecular signaling pathways for this disease. SIRT1 is a histone deacetylase
enzyme with key functions in cellular signaling responses including protecting DNA
from damage and changing transcriptional events. SIRT1 can act as a switch to
affect cellular senescence or anti-apoptotic responses, or alternatively affect
autophagic and pro-apoptotic responses. The role of SIRT1 in GBM is unclear.
This study aimed to investigate differences between glioma and normal astrocytes
with respect to SIRT1.

Research design and methods

SIRT1 was analysed in murine normal and glioma astrocyte cell lines, and results
compared to a normal human astrocyte cell line and a panel of human primary
glioma cells taken from patients with GBM. Analysis of SIRT1 was assessed using
Western blots and flow cytometry. Sub-cellular localisation was examined using
Western blots and immunofluorescent microscopy. Activity for SIRT1 was
assessed using acetylation of a key histone SIRT1 substrate, histone 4 lysine 16,
and cell proliferation was measured using the MTT assay. Oxidative stress was
induced using H20- and viability measured using propidium iodide exclusion and
flow cytometry. To ascertain that activity was SIRT1 related, inhibition and

activation of SIRT1 was done using nicotinamide and resveratrol, respectively.

Results

SIRT1 was mainly localised in the nucleus and to mitochondria of normal cells but
was aberrantly distributed in the cytoplasm of glioma cells, which has not been
reported before. This was consistent in both murine and human glioma models.
Nicotinamide significantly inhibited cell proliferation more for glioma cells compared
to normal, and resveratrol had the opposing effect. Nicotinamide rescued normal
but not glioma cells from H202-induced oxidative stress, and resveratrol had the

opposing effect. Western blots revealed secondary protein bands for SIRT1



indicating possible smaller species of SIRT1, and results for nuclear/cytoplasmic
extractions suggested FL-SIRT1 and the smaller species of SIRT1 have a dynamic
pattern of localisation under oxidative stress, nicotinamide and resveratrol

treatments.

Conclusions

These results indicated SIRT1 is involved in both cell proliferation and oxidative
stress responses, with a differential activity between glioma and normal astrocyte
cells. Aberrant localisation of SIRT1 to the cytoplasm in glioma cells is a significant
finding that needs further exploration. The need for further studies to elucidate
changes in localisation for SIRT1 under different conditions is highlighted, as is the
possible role of truncated variants of SIRT1. This study suggests there may be
some potential for SIRT1 inhibition in patients suffering from glioblastoma.



The art of knowing, is knowing what to ignore.

Rumi
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Part 1: Introduction

1.1 Glioblastoma Multiforme (GBM)

Brain tumours originating from glial cells are termed gliomas. Around 70% of
gliomas originate from astrocytes (astrocytoma) and most of the remaining gliomas
originate from oligodendrocytes (oligodendroglioma), with a small percentage a
mixture of origin from astrocytes, oligodendrocytes and ependymal cells (Lino et al
2010). The World Heath Organisation (WHO) classifies gliomas into grades I-1V.
WHO Grade IV astrocytoma tumours are commonly known as glioblastoma
multiforme (GBM) (Dunn et al 2012, Louis et al 2007).

Glioblastoma is the most common and most aggressive primary brain tumour
(Louis et al 2007), and even though progress has been made with diagnosis and
enhanced understanding of the disease through research, patients still have a very
poor prognosis with median survival between 12—15 months (Dubrow et al 2013).

Recurrence is expected even after treatment.

1.2 Treatment of GBM

Treatment for this disease remains largely unchanged in a decade, where surgery is

followed by radiation and temozolomide treatment therapy (Dubrow et al 2013).

Much research into GBM to try to find better treatment options include identifying
the cells from which recurrence occurs (“stem cells”) (Broadley et al 2011a) (Chen
et al 2012a, Lim et al 2011), molecular and genetic markers (Dreyfuss et al 2009,
Reynes et al 2011, Tafani et al 2011) (Liu et al 2006), immune therapy (Fadul et al
2011, Hunn et al 2015), and aberrant signaling pathways (Fassl et al 2012, Lino et
al 2010) (Lino & Merlo 2011) (Krakstad & Chekenya 2010). Epigenetics, the study
of the natural control over the genome from DNA modulation by enzymes is a
relatively new area of interest to GBM research with much potential (Allen et al
2015, Clarke et al 2013, Rauscher 2005).

All cells have highly complex cell signaling network systems and epigenetic
responses, which respond to the changing microenvironment. Cells are designed
to switch on or off genes in response to environmental changes, or to change the

activity of molecules that are always present. Cancer cells have aberrant signaling
13



systems that are believed to arise mostly from genetic mutations, but can also
come about from the stress to the cell for example through tissue damage (Wu et
al 2010).

1.3 Sirtuin Family of Histone Deacetylases

Around twenty years ago, the first enzyme in the sirtuin family of histone
deacetylases was discovered in yeast, Saccharomyces cerevisiae, and was called
Sir2 (Sinclair & Guarente 1997). It was found to extend lifespan by repressing
genome instability, and thence its name Silent Information Regulator (Kaeberlein et
al 1999). Further research uncovered a family of highly conserved sirtuin genes
that are found from bacteria to mammals and much interest was generated due to
the link sirtuins have to longevity in yeast, worms and flies (North & Verdin 2004)
(Tissenbaum & Guarente 2001) (Haigis & Sinclair 2010) (Rogina & Helfand 2004).

In mammals seven sirtuins have been discovered, SIRT1-7, but research has
failed to verify if any of them are specific regulators of aging, even though some
research indicates a link with long-term survival and SIRT1 expression (Figarska et
al 2013). All sirtuins have a highly conserved NAD+ binding domain, which
characterises them to a different family of histone deacetylases (HDAC) from
HDAC classes |, Il and IV. Sirtuins have been classified as HDAC class llI
(Marmorstein 2001), and will be activated on nutrient deprivation or other stressors,

such as heat shock and oxidative damage.

All sirtuins require NAD+ cleavage in their reactions linking their activity to the
metabolic state of the cell (Landry et al 2000). While not much is known about the
different functions of each sirtuin — there are key differences. Some of them have
mono—ADP-ribosyltransferase function instead of or as well as deacetylase
function, they locate to different subcellular locations, have differing terminal
segments and different substrates, albeit with some overlap (Carafa et al 2012,
Haigis & Guarente 2006).

14



1.4 Sirtuin 1 (SIRT1)

SIRTL1 is the closest homologue to the prototype Sir2 in yeast, and is by far the
most abundant and most studied member of the sirtuin family, to date. Unlike other
sirtuins, it is functionally vital (Haigis & Sinclair 2010).

SIRT1 deacetylates histones to silence DNA transcription in times of stress, and to
allow for chromatin stabilisation or DNA repair (Blander & Guarente 2004, Imai et al
2000). Histone acetylation is a reversible and highly dynamic modification process
where histone acetyl transferases (HATs) and histone deacetylase enzymes
(HDACS) alter chromatin structure thereby controlling transcription and assisting in
DNA repair (Kurdistani & Grunstein 2003). A major substrate identified for SIRT1 is
Histone 4 lysine 16 (H4K16). H4K16 is frequently acetylated — present in
approximately 60% of total H4 in mammals — and represents a pattern of actively
transcribed euchromatin distinct from other H4 lysine acetylation (Smith et al 2003)
(Dion et al 2005) with a more specific role in cell cycle control compared to other
histone acetylations (Megee et al 1995). SIRT1 deacetylates all four histones, but
preferentially H4K16 where, in a co-ordinated process involving recruitment of other
molecules, SIRT1 is directly involved in the formation of facultative heterochromatin,
and indirectly in constitutive heterochromatin (Vaquero et al 2004, Vaquero et al
2007). Research has also shown that SIRT1 deacetylates H4K16 specifically in
relation to other deacetylase enzymes (Imai et al 2000), and has a direct effect to
silence tumour suppressor genes in breast and colon cancer cells where silencing of
SIRT1 changes phenotypic aspects of these cancer cells (Pruitt et al 2006).
Furthermore, hypoacetylation of H4K16 has been observed in a number of human
cancers (Fraga et al 2005), and HDAC inhibitors have been investigated in the

treatment of a number of cancers, including glioblastoma (Egler et al 2008).

Research has also revealed many substrates other than histones for SIRT1, a list
that is still growing. The common thread for all SIRT1 activities is a response to
stress in the cell to maintain cellular stability and homeostasis, or to switch the cell
toward a death pathway through programmed cell death, apoptosis. In particular,
SIRT1 is activated in response to metabolic and hypoxic or oxidative stress
(Merksamer et al 2013, Salminen et al 2013, Yoon et al 2014). It also has influence
on the immune and autophagic responses (Hou et al 2010, Lee et al 2008, Yang et
al 2012, Yeung et al 2004, Yoshizaki et al 2009).

15



SIRT1 is found in the nucleus in most cell types at most times, but can be found in
the cytoplasm under some conditions, in some cell types (Hisahara et al 2008,
Sugino et al 2010, Tanno et al 2007). Research into localisation changes for SIRT1

is relatively new.

1.5 SIRT1 in metabolism and cell proliferation

SIRT1 activity is intrinsically linked to the metabolic state of the cell because
NAD+, a key metabolite, is a coenzyme in the deacetylase function of SIRT1.
SIRT1 is activated when levels of NAD+ are high, and inhibited when levels of
NADH are high (Saunders & Verdin 2007). Research evidence supports the theory
that nutrient availability regulates SIRT1 expression and activity (Chalkiadaki &
Guarente 2012b) (Kanfi et al 2008) (Rodgers et al 2005).

SIRT1 deacetylates STAT3, FOXO1 and PGCla to increase gluconeogenesis
(Rodgers et al 2005) (Nie et al 2009), but SIRT1 can also down regulate expression of
genes involved in gluconeogenesis under nutrient deprivation (Liu et al 2008)

indicating SIRT1 activity is dependent on specific intracellular conditions.

Additionally, increased SIRT1 activity has been shown to increase mitochondrial
content, increase energy expenditure and protect against metabolic disease
(Lagouge et al 2006).

SIRTL1 is implicated in cell proliferation. Most studies have involved cancer cells.
For example down regulation of SIRT1 inhibits proliferation of breast cancer cells
(Li et al 2012), and inhibition of SIRT1 blocks proliferation of chronic lymphocytic
leukemia cells. Contrary to this, increased expression of SIRT1 after resveratrol
treatment inhibits proliferation of osteoscarcoma and breast cancer cells (Li et al
2009) (Lin et al 2010).

Some studies looking at SIRT1’s role in non transformed cells have been done. In
endothelial cells, SIRT1 promotes proliferation through targeting liver kinase B1
(LKB1) (Zu et al 2010), and over-expression of SIRT1 increases muscle cell
precursors proliferation (Rathbone et al 2009). However over-expression of SIRT1

using resveratrol suppressed proliferation in microglia (Li et al 2015).
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1.6

SIRT1 in oxidative stress

There are many complex effects of intracellular reactive oxygen (ROS) species on

SIRT1 activity and expression. Some well known actions of SIRT1 in oxidative

stress environment are summarised in Figure 1.
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Simplified overview showing cellular substrates and pathways for SIRT1 under

Blue circles represent substrates; orange rectangles show major outcomes for the action of SIRT1
deacetylation. Black arrows show where deacetylation activates the substrate, black T-lines show
where deacetylation inhibits the substrate. Abbreviations: ROS = reactive oxygen species; ATM =
ataxia telangiectasia mutated; Ku70= one part of the Ku heterodimer involved in DNA repair; NFkB
= nuclear factor kappa B; FOXOs = forkhead box-O transcription factors; p53 = tumour suppressor
transcription factor; PGC-1a = Peroxisome proliferator-activated receptor gamma co-activator 1-
alpha; P = phosphate. Asterisk* = cell death can occur on these pathways under specific conditions.

The role of SIRT1 in conditions of oxidative stress is well studied. Central to SIRT1

role in protection of cells against oxidative stress is the anti-apoptotic response.

DNA damage or oxidative stress activates SIRT1 deacetylation and attenuates p53
or Ku70 induced apoptosis (Cohen et al 2004, Kume et al 2006, Luo et al 2001).

SIRT1 also deacetylates forkhead box-O transcription factors (FoxOs) —studied in

a variety of cells — to resist oxidative stress by a number of mechanisms including

increased antioxidant expression, promoting autophagy, diminishing pro-apoptotic
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responses and increasing expression of DNA repair proteins (Wang et al 2015,
Zhang et al 2015) (Hori et al 2013) (Brunet et al 2004) (Hariharan et al 2010).

Under some forms of oxidative stress, SIRT1 inhibits the NFkB transcriptional
signalling pathway, by deacetylating the p65/RelA component of the NFkB complex
(Yeung et al 2004) (Liu et al 2011). Depending on the cellular environment,
inhibition of NFKB can lead to polar opposite outcomes. For example, it can lead to
reducing inflammatory responses and promote anti-apoptotic gene expression
(Salminen et al 2008) for cell survival, or it can lead to increased pro-apoptotic
gene expression and cell death (Kucharczak et al 2003) (Salminen et al 2013).

SIRT1 expression under oxidative stress in endothelial cells was increased in a
study where SIRTL, in part, induced cellular senescence (Ota et al 2008) and
SIRT1 protein expression was increased in human renal cells exposed to H202
(Hasegawa et al 2008). Oxidative stress can decrease SIRT1 expression in some
brain cells (Wu et al 2006), and H202 induced a decay of SIRT1 mRNA by the
Human antigen mRNA binding protein (HUR) in response to check point kinase 2
(Chk2) (Abdelmohsen et al 2007). Furthermore, degradation or modification of
SIRTL1 is also reported under oxidative stress conditions (Caito et al 2010). Recent
research shows that under inflammatory conditions, SIRT1 can be cleaved to
reveal an enzymatically dysfunctional smaller protein which can relocate to

mitochondria and block apoptosis (Oppenheimer et al 2012).

Specifically in astrocytes, anti-oxidant neuroprotective functions for SIRT1 have
been identified by repression of inflammatory cytokines, increased expression of

anti-oxidants, and deacetylation of FoxO4 transcription factor (Cheng et al 2014).

The cellular signaling pathways activated during oxidative stress are many and
varied. Duration, level of exposure and different species of ROS will activate
different responses in different cell types. Moreover, the signalling pathways that
are activated or repressed will result in outcomes that affect each other in complex
systems of cross-talk and feedback. SIRT1 is one of the key regulators involved in

most, if not all of these pathways, and much is still unknown.
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1.7 Control of SIRT1

SIRT1 activity is controlled by the metabolic state of cells, as it requires NAD+ a
vital metabolite for its enzymatic function (Borra et al 2004). Its own reaction
product, nicotinamide (NAM) inhibits SIRT1 in a self-regulatory feedback loop
(Bitterman et al 2002).

Due to the non-competitive inhibiton of NAM and potent effect, it is used
extensively to inhibit SIRT1 in experiments in vitro and in vivo (see Figure 2).
However, its use is not specific. NAM inhibits other sirtuins, in particular SIRT2
(Giammona et al 2009), and it also inhibits Poly (ADP ribose) polymerase (PARP)
involved in DNA repair (Avalos et al 2005, Clark et al 1971). NAM also has other

anti-inflammatory and antioxidative effects (Lappas & Permezel 2011).

100 /1 R &
_P;“
B2 759
35
ST /O
_a\-:l
T
é‘? 251 r-‘
TP B o b & P
3 & F F g &
& A, {;\&ﬁ- & P _&ép
5 i & o
& &
Inhibitor

Figure 2. Efficacy of nicotinamide to inhibit SIRT1 activity

Bar graph from an experiment by Bitterman et al, showing the efficacy of NAM inhibition in
comparison to synthetic inhibitors sirtinol, splitomicin and M15. TSA is total serum albumin and is
used as a control. From (Bitterman et al 2002).

Additionally, SIRT1 is under transcriptional and translational control. The
transcription factor E2F1 can induce SIRT1 expression, while deacetylation of
E2F1 by SIRT1 can inhibit its activity (Wang et al 2006). The tumour suppressor
transcription factor p53 also binds the SIRT1 promoter to decrease transcription
where SIRT1 also deacetylates and decreases activity of p53, and can attenuate
p53 transcription in feedback loops (Lynch et al 2010) (Lou et al 2015) (Luo et al
2001). SIRTL1 is reported to also bind to its own promoter to suppress its own

transcription (Han et al 2010).
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Changes in SIRT1 protein expression can be controlled in several ways. The micro
RNA, MiR-34a, binds mRNA for SIRT1, to decrease its translation and expression.
Additionally, increased MiR-34a will increase stabilization of p53, and p53
expression can bind SIRT1 promoter to suppress transcription or bind the MiR-34a
gene increasing transcription of that gene (Raver-Shapira et al 2007). The SIRT1
transcript can be stabilised by mRNA binding protein HUR, which is disrupted by
oxidiative stress in HelLa cells (Abdelmohsen et al 2007).

Activate Regulator of SIRT1 (AROS) activates SIRT1, while Necdin and Deleted in
Breast Cancer 1 (DBC1) inhibits SIRT1 by binding SIRT1 protein directly (Kim et al
2007), (Hasegawa & Yoshikawa 2008, Kim et al 2008). Peroxisome proliferator-
activated receptor- y (PPAR y) which inhibits cellular proliferation, can bind SIRT1
directly to suppress its activity or bind to the SIRT1 promoter to suppress
transcription (Han et al 2010). Resveratrol, a natural compound found abundantly in
the skins and seeds of grapes, activates SIRT1 when ingested and is used widely in
experimentation to activate SIRT1 (Howitz et al 2003)} (Sulaiman et al 2010).

However, it also has other actions within the cell that are not specific to SIRT1.

In addition to transcriptional control, posttranslational changes to SIRT1 including
phosphorylation, ubiquitination, and SUMOylation affect SIRT1 activity. There are
several recognised phosphorylation sites on SIRT1 (Sasaki et al 2008) (Lau et al
2014). Increased ROS conditions activate c-Jun kinase 1 (JNK1) which
phosphorylates SIRT1 and activates it in the nucleus to specific target substrates
(Nasrin et al 2009). However, persistent JNK1 activation in the liver led to
ubiquitination and degradation of SIRT1 (Gao et al 2011) showing that cell types or
micro-environmental changes are important to SIRT1 responses. SUMOylation of
SIRT1 by SENPL1 lessens deacetylase activity under stress conditions resulting in a
lessening of SIRT1s anti-apoptotic response (Yang et al 2007). It may be that multiple

PTMs on SIRT1 at any one time alters its function according to the microenvironment.

SIRT1 can change subcellular localisation which also regulates its activity.
Depending on cell type, state of stress or stage of development, SIRT1 can be
found in the cytoplasm or nucleus to affect cellular responses for example
apoptotic responses in response to oxidative stress or differentiation signals (Jin et
al 2007) (Sugino et al 2010) (Hisahara et al 2008).
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1.8 SIRT1 splice variants and cleavage products

Only in the last ten years of research, cleavage and splice variants of SIRT1 have
been revealed.

There is little research into the activity of SIRT1 cleavage products. The C and N
terminals of SIRT1 protein have different functional elements (Pan et al 2012),

which would be disrupted after cleavage.

Elevated levels of tumour necrosis factor alpha (TNFa) induces SIRT1 to cleave in
chondrocytes and draining lymph node cells altering its function (Dvir-Ginzberg et
al 2011) (Gardner et al 2015) and high fat diet induces cleavage of SIRT1 in
adipose tissue contributing to metabolic dysfunction (Chalkiadaki & Guarente
2012a). Altered gene expression was observed after SIRT1 cleavage (Dvir-
Ginzberg et al 2011). Cleaved SIRT1 75kDa fragment blocked apoptosis in
osteoarthritic chondrocytes (Oppenheimer et al 2012), and cleaved SIRT1 moved
to the cytoplasm from the nucleus in apoptotic HelLa cells (Ohsawa & Miura 2006).
Cleavage of SIRT1 in endothelial progenitor cells mediated premature senescence
(Chen et al 2012Db).

The first splice variant of SIRT1, SIRT1-A8, was reported five years ago in a range
of human tissue indicating evolutionary conservation (Lynch et al 2010). SIRT1-A8
showed altered function including association with p53. Interestingly, p53 controlled
the expression of this variant isoform of SIRT1. A second splice variant of SIRT1,
SIRT1-A2/9 was also found even more recently- also in a range of human
tissue(Shah et al 2012). This variant also associated with p53 opposing the function
of full-length SIRT1 indicating a role of SIRT1 in malignancy (Shah et al 2012).

1.9 SIRT1 and cancer

It remains unclear whether SIRT1 is a tumour suppressor or promoter. Much
research into this area is being carried out recently due to the likelihood for a
SIRT1 role in initiation and progression of cancer mainly due to its function to
stabilise chromatin in times of DNA stress (Lee et al 1999, Martin et al 1999), but
also due to SIRT1 involvement in apoptosis, autophagy and senescence (Broadley
et al 2011a, Huang et al 2014, Luo et al 2001). Additionally, SIRT1 is involved in
stress resistant pathways therefore it may be involved with maintaining cancer cells
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under stress within the tumours and promoting drug treatment resistance. SIRT1
plays a role in pathways central to cancer etiologies including glycolysis and
differentiation (Tiberi et al 2012) (Ghosh et al 2010, Mantel et al 2008), and it binds
to or deacetylates many molecules that are closely linked to cancer.

However, research shows SIRT1 can be either promoting or suppressing cancer, for
example, recent studies have shown a correlation with SIRT1 expression and poor
disease prognosis in breast cancer (Cao et al 2015) and a high level of SIRT1 is
seen as a negative prognosticator for pancreatic cancer (Stenzinger et al 2013); yet
no correlation with SIRT1 expression is found in hepatocellular carcinoma or
cholangiocarcinoma progression (Al-Bahrani et al 2015). SIRT1 expression is
elevated in some cancers compared to the normal tissue, for example in acute
myloid leukemia, primary colon cancer and non-melanoma skin cancers (Bradbury
et al 2005) (Stuenkel et al 2007) (Hida et al 2007); yet SIRT1 expression is reported
to be decreased in other cancers compared to normal tissues for example in bladder

(Sanchez-Carbayo et al 2006), and ovarian cancers (Hendrix et al 2006).

Moreover, SIRT1 expression data from different studies of the same cancer don’t
always agree — in one prostate cancer study SIRT1 expression is elevated
(Huffman et al 2007) and in another it is reduced (Lapointe et al 2004). SIRT1
appeared benign in hepatocarcinoma progression in one study (Al-Bahrani et al
2015) while other studies have shown that inhibiting SIRT1 and cortactin in
prostate cells attenuated migration and metastasis (Nakane et al 2012) and
transgenic overexpression of SIRT1 in mice with PTEN deficiency promotes thyroid
carcinogenesis (Herranz et al 2013). It may be that SIRT1 has different roles at

different stages of cancer.

It is also unclear whether increased SIRT1 expression occurs before onset or as a
consequence of malignancy. Examples include the overexpression of nicotinamide
phosphoribosyltransferase (NAMPT) in prostate cancer which may increase SIRT1
expression and activity (Wang et al 2011), and a study of lung cancer found SIRT1
activity increased in airway epithelium of smokers but not in non-smokers, yet
SIRT1 activity was significantly decreased in lung adenocarcinoma (Beane et al
2012). This last example indicates a protective role of SIRT1 in lung cancer, and is
reflected in another more recent study where repression of SIRT1 transcription
contributes to lung cancer metastasis (Sun et al 2013).
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1.10 SIRT1 in glioblastoma

There is not much SIRT1 research in association with GBM, but in the last few
years more research has looked into SIRT1 because treatment options for GBM
have highlighted the need to target survival and apoptotic pathways (Krakstad &
Chekenya 2010), which is central to the role of SIRT1.

SIRT1 knockdown in glioma cell lines found inhibited growth and proliferation, and
increased apoptosis strongly indicating a role of SIRT1 in progression of GBM,
through the PTEN/PI3K/AKT signaling pathway (Qu et al 2012). FOXM
transcription factor, reported to be a central regulator of glioma cell proliferation
and tumour progression, was found to positively regulate SIRT1 expression in
another study using glioma cell lines, suggesting SIRT1 plays a role in glioma
tumour progression (Zhu et al 2014).

SIRTL1 is likely to play a role in GBM due to its importance in growth signaling (Lu
et al 2013) in particular through activated PI3K/AKT signaling which is commonly
abherently over-activated in GBM (Narayan et al 2013). This pathway involves five
or six transcription factors all of which are substrates for SIRT1 deacetylation
(Sundaresan et al 2011) (Ikenoue et al 2008). However, although SIRT1
contributes to the activation of AKT signaling in some circumstances (Pillai et al
2014), it can also ameliorate the effects of hyperactive signaling along this pathway
(Salminen et al 2008), highlighting the need to elucidate the role of SIRT1 in GBM.

Aerobic glycolysis, an alternative metabolic pathway, is often seen in cancer cells
and is apparent in glioblastoma (Oudard et al 1996) (Zhou et al 2011). Additionally,
glycolysis appears to support invasion in glioblastoma (Beckner et al 2005).
However, there is some research to show that “stem cells”, the cells that
regenerate tumours after treatment in glioblastoma, are not driven by glycolysis

(Vlashi et al 2011). The role of SIRT1 in glycolysis is not determined.

Radio-chemoresistant glioblastoma cell clones adapted metabolically to reduced
glucose dependence had increased cellular NAD+ and SIRT1 expression (Ye et al
2013), further indicating that SIRT1 may be involved in tumourigenesis in GBM.
However another study found SIRT1 activation was in part responsible for the
effective treatment of temozolomide’s anti-tumour effects on glioma cell lines

(Jiang et al 2012).
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Conflicting evidence for SIRT1 in cancer highlights the likely different activities of
SIRT1 after different treatments, and probably for different stages or areas of the
tumour. In fact it was found that glioblastoma cells categorised by the World Health
Organisation (WHO) grade I-1ll have increased SIRT1 compared to normal brain
tissue, however WHO grade IV had comparatively decreased SIRT1 (Annabi et al
2012).

1.11  Aims of this research

Glioblastoma treatment options have remained limited for many years, with
prognosis for patients very poor. Glioma cells remain resistant to treatment, and
recurrence of the disease is usual. SIRT1 is a key regulator of stress response in
cells, and intimately involved in metabolism, development, and the autophagic and
apoptotic responses, while research into the role of SIRT1 in glioblastoma is very
limited, it is likely to have a role in this disease. The aim of this research is to
investigate the differences between glioma and normal astrocyte cells in a mouse
culture model and primary human glioma compared to normal human astrocytes to
look for differences in SIRT1 — in expression, activity, and under oxidative stress.
The cell lines chosen for this research were the immortalised murine cell lines
GL261, a glioma model cell line, which was compared to the immortalised normal
murine astrocyte cell line, CBD1A. In the human model, cell lines established from
cells taken during resection of tumours in patients with GBM WHO Grade IV, and
results from these cells were compared to SVGp12, an immortalised human

astrocyte cell line.

Astrocytes are the most abundant cells in the central nervous system (Cheng et al
2014) and are important in oxidative and cytotoxic stress conditions (Bresgen et al
2006). Moreover, glioblastoma derives from astrocytes which is why astrocytes are

the normal comparison cell used in this study.

The focus has been threefold:

1. Comparison of basal expression levels of SIRT1, localisation, and its

deacetylation activity on histone 4 (H4K16) between

a. Murine cell lines of glioma (GL261) compared to normal astrocytes
(C8D1A) and;
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b. Human primary glioma cells taken from patient tumours compared to
the normal astrocyte cell line taken from embryonic origin (SVG p12)

2. Investigating the role SIRT1 may have in proliferation for the same cells as

stated above, and
3. Investigating the role SIRT1 may have under oxidative stress in the same

cells as stated above.

For the purposes of this thesis, SVG p12 cells are referred to as SVG, hSIRT1 is
used when referring to human cells, Sirtl for mouse cells, and SIRT1 when

discussing the enzyme generically.
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Part 2: Materials and Methods

2.1 Cell culture

2.1.1 Celllines

Murine cell line C8D1A, the human cell lines SVGp12 and the human glioblastoma

cell line LN18 were obtained from the American Type Culture Collection,
(Rockville, MD, USA), http://www.atcc.org/. HeLa cells were a kind gift from An
Tan, Malaghan Institute of Medical Research The murine glioma cell line, GL261,
was obtained from DTTD Tumour Repository, National Cancer Institute (National
Institute of Health, USA).

Human primary cells were from glioblastoma tumour tissue obtained under
informed consent and isolated as described by Broadley et al (Broadley et al
2011b), approved by Central Regional Ethics Committee, Ministry of Health from
patients, CEN/09/06/037, 2009. Patients were all diagnosed with glioblastoma

(GBM WHO Grade 1V), both male and female, aged 34—77 years. Available patient

data is presented in Table 1.

Table 1. Patient data for human primary glioma cell lines

Human@rimaryf
gliomal@ Agel@tll | Gender®| Survivall
celldinel resectionl (months)z

(years)al

7050 340 F& 340
902@ 380 M@l 260
10050 4201 M 1601
813n 470 M 340
903pl 470 F& A
9060! 570 F& 80l
8040 610 M 10m
804¢pI 610 M 106
7110 620 M 13
905E] 640 F& 176
7130 650 M 330
8160 650 M 23.50
803FI 670 F& 5@
7080 708 M@ 10m
9070l 770 F& 12.5(
801FI 106
8150 260
8170 M 160
1011F 12R
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2.1.2 Cell culture hardware

Cells were grown in T25 and T75 flasks, 150 mm tissue culture dishes and 6-, 12-
and 96-well plates supplied by Falcon (BD Biosciences, San Jose, CA). Serological
pipettes were from by BD Biosciences. Pipette tips (Axygen, Union City, CA) were
sterilised by autoclaving at 121°C for 20 min.

2.1.3 Cell culture media

Human primary glioma and SVG cells were grown in RPMI-1640 (Invitrogen,
Carlsbad, CA) supplemented by 10% heat inactivated foetal bovine serum (Sigma
Aldrich, St Louis, MO), 100 Units/mL penicillin, 100 ug/mL streptomycin (supplied as
a combined supplement by Gibco (Invitrogen). Murine cell line C8D1A was grown in
DMEM with 10% heat inactivated FBS (Sigma Aldrich) and GL261 were grown in
both 10% and 20% FBS separately. Both murine cell lines were supplemented by

penicillin/streptomycin in the same way as for the human cell cultures.

2.1.4 Cell culture

All cells used in this study grew as adherent cultures.

Cells were passaged between 70-90% confluency, with passage number not
exceeding 25. To passage cultures, cells were rinsed with phosphate buffered
saline (PBS) (Invitrogen) incubated at 37°C with trypsin-EDTA (0.05%, Invitrogen)
for 3—10 min, followed by resuspension of a reduced number of cells in media —
unless more culture dishes were needed — where cells were plated back out into
several culture dishes. All cultures were grown in HERAcell incubators (Thermo
Scientific, Waltham, MA) at 37°C, in humidified air with 5% CO.. Handling of cells
for culture and treatment was performed under sterile conditions in a Class I
Biological Containment Hood (Herasafe| , Heraeus, Germany). Cell counting was
performed using trypan blue with a Neubauer heamocytometer (Weber Scientific,
Hamilton, NJ). Regular checks were made to ensure cultures were mycoplasma
free using e-Myco | mycoplasma PCR detection kit (iNtRon Biotech, Korea). All

cells were harvested in the log phase of growth.
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2.1.5 Storage of cells

For long-term storage, cells were stored in cryotubes (Greiner Bio-one, Belgium)
with 10% v/v dimethylsulfoxide (Sigma Aldrich)/media in the vapour phase of liquid
nitrogen. Cells were slowly cooled using a controlled rate cooler to -80°C then
transferred to liquid nitrogen. To recover cells from liquid nitrogen, cells were
thawed in a 36°C waterbath, transferred to pre-warmed media for one day, and
then the media was replaced.

2.1.6 Cell harvesting

To harvest cells, media was removed, cells were rinsed with PBS and trypsin-
EDTA (0.05%) was applied. Cells were incubated with trypsin-EDTA for a few
minutes until cells lost their adhesion to the plate, then media was added to reduce
the concentration of trypsin-EDTA, followed by centrifugation at 736 g for 5 min,
then rinsed and resuspended in PBS and centrifuged again as before.

2.2 Protein extraction and western blotting

2.2.1 2.2.1 Whole cell extraction

For whole cell extraction, at least 1x10° cells were rinsed with PBS, released from
culture dishes with trypsin-EDTA, and washed twice with PBS. Centrifuge and
microcentrifuge speeds and times for the washing steps were 736 g for 5 min, and
1,073 g for 4 min respectively. PBS was removed by pipette and 20-70 pL Lysis
Buffer (see Section 2.3.1) and Protease Inhibitor — either Roche Diagnostics 7x
(Basel, Switzerland Product no.04693159001), or Halt| Protease inhibitor Cocktail
100x (Thermo Scientific Product No. 78410) was added to the pellet and pipetted
up and down for at least 20 times. Following incubation in Lysis Buffer for 1 h on
ice, the lysate was centrifuged at 11,337 g for 5 min and the supernatant carefully

removed with a pipette and transferred to a clean microfuge tube.

The protein yield was measured using a Bradford DC protein Assay Kit (Bio-Rad,
Hercules, CA) with absorbances measured at 750 nm (Versamax MicroPlate reader,
Molecular Devices Pty Ltd, with SOFTmax PRO 4.0 software) against a standard
curve generated from bovine serum albumin (BSA). Lysates were suspended in 2x
or 6x sample loading buffer depending on how much quantity was extracted before

heating to 90°C or 35°C for 5 min and then stored at -80°C. The different
29



temperatures were used as it was found 90°C affected the quality of SIRT1 protein.

Unless stipulated in Figure legends, the temperature used was 35°C.

2.2.2 Histone extraction

At least 2x10° cells were washed with ice cold PBS, released from the culture dish
by trypsin-EDTA and washed with PBS. PBS was pipetted off the cell pellet
followed by resuspension of cells in 1mL ice-cold Histone Extraction Buffer
(Section 2.3.2) and centrifuged at 2000 g for 15 min. The buffer was removed and
the pellets were washed four times by resuspending in Histone Extraction Buffer
and centrifugation. The washed pellet containing nuclei was resuspended in 100
ML Tris-EDTA solution (0.01 M Tris-HCI, 0.13 M EDTA, pH 7.4), with addition of 1.1
ML/100 pL H2SO4 (BDH Aristar ® Plus, BDH Chemicals, Radnor, PA) followed by
vortexing and incubation for 3 h at 4°C. Supernatant was collected after a 15
minute centrifugation at 11,337 g followed by addition of 1 mL acetone and
incubation at 4°C overnight. Precipitated material was collected by centrifugation at
11,337 g for 15 min, and washed once in 1 mL acetone. Acetone was completely
removed and the powder was air dried for 5 min, then resuspended in 20-50 ul TE
buffer (0.028 M Tris, 0.037 M EDTA, pH 6.9). Protein was measured as described
in Section 2.2.1, then 2x or 6x loading buffer was added before heating at 95°C for

5 min and storage at -20°C.

2.2.3 Nuclear and cytoplasmic extracts

Nuclei- and cytoplasm-enriched fractions were isolated using two methods. Both
fractions were expected to be partial purifications, contaminated by other

organelles. Measurements for purity were included.

Method one

After Andrews and Faller, 1991 Premade buffers A and B were stored at 4°C
(Section 2.3.6). Protease Inhibitor 7x (Roche Diagnostics) or 100x (Thermo-
Fisher), and Triton X-100 (for Buffer B) were added on the day of extraction. At
least 3 x 10° cells were washed once with ice cold PBS, and then harvested by the
standard method (Section 2.1.6). Between 0.2-1 mL Buffer A (for 1-8 x 108 cells)
was added to the cell pellet and pipetted up and down gently, and left at room
temperature (RT) for 10 min. A cytosolic fraction was collected as the supernatant

after centrifugation at 11,337 g at 4°C for 6 min, and kept on ice before protein
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quantification and storage. Between 50-300 uL (1-8 x 108 cells) Buffer B was then
added to the remaining pellet, and resuspended thoroughly by pipette, followed by
vortexing for 10 sec. The pellet was continuously rotated at 4°C for 20 min. The
nuclear fraction was collected in the supernatant after centrifugation at 11,337 g at
4°C for 10 min.

Method two

NE-PER® Nuclear and Cytoplasmic Extraction Kit (Pierce, Thermo-Scientific)

The manufacturer’s instructions were followed. Briefly, at least 2 x 10° cells
harvested using trypsin-EDTA were washed twice with PBS and after
centrifugation at 736 g for 5 min, PBS was removed carefully, and for each 40 pL
packed cells, 200 uL ice-cold CER I solution was used to resuspend the pellet,
followed by vortexing and incubation on ice for 15 min. Next, 11 uL ice-cold CER I
was added followed by vortexing and incubation on ice for 1 min. Then, vortexing
followed by centriguation at 16,000 x g the supernatant (cytoplasmic fraction) was
removed and stored on ice. The pellet was rinsed in PBS twice, then resuspended
in ice-cold 100 yL NER, vortexed and held on ice for 10 min. This was repeated
four times, followed by centrifugation at 16,000 x g for 15 min to obtain the nuclear
fraction in the supernatant. Where fixation of cells was used before extraction, cells
were fixed in 1% v/v formaldehyde in the culture dish at RT for 10 min and 0.125 M

glycine was then added and left for 5 min, followed by washing with PBS two times.
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2.2.4 SDS electrophoresis

Ten percent acrylamide SDS gels were used for electrophoresis of non-histone
proteins, 15% acrylamide SDS gels were used for electrophoresis of histones.
Each gel was made with a 4% resolving gel. The reagents and solutions were:

10% SDS acrylamide running gel

0.454 M Tris pH 8.8

0.347 M SDS

10.5% acrylamide solution (N,N’'methyl acrylamide) electrophoresis reagent, (BioRad)
2.2 mM ammonium persulphate

0.05% v/v TEMED (BioRad)

15% SDS acrylamide running gel
0.454 M Tris pH 8.8,

0.347 M SDS,

15% acrylamide solution

2.2 mM ammonium persulphate

0.05% v/v TEMED

Resolving gel

0.125 M Tris pH 6.9

6.9 mM SDS

3.9% acrylamide solution

2.2 mM ammonium persulphate

0.1% TEMED

Gels were mounted into a Bio-Rad Mini-PROTEAN Tetra Cell gel box, and cold
Running Buffer (Section 2.3.4) was added to the chamber. Between 25-100 ug
whole cell lysate, 2-5 ug histone, and 10-15 pg nuclear and cytoplasmic fractions
were loaded into each well. Unless stated in figure legends, equal amounts of
protein was loaded into each well for the same blot. Precision Plus Protein™ All

Blue standard (Bio-Rad) or PageRuler™ Prestained Protein Ladder (Thermo
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Scientific) were used for molecular weight markers. Electrophoresis was at 190 V
for 1 h.

2.2.5 Western blot transfer

After gel electrophoresis, the protein was transferred to polyvinylidene difluoride
(PVDF) (BioRad) using a BioRad Criterion™ Blotter gel box. PVDF membrane was
hydrated with 100% methanol and then equilibrated in freshly made chilled Transfer
Buffer (Section 2.3.5) for 5-10 min. Gels were equilibrated in cold Transfer Buffer
also, and then the gels were covered with PVDF, placed between sponges and filter
paper which had been fully pre-soaked in Transfer Buffer, and sandwiched tightly in
a cassette. The transfer was for 2 h at 300 mA. PVDF membranes were dried and

stored at RT, or used immediately for antibody probing.

2.2.6 Antibody probing

After transfer, PVDF membranes were rehydrated and blocked for 1 h by rocking at
RT in either 3% w/v non-fat milk (Anchor, New Zealand) dissolved in PBS.

Following blocking, membranes were rocked for 1.5 h at RT, or overnight at 4°C in
a milk/PBS solution containing the primary antibody (Table 2). The membrane was
then washed three times in PBS, and left to soak in PBS for five min, after which
the membrane was rocked in a milk/PBS or BSA/PBS solution containing
secondary antibody conjugated to horseradish peroxidase (Table 3) for 1.5 h at
RT. Following the secondary antibody probe, membranes were washed three times
with PBS and left to soak in PBS with 0.02% Tween 20 for 5 min, and rinsed three

more times with PBS.
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Table 2.

Primary antibodies used in Western blotting

Antibody Source and type Concentration used
Anti-SIRT1 H(300) | Santa Cruz Biotechnology 0.2-0.4 pg/mL
SC 15404 (Dallas, TX)
Rabbit, polyclonal
19G
Anti-SIRT1 [SIRI] | Abcam® (Cambridge, UK)
ab 50517 Sapphire Biosciences, 0.575 pug/mL
Mouse, monoclonal
C terminal aa 722-737
Anti-B-actin Sigma-Aldrich 1:100,000
A5441 Mouse monoclonal
Anti-Lamin A/C Biorbyt 1 pg/mL
orb18081 (Cambridge, UK)
Rabbit polyclonal
a-tubulin Sigma-Aldrich 1:5000
SAB4500087 Mouse monoclonal
Anti-acetyl-Histone | Merck Millipore 0.75 ng/mL
H4 (Lys 16) (Billerica, MA)
07-329 Rabbit polyclonal
Table 3. Secondary antibodies used in Western blotting
Antibody Source and type Concentration used
Goat Anti-rabbit HRP Santa Cruz Biotechnology 0.25 ug/mL
Sc 2004 IgG
Goat Anti-mouse HRP Santa Cruz Biotechnology 0.25 pug/mL

Sc 2005 19G

2.2.7 Amido Black staining, Stripping Buffer, and chemiluminescence
Amido Black solution

Amido Black staining (0.1 g/mL Naphthol Blue Black, 7.5% v/v glacial acetic acid,
20% v/v methanol) of PVDF membranes was used as a protein loading measure
during histone acetylation analysis. Membranes were rocked with Amido Black

solution for 2 min, rinsed in ethanol and left to dry before scanning to make an image.
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Chemiluminescence

Enhanced Chemiluminscence (ECL) Western Blotting Substrate (Pierce, Thermo
Scientific) was used to detect horseradish peroxidase activity, which corresponds
to quantity of antibody bound to the membrane and therefore protein levels in the
lysate. Where there were low levels of protein, Western Lightning\ Ultra (Perkin

Elmer, Waltham, MA) was used.

Stripping Buffer

When stripping of membranes was required, membranes were rocked at RT in
stripping buffer (Restore ™Western Blot Stripping Buffer) (Thermo Scientific) for
10-15 min.

2.2.8 Western blot imaging

Scanned images from film developed using a Kodak X-OMAT 1000 film processor,
or a GelLogic 4000 Pro imaging system (with Carestream software) were analysed
using Image J software (Schneider et al 2012). To adjust for loading differences, a
housekeeping protein, B-actin, was used for whole cell extracts and lamin B or
lamin A/C and a-tubulin were used for nuclear/cytoplasmic extracts, respectively.
Image J ‘gel analysis’ was used to measure the area under the curve generated
from the electronic measurement of band density. Where measurements across
different gels were made, one sample was used for the reference point. This
sample was used across the gels and adjusted to 1, and other bands from samples

were expressed as a fraction of this (Figure 3).
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Full-length SIRT1
Fragment SIRT1

B-actin
&5\9:‘\ 5\9"‘\ B-actin
e ’

Full-Length Full-Length B-actin B-actin Relative

SIRT1 SIRT1 adjusted adjusted difference
1 3785 1 2842 1 1

1173 0.31 2800 0.99 0.32
3 2257 0.60 1900 0.67 0.89

Figure 3.  Example of analysis of protein bands using Image J analysis

(A) Electronic image from HRP- generated fluorescence using a membrane immunoblotted with
SIRT1 and f-actin. (B) Image J gel plots of bands shown in A. (C) Tabulated measurement of area
under the curves in B, measured in Image J. All measurements used in analysis were adjusted to
take into consideration of loading differences.

2.3 Buffers
2.3.1 Lysis Buffer

0.14 M NacCl

0.05 M Tris

1% v/v Triton X-100

0.1% w/v SDS

pH 8.5

7x Protease Inhibitor (Product No. 78430) (Thermo-Fisher Scientific)
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2.3.2 Histone Extraction Buffer

0.01 M Tris
0.023 M MgS04.6H20
0.25 M sucrose

0.05% v/v Triton X-100

2.3.3 Sample Loading Buffers (Laemmli Buffers)

SDS Sample Buffer 2x
0.124 M Tris-Cl pH 6.8

20% vl/v glycerol

4% wlv SDS

0.2% v/v 2-mercapthoethanol

0.05% w/v bromophenol blue

SDS Sample Buffer 6x
0.375 M Tris-Cl pH 6.8

60% v/v glycerol

12% w/v SDS

9.3% wi/v dithiothreitol (DTT)

0.06% w/v bromophenol blue

2.3.4 2.3.4 SDS gel electrophoresis Running Buffer

0.025 M Tris
0.192 M glycine
0.0173 M SDS

pH 8.3
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2.3.5 Western blot Transfer Buffer
0.025 M Tris
0.192 M glycine

10% v/v methanol

2.3.6 Nuclear cytoplasmic Extraction Buffers
Buffer A

10 mM HEPES (pH 7.9)

10 mM KCL (Scharlab, Spain)

0.1 mM EDTA

7x protease inhibitor (Roche Diagnostics)

Buffer B

20 mM HEPES (pH 7.9)
0.4 M NacCl

1 mM EDTA

10% v/v glycerol

2.3.7 Flow Cytometry (FACS) Buffer

HBSS buffer (Gibco)

2% v/v heat-inactivated FBS
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2.4 Immunofluorescent staining

2.4.1 Fixation and staining

Cells were seeded on sterile Lab-Tekl 8-well chamber slides at a density of

6-8,000 cells per well, with 300 yL media, and left for 48 h before treatment or fixation.

Fixation of cells was preceded by removal of media followed by two gentle washes
with warmed PBS, and then drained well. Freshly made paraformaldehyde (PFA)
(see Section 2.4.3) was applied to cover the cells, and left at RT for 10 min. Cells
were washed twice with PBS, followed by permeabilisation using PBS with 0.2%
Triton X-100 (Sigma-Aldrich) for 3 min at RT. Cells were then rinsed four times
over 5 min with PBS, and incubated for 1 h with primary antibody buffered in 3%
w/v bovine serum albumin in PBS solution, with enough liquid to cover the cells.
After incubation with the primary antibody, cells were washed with PBS two times,
and once with PBS/0.02% Triton X-100 over five min. Cells were then incubated
with fluorescent-labelled secondary antibodies in 3% w/v BSA in PBS at RT, in the
dark, for 40 min, followed by two rinses with PBS and one rinse with PBS/Triton

X-100 over 5 min. Isotype or secondary-only controls were included (Tables 4-5).

Table 4. Primary antibodies for immunofluorescent staining
Antibody Source and Type Concentration Used
Goat anti-Sirtuin 1 Everest Biotech 10 pg/mL
EB10826 (Ramona, CA)

Aa 577-590
Anti-SIRT1 [SIRII] Abcam® 4.6 ng/mL
ab 50517 Sapphire Biosciences,

Mouse monoclonal, IgG

aa 722-737
Anti-SIRT1 H(300) Santa Cruz Biotechnology 4 ng/mL
SC 15405 Rabbit polyclonal, 1gG

Aa 448-747
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Table 5. Secondary antibodies for immunofluorescent staining

Antibody Source and type Concentration used
Goat anti-rabbit Alexa Invitrogen 10 pg/mL
Fluor® 488 19G
A11608
Goat anti-mouse Alexa Invitrogen 10 pg/mL
Fluor® 488 19G
A11001
Goat anti-rabbit Alexa Invitrogen 10 pg/mL
Fluor® 647 IgG
A21244
Goat anti-mouse Alexa Invitrogen 10 pg/mL
Fluor® 647 IgG
A21235
Rabbit anti-goat Biotium 10 pg/mL
CF488A (San Francisco, CA)

1gG

2.4.2 Microscopy

Microscopy was carried out using an Olympus BX51 immunofluorescence
microscope (Olympus Optical Co. Ltd, Tokyo, Japan,) with an Olympus DP70

camera and Olympus LS Research software.

2.4.3 Paraformaldehyde solution

4% w/v paraformaldehyde

1x PBS

The above reagents were added to a conical flask with a few drops of 5 M NaOH,
vortexed and fully dissolved in a water bath at 55-65°C for 30 min or until clear.

The solution was left to adjust to RT before using.

2.5 Mitochondrial staining

MitoTracker ® Green FM (Invitrogen) was dissolved in anhydrous dimethyl
sulfoxide to a concentration of 1 mM. A solution of 150 nM MitoTracker ® Green

FM in media was applied to cells and left for 1.5 h at 37°C.

40




2.6 Intracellular staining and measurement by flow cytometry

To measure levels of SIRT1 by flow cytometry, intracellular staining was
performed. Approximately 1x10° cells were harvested as described in Section
2.1.6. Cells were transferred to a round-bottom 96-well plate and rinsed once in
PBS (200 uL per well), followed by centrifugation at 2080 x g for 2 min. To remove
fluid from wells after centrifugation, plates were flicked once and fluid was removed
by inversion of the plate. Cells were resuspended in the viability dye, LIVE/DEAD®
Fixable Blue (Invitrogen), using a dilution of 1:500 in PBS (50 pL per well), and
incubated on ice in the dark for 20 min. Cells were centrifuged and rinsed twice
with PBS. Fixation and permeabilisation was carried out using BD
Cytofix/Cytoperm™/(BD Biosciences). All antibodies were diluted in Perm/Wash
Buffer. SIRT1 primary antibody, Sc15404 (see Table 2, Section 2.2.6), was used at
a concentration of 0.4 yg/mL and incubated on ice, in the dark, for 20 min, followed
by two washes with Perm/Wash Buffer. The secondary antibody, goat anti-rabbit
(Alexafluor ® 647, A21244) (Table 5, Section 2.4.1), was used at a concentration
of 5 ng/mL and incubated on ice, in the dark, for 30 min, followed by two washes

using 1x Perm/Wash.

Cells were suspended in a FACS buffer (Section 2.3.7) acquired using a BD LSR-II
and FACSDiva software. Between 5,000—-10,000 cells were collected. Data were
analysed using FlowJo 9.5.2 software (Tree Star). Background fluorescence,
compensation and non-specific binding were controlled for using the isotype

control anti-dansyl rabbit IgG antibody (A-6398, Invitrogen).

2.7 MTT Assay

In this assay, the yellow tetrazole, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5—
diphenyltetrazolium bromide), is reduced to a purple formazan in living cells. The
formazan is insoluble, and therefore an SDS Lysis Buffer (10% w/v sodium dodecyl
sulphate (SDS), 45% v/v N-N-dimethylformamide, adjusted to pH 4.7 using glacial
acetic acid) is used to dissolve these crystals so that an absorbance reading can
be made. The reduction of MTT depends on the presence of active reductase

enzymes so the results reflect metabolic activity of the cells (Berridge & Tan 1993).
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Cells were seeded at 5000 cells per well in 100 yL of media, in 96-well plates. After
24 h, cells were treated with fresh media with appropriate concentrations of
treatment chemicals prepared in media en masse. The media was also replaced
for untreated control cells. Control wells with media alone, or media with treatment
alone, were included. At 48 h after seeding (day one of treatment) and 96 h (day
3), MTT was added at 2.5 mg/mL suspended in HBSS buffer (Gibco). After 2 h 100
pL SDS Lysis Buffer was added to every well. When the wells had no bubbles,
absorbances were measured at 570 nM using a FLUOstar OPTIMA Microplate
Reader (BMG LABTECH, Ortenberg, Germany). Control absorbance values for
media with or without treatment were subtracted from values for the equivalent

wells with cells.

2.8 Oxidative stress

2.8.1 Hydrogen peroxide

The concentration of the stock hydrogen peroxide (AnalaR grade, BDH/Merck,
Poole, England) was determined by spectrophotometry at 240 nm using a molar
extinction coefficient of 43.6 M-icm. Cells were seeded and left for 24 h before
treatment. For treatment, media was removed and replaced with fresh media with
H20: at the desired concentration, and this remained until cells were harvested.
Concentrations of H.O2 used for each cell line were determined by establishing
viability titration curves and propidium iodide exclusion assay (Section 2.10).

Untreated control cells were always measured at the same time as treated cells.

2.9 Inhibition and activation

2.9.1 Inhibitor

Nicotinamide (NAM) (Sigma Aldrich) at concentrations of 1 and 10 mM was used
as an inhibitor for SIRT1. After leaving cells for 24 h after seeding, the desired
concentration of NAM was added to cultures and remained until cells were

harvested.
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2.9.2 Activator

Resveratrol (RES) (Sigma Aldrich) at concentrations of 10, 25 and 50 yM was used
as an activator for SIRT1. Working stock of RES was dissolved in 100% ethanol
and stored for up to 6 weeks. After leaving cells for 24 h after seeding, the desired
concentration of RES was added to cultures, which remained until cells were

harvested.

2.10 Measurement of cell death

To measure cell death, a propidium iodide (PI) (BD Biosciences) exclusion assay
was used. Cells were grown for 24 h before treatment, and harvested when they
were in exponential growth (untreated cells 60-85% confluence). All cells were
collected and subjected to the standard wash (Section 2.1.6). A concentration of
0.5 ug/mL PI suspended in FACS Buffer (Section 2.3.7) was added to the cell
pellets and, after 15 min incubation, Pl exclusion was measured by flow cytometry.
Between 5,000-10,000 cells were analysed using BD FACSCalibur (BD
Biosciences), and CellQuest Pro software (BD Biosciences). Data were analyzed

using FlowJo 9.2 software (Tree Star, Ashland, OR).

2.11  Statistical Analysis

All statistical analysis was performed using Prism Graphpad version 5.0 and 6.0
software (CA, USA). P values were generated using linear regression, one-way
ANOVA with Tukey or Sidak’s multiple comparison post test, unpaired Student t-

test and values of P < 0.05 were considered significant.
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Part 3;: Results — Basal Levels

Exploring the potential role of SIRT1 in untreated glioma and normal

astrocyte cells

It has not been established if SIRT1 acts as a tumour promoter or tumour
suppressor in glioblastoma. In this study, C8D1A and GL261 murine astrocyte cell
lines were used as a model for glioblastoma. GL261 cells lines are a transformed
cell line used as a model for glioblastoma, as it closely resembles the pattern of
human glioblastoma when implanted in the brain of a mouse (Newcomb 2009),
while C8D1A cells are used as the normal murine astrocyte comparison cell line. In
the human model, SVG — a normal human astrocyte cell line was used as a

comparison to primary glioma cells obtained from patient tumours.

To begin investigating the role of SIRTL1 in glioblastoma, basal levels of SIRT1

were measured by Western blotting.

3.1 SIRT1 levels in murine and human glioma and normal
astrocyte cells

3.1.1 Levels of Sirtl in untreated murine C8D1A and GL261 cell lines

To begin the comparison of Sirtl in normal astrocytes versus glioma cells, basal
levels of Sirtl were measured using Western blotting, for untreated C8D1A and
GL261. To investigate the levels of hSIRT1 in human primary glioblastoma cells,
whole cell lysis followed by SDS PAGE and Western blotting for Sirtl was

performed.

Immunoblotting using a C-terminus monoclonal antibody revealed a trend for
greater Full-Length Sirtl (FL-Sirtl) in GL261 compared to C8D1A (Figure 4), but
the difference was not significant for six independent experiments (p > 0.05). A
rabbit polyclonal antibody used for Western blotting but designed to recognise
human SIRT1 was used while optimising experimental procedures. This
experiment, performed once, showed FL-Sirtl but also some second protein bands

running at about 75 kDa, which may or may not be Sirtl variants (Figure 4 C).
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Figure 4. Sirtl levels were not significantly different between C8D1A and GL261 cell lines

Representative Western blot images from untreated C8D1A and GL261 cells in exponential growth
phase at approximately 70% confluence. (A) Western blot image for Sirtl. The monoclonal antibody
Ab50517 recognising C-terminus amino acids 722-737 of mouse Sirtl was used, with g-actin as a
loading control. FL-Sirtl was 120 kDa in these cells; (B) Relative abundances of FL-Sirtl in CBD1A
and GL261 cells. Measurements were ratios of FL-Sirtl to f-actin, n=6 for each cell line, (p > 0.05
Student’s t-test, error bars representing SEM). Measurements taken from immunoblots using Image
J analysis with adjustment for actin were done using the antibody specified above; (C) Immunblot
image taken using antibody designed to recognise human hSIRT1, sc15404 recognising C-terminus
amino acids 448-747 was used. HelLa is a human epithelial adenocarcinoma cell line and LN18 is a
human glioma cell line.
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3.1.2 hSIRT1 levels in human primary glioblastoma cells and SVG, a human
astrocyte cell line

To investigate the levels of hSIRT1 in human primary glioblastoma cells, whole cell
lysis followed by SDS PAGE and Western blotting for hSIRT1 was performed. The
antibody used was a polyclonal hSIRT1 antibody that recognised the C-terminus
region (aa 448-747). We compared levels of hSIRT1 in astrocyte cell line, SVG, to
primary cells taken from glioblastoma tumours and adjusted to 3-actin on

guantification using Image J software.

Primary glioblastoma cell cultures were established from tumours taken from
patients as described by Broadley et al, (Broadley et al 2011b). Some clinical data
was available for these patients, which are described in the methods section.
Primary cells from the tumours were used at as early a passage as possible in an
attempt to avoid cells transforming in culture. Some primary cells grew more
quickly than others, and some stopped growing and appeared to enter senescence
during the course of the experiments, hence not all experiments have data from the

same panel of primary cells.

47



G gEdh a0l 00 a0 g

130 —

100 — FL-hSIRT1

0 —

75kDa hSIRT1
--"—'-- — B-actin

SI6 g gt gEi® g g0t gei® g0d et

130— . " FL-hSIRT1
T

wt._ s 75kDa hSIRT1
= A

— — B-actin

087 not

. ™ significant
0.6

.
0.4 Y

0 ®®

Relative FL-hSIRT1

Relative full length SIRT1

n
<3 @ G B R P e R o 20 40 £
c&"q@hq@é FPFHFESES )
Survival (months)

gleld
significant

0.5 L]
o,

)

[
G B s A B B B
& ﬁ“’&é’&é&@pﬁﬁ"" S FEFogEF

Relative 75 kDA fragment

Relative 75 kDa fragment
‘X
- .

Survival (months)

Relative 75 kDa frag/FL SIRT1

B WM e
LY M et
@@@@’d”“

O o P P P
élu#@éu@@’éu*

Figure 5.  Comparison of FL-hSIRT1 and hSIRT1 smaller species in human glioma and
normal SVG astrocyte cell line and the relationship to patient survival

SVG cell line and 12 primary glioma cell cultures were grown to 70% confluency before extraction
and western blotting for hSIRT1 was performed. (A) Western blot image for SVG and human
primary gliomas after probing for hSIRT1 and (-actin (B) Histogram showing relative levels of FL-
hSIRT1 after adjusting to 3-actin loading control levels, SVG set to one, and correlation plot
showing glioma primary cell line hSIRT1 levels against patient survival; (C) as in B, but for the
hSIRT1 fragment at about 75 kDa; (D) as in B but for the ratio of hSIRT1 75 kDa fragment over FL-
hSIRT1.Note B, C and D have different y-axes for ease of visual comparison. Linear regression
analysis was performed using Prism 6 software. Data used from a single Western blot experiment.
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Results showed a prominent band at around 120 kDa, which is full-length hSIRT1
(FL-hSIRT1). This was present in all primary glioma cells in varied amounts, and in
SVG (Figure 5 A). The second most prominent band ran at about 75 kDa, which
was present in all the primary cells tested and in SVG. There was also a third band
present in many, but not all of the primary cells, at 90 kDa. However, in the SVG
cell line, there were more than two bands consistently present, while the primary
glioma cells had only two or three bands (120, 90, and 75 kDa).

Without using sequencing or mass spectrometry, it is not possible to identify the
smaller bands, but based on the recent literature it is likely that at least some of
them are hSIRT1 variants (Chalkiadaki & Guarente 2012a, Chen et al 2012b, Dvir-
Ginzberg et al 2011, Shah et al 2012). However, a hSIRT1 variant running at 75
kDa on Western Blot has been listed on the NCBI BioSystems database and is an
accepted isoform of hSIRT named SirT1 75 kDa fragment. Thus, in this study, the
band seen at approximately 75 kDa was thought to be this isoform, and has been
labelled 75 kDa SIRTL1 in the results.

Overall, these results suggest there was less FL-hSIRT1 in all the human primary
cell lines measured in this assay compared to SVG (Figure 5 B). However, a third of
the primary cell glioma cell lines had increased 75 kDa hSIRT1 compared to SVG
(Figure 5 C), and interestingly, when the ratio of the 75 kDa fragment against FL-
hSIRT1 was measured, all the primary glioma cells exceeded that of the normal cell
line (Figure 5 D). To gain more understanding for the role of hSIRT1 in GBM, linear
regression using survival data and FL-SIRT1 and 75kDa hSIRT1 was assessed
(Figure 5 B and C). No significance was found in these analyses. Repeated

measurements of hSIRT1 from more patient samples would be more informative.

Of note, 0903 has a different hSIRT1 Western blot profile to the other primary cells
extracted, with a second band at around 90 kDa, as in the normal SVG profile.
Curiously, only this patient survived long-term, at least 60 months with no sign of

disease recurrence.
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3.1.3 Intracellular staining verifies SIRT1 levels in glioma primary cells is
less than in SVG astrocytes

To further examine the difference in hSIRT1 levels in glioma cells compared to
normal cells, SVG and a panel of glioma primary cells were fixed and
permeabilised, stained with hSIRT1 or an isotype control, and a secondary
antibody, Alexafluor 647. Cells were analysed by flow cytometry, after gating out
doublets and dead cells using LIVE/DEAD Fixable Blue, to determine cellular

hSIRT1 levels, using a different method to extraction and Western blotting.

These results agreed with the Western blot data, where levels of hSIRT1 were
mostly decreased in primary cells compared to the normal astrocyte cell line, SVG.
While overall levels of hSIRT1 were decreased (Figure 6 B), intracellular staining
data showed higher levels of hSIRT1 in glioma cells than in the results from Western
blotting. This is most likely because the intracellular staining does not differentiate
between different hSIRT1 isoforms, Alternatively it could be due to differential
sensitivities of the techniques. There was a positive trend for increased survival and

greater levels of hSIRT1 (Figure 6 C), but this did not reach significance.
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Figure 6. Intracellular staining analysis of hSIRT1 protein levels in SVG normal astrocyte

cell line and primary glioma cells

Primary glioblastoma and normal astrocyte SVG cells were cultured to reach 70% confluency, then
fixed, permeabilised and stained with hSIRT1 or an isotype control, and secondary antibody,
Alexafluor 647. Levels of hSIRT1 were measured by flow cytometry. (A) Flow cytometry gating
strategy — gating out doublets and dead cells, and histogram showing how isotype and secondary
only controls show higher fluorescent intensity compared to unstained cells; (B) histogram showing
relative MFI of hSIRT1/isotype control in 10 human primary GBM cell lines and SVG normal
astrocytes; (C) Plot to show linear regression of GBM primary cells in relation to patient survival.
n=1, using triplicate flow cytometry measurements from the same experiment.

3.2 Acetylation for H4K16 showing SIRT1 activity in normal and
glioma cells

H4K16-ac was measured to assess SIRT1 activity on this nuclear substrate.
Hypoacetylation is seen as a hallmark in a panel of cancer cell lines including lung,
neuroblastoma, testis, prostrate, osteosarcoma, lymphoma, breast and colon with
specific H4K16-ac loss occurring early on and accumulating during the
tumourigenic process (Fraga et al 2005). As previously mentioned, H4K16 is a
well-known substrate for SIRT1, and relatively specific for SIRT1 in relation to other
deacetylase enzymes (Imai et al 2000). SIRT1 deacetylation of this substrate is
linked to breast and colon cancer because it silences tumour suppressor genes
(Pruitt et al 2006) and acetylation of this residue on H4 is associated with cell cycle
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control more specifically than other residues on histone 4 (Megee et al 1995).
Together, these reasons make H4K16 a good substrate to measure in this study
looking at differences between normal and glioma cells.

The activity of SIRT1 is not necessarily directly related to levels of protein seen on
Western blots, because SIRT1 activity can be influenced by other modifications,
such as phosphorylation, binding to other proteins, and localisation. Results for
H4K16-ac is one of many substrates for SIRT1.

Histone extraction and Western blotting for H4K16-ac were performed on murine
C8D1A and GL261, then followed by a comparison between H4K16-ac on human
SVG normal astrocytes and a panel of primary glioblastoma cells. Decreased
acetylation on H4K16 indicates more SIRT1 activity as it is a deacetylase enzyme.

3.2.1 Acetylation of H4K16 in C8D1A and GL261 cell lines

To determine Sirtl activity in murine cell lines, histones were extracted from control
untreated C8D1A and GL261 cells and probed for H4K16-ac.

The results showed a greater acetylation for GL261 on H4K16 compared to C8D1A,
which did not reach significance (Figure 7). Hyperacetylation was unexpected

because hypoacetylation at this residue is common in other cancers (Fraga et al
2005).
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Figure 7. H4K16 acetylation in GL261 and C8D1A cells

(A) Representative Western blot images of 2.5 ug protein histone extracts from C8D1A and GL261
cells in exponential growth phase at approximately 70% confluence. Top panel shows the acetylation
of H4K16; bottom panel shows the H4 loading control achieved using amido black staining showing
H4 at expected location (indicated by arrow). (B) Analysis of H4K16-ac relative to loading control. n=7
C8D1A; n=8 GL261. The difference was not significant (ns) p > 0.05, Student’s t-test.

52



3.2.2 Histone 4 lysine 16-acetylation is variable in primary glioblastoma cells

The results showed half of the primary glioblastoma cell lines extracted had
reduced H4K16-ac compared to SVG, with the other half having greater acetylation
compared to SVG (Figure 8 A and B), showing a variation in H4K16-ac states
between patients. Statistics showed no significant correlation between survival and
H4K16-ac, using linear regression analysis (Figure 8 C). Finally, repeat extractions
for H4K16-ac were made to investigate variation for acetylation status in primary
cell cultures for each patient. This showed that there was not a great variation in
acetylation status between extractions of the same cells — with one or two
exceptions (Figure 8 E). SVG was not included in this repeat analysis, however, so

averages were not used for regression analysis.

A linear regression analysis was also made between FL-hSIRT1 expression levels
and H4K16-ac, to see if there was a relationship between these two variables.
While there was no statistical correlation found in this analysis, unexpectedly a
trend for greater acetylation levels (that is, less SIRT1 activity) with increased
hSIRT1 levels was observed (Figure 8 D). Either the hSIRTL1 is deacetylating
another nuclear substrate, or perhaps FL-hSIRT is not predominantly localised in

the nucleus in primary glioblastoma cells, as seen with murine glioma cells.
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Figure 8. H4K16-ac in human primary glioblastoma cells

Cells were grown for one day, and then histone extraction was performed, followed by Western
blotting for H4K16-ac. These results are from two separate extractions each time using SVG cells
extracted at the same time as a control measure — adjusted to one (A) Images from Western blot of
SVG and 12 human primary glioma cells from two extractions; (B) Histogram showing results of
Western blot for H4K16-ac as in A, after adjustment for amido black loading control, and setting SVG
to one, using Image J software; (C) Linear regression plot for H4K16-ac in the primary glioblastoma
cells in A, against survival in months for patients; (D) Linear regression plot for relative H4K16-ac
against relative FL-hSIRT1 levels in primary glioblastoma cells, n=1; (E) Histogram showing variation
in relative H4K16-ac across a panel of glioblastoma cells. These were not measured against a
standard SVG, but against each other, after adjustment to loading control. Repeats are as follows:
0708:2, 0804:5, 0903:2, 0705:3, 0711:2, 0713:2, 0902:2, 1011:3, 0813:5, 1005:4, 0906:5. Bar
represents mean with standard error of the mean.
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3.2.3 FBS concentrations in media affect histone acetylation in GL261
cultured cells but not FL-Sirtl levels

A recent publication showed there was aberrant Sirtl localisation in cancer cells
versus normal cells, due to increased protein stability in the cytoplasm, and was
regulated by P13K/IGF-IR signaling (Byles et al 2010).

In this research, C8D1A cells were routinely cultured in DMEM with 10% FBS,
while GL261 cells were grown in 20% FBS (as recommended by suppliers). It was
therefore questioned whether the altered histone acetylation was due to the higher
levels of growth factors when 20% FBS was used. Changes in serum levels of FBS
are known to alter insulin related cell signaling pathways (Berenguer et al 2010).
To investigate this, GL261 cells were grown in 10% FBS supplemented media for
five passages, and then immunoblotted for Sirtl and H4K16-ac. Comparison was
made with C8D1A and GL261 cells grown in 10% and 20% FBS.
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Figure 9. Neither FL-Sirtl expression levels nor activity showed any significant change
when FBS levels were altered

(A) Immunoblot for Sirt1 with histogram showing quantification; (B) immunoblot and control amido
black images for H4K16-ac and H4 in C8D1A cells, and GL261 cells grown in 10% or 20% FBS,
and histogram showing quantification. The loading controls were (-actin for Sirtl, and amido black
staining of the H4 region for H4K16-ac. Lysate was heated to 90°C. One-way ANOVA analysis was
carried out on the images, ns= not significant p > 0.05. Error bars represent mean #s.d for the three
independent experiments.
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These results showed no statistical significance between the Sirtl or H4K16-ac
levels for GL261 grown in 20% FBS compared to C8D1A and GL261 grown in 10%
FBS. While there was no significance in the results, there was a tendency for
greater levels of H4K16ac in GL261 cells grown in 10% FBS compared to the
same cells grown in 20% FBS, or C8D1A cells grown in 10% FBS. This needs
further research, but if further repeats showed a significant difference in Sirtl
activity on H4K16, it would indicate that increased FBS levels would also increase
Sirtl activity on this substrate. There were extra bands seen for some of the
C8D1A Sirtl, which was thought to be related to the lysate being heated to 90°C.
Temperatures were kept lower in other expermiments. This was no evidence to

suggest this was related to FBS levels.

3.3 Subcellular localisation for SIRT1 —immunofluorescent
microscopy

Deacetylation of H4K16 requires nuclear localisation; a possible explanation for
different acetylation states on H4K16 could be explained by different localisation.
Therefore, localisation of SIRT1 was next investigated. Control untreated cells were
fixed in 4% paraformaldehyde solution and permeabilised with 0.2% Triton X-100,

both in PBS, followed by immunofluorescent staining for SIRT1 (Section 2.4)

3.3.1 Sirtlis aberrantly localised to the cytoplasm in GL261 cells

As expected, Sirtl was predominantly localised to the nucleus in C8D1A normal
astrocyte cells, however Sirtl was seen localised to the cytoplasm and nucleus in
GL261 cells strongly contrasting to the pattern seen in C8D1A (Figure 10). This
general observation was seen consistently, however both cell lines showed variation
in the localisation of Sirtl, suggesting Sirtl is mobile in both these cell lines, and
depending on the environment or conditions, Sirtl localisation can change. For
example, when cells were bunched together, Sirtl would appear much more
cytoplasmic in the normal cell line, C8BD1A, than in single cells spaced apart from

each other.
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C8D1A GL261

Figure 10. Aberrant cytoplasmic localisation of Sirtlin GL261 cells

C8D1A and GL261 cells were grown on coverslips for two days before fixation of cells with
paraformaldehyde, incubation with mouse monoclonal anti-Sirtl (Ab50517) then secondary
antibody rabbit anti-mouse IgG H&L (Alexa Fluor® 488). Top panel shows Sirtl (green); bottom
panel DAPI staining of nuclei (blue). Scale bar is 100 um, and is relevant for all images. Arrows
show examples where Sirtl was absent in the nucleus of GL261 cells.

Aberrant cytoplasmic localisation of Sirtl has been reported in cancer cells
compared to normal tissue from breast, prostate and lung cells (Byles et al 2010)

but it has not been reported in glioma cells.

3.3.2 hSIRT1is aberrantly localised to the cytoplasm in human
glioblastoma cells compared to the SVG normal astrocyte cell line

In the mouse model of glioblastoma, aberrant Sirtl cytoplasmic localisation in
cancer cells was found. In the human primary GBM cells, more FL-hSIRT1 tended
to show more H4K16-ac, a key substrate in the nucleus for hSIRT1, indicating a
possible cytoplasmic localisation for hSIRT1 in these cells also. To investigate
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intracellular localisation of hSIRT1 in human primary glioblastoma cells compared
to SVG normal astrocytes, paraformaldehyde fixation followed by intracellular
immunofluorescent staining for hSIRT1 was performed for SVG and a panel of

primary GBM cells.

Fluorescent microscopy revealed that in SVG cells, hSIRT1 was found mostly in
the nuclei, with a small amount in the cytoplasm in clearly defined areas (Figure 11
top panel). hSIRT1 in glioblastoma primary cells was also seen in nuclei but with a
greater amount seen in the cytoplasm compared to SVG, and was more diffuse
compared to cytoplasmic hSIRT1 in SVG (Figure 11 panels below first panel).

Each primary glioblastoma has an apparent different level of cytoplasmic hSIRT1
relative to nucleic hSIRT1. On analysis of immunofluorescent photographs,
however, the pattern of cytoplasmic SIRT1 was diffuse, with some exceptions,
notably 0814 (see Figure 11 B). While SVG cytoplasmic hSIRT1, even though it
was minimal, was more defined to filamentous structures not far away from the
nucleus compared to more diffuse cytoplasmic hSIRT1 seen in primary glioma
cells (Figure 11 B). As confocal microscopy was not available, hSIRT1 localisation

could not be quantified.

Figure 11. hSIRT1 is found aberrantly in cytoplasm of primary glioblastoma cells
compared to SVG normal astrocytes

(Facing page)

SVG astrocyte cell line and a panel of glioma primary cells were grown on 8-chamber well slides for
two days, then fixed with paraformaldehyde and incubated with SIRT1 antibody, Alexafluor 488
(green fluorescent) secondary antibody, and DAPI for nuclei staining. Microscopy with a camera
attached was used to visualise results and to take electronic images for analysis. (A) Images of
hSIRT1 (green) and nuclei (blue) in SVG and five primary glioma cell lines. Scale bar: 100 um; (B)
Enlarged pictures, or larger scale images showing SVG with predominantly nucleic with some
cytoplasmic hSIRT1 with filamentous structures, and primary glioblastoma cells with more diffuse
cytoplasmic SIRT1 (0713, 0907, 0906). Except for 0814 DAPI is excluded in these larger images to
show more clearly differences in hSIRT1 between SVG and primary glioma cells. Scale bars shown
for individual photos.
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3.4 Subcellular localisation for SIRT1 — Western blotting

Next, verification for the aberrant localisation by Western blotting of nuclear and
cytoplasmic fractions for glioma and normal astrocytes was sought. Nuclear and
cytoplasmic extracts were prepared by homogenisation and centrifugation. A
variety of methods were used.

3.4.1 Western blot nuclear/cytoplasmic fractionation using NE-PER Extraction

GL2610E GL2610E
C8D1AR  10%EFBSE 20%EFBSE
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130a FLBirt1a
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Figure 12. Nuclear/Cytoplasmic fractionation and immunoblotting of CBD1A and GL261 cell
lines.

Top panel: immunoblot for Sirtl using mouse monoclonal antibody ab50517. Middle panel shows
immunoblot for the nuclear protein lamin B, and bottom panel shows immunoblot for a-tubulin, a
cytoplasmic marker, n=1.

Using this fractionation process, Sirtl was observed predominantly in the
cytoplasm of all extracts, with very little in the nuclear fraction (Figure 12), unlike
the distribution observed using immunofluorescent staining using the same
antibody which showed predominantly nuclear Sirtl in C8D1A cells and a
significant proportion of nuclear Sirtl in GL261 cells. Although lamin B was
detected only in the nuclear fraction, as expected, the nuclear extracts also
contained a-tubulin indicting contamination by this cytoskeletal protein. This result
could be partly explained by cross-contamination of the subcellular fractions, as
cytoplasmic fractions could have nuclear content, showing a false high level of
Sirtl in the cytoplasm. However, the relative absence of Sirtl in the nuclear

preparation was puzzling.
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3.4.2 Nuclear/Cytoplasmic fractionation and Western blotting of C8D1A and
GL261 cells after fixation

To attempt to retain Sirtl in the nucleus during subcellular fractionation, cells were

fixed in formaldehyde prior to fractionation.

Fixation of cells followed by extraction using NE-PER Thermo-Scientific nuclear
and cytoplasmic reagents was performed followed by Western blotting. Results
showed a sub-cellular distribution of Sirtl agreeing with results using microscopy
with immunofluorescent staining, where there was greater levels of cytoplasmic
Sirtl in GL261 cells compared to C8D1A cells (Figure 13 A, B and C). For GL261
cells grown in either 10% or 20% FBS, there was no difference in
nuclear/cytoplasmic ratios, but an overall increase in Sirtl expression was seen in
cells grown in increased FBS. This was unexpected, as other studies show
increased SIRT1 expression in a variety of cells with nuturient or serum deprivation
(Alcendor et al 2007, Kanfi et al 2008), suggesting unusual activity for Sirtl in
glioma cells compared to other cells. Crosslinking the cytoskeleton together made
it difficult to use lamin or tubulin as controls, so other proteins would be required to
confirm the fractionation purity levels. Further experiments are required for
validation. However, these results, taken together with those using IF and
microscopy, indicated that the localisation of Sirtl is more cytoplasmic in the
glioma murine cell line, GL261 compared to the normal astrocyte comparison cell
line, CBD1A. There appeared to be no effect of FBS level on cytoplasmic to
nuclear Sirtl ratio. Both the crosslinking experiment shown here, and the
acetylation of H4K16 in 3.2.3 indicated that nuclear Sirtl was not altered with
different FBS.
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Figure 13. Nuclear/cytoplasmic extraction of C8D1A and GL261 cells after fixation

C8D1A cells and GL261 cells were grown for one day and nuclear/cytoplasmic extraction was
performed after crosslinking proteins with formaldehyde as described in methods section. GL261
cells were grown in media supplemented with 10% or 20% FBS. At least five passages of growth in
either culture was established before extraction. (A) Western blot image of nuclear and cytoplasmic
fractions of cells. Note less C8D1A was available to load, due to poor extraction yield for these
cells, and there is no loading control; (B) histogram showing relative Sirtl levels for each
compartment. C8D1A levels were doubled to adjust for a known deficit in loading due to a poor
extraction yield of C8D1A fractions; (C) histogram-showing relative amounts in the nucleus relative
to the cytoplasm. Abbreviations: N = nuclear extraction, C = cytoplasmic extraction. n=1

3.4.3 Extraction of Cytoplasm and Nuclear Fractions of SVG astrocyte cells

To confirm hSIRT1 localisation differences between nucleus and cytoplasm,
nuclear/cytoplasmic extractions were carried out. Using only SVG cells initially,
nuclear and cytoplasmic fractions were isolated using extractions using Buffers A
and B as described in methods section and described in Andrews and Faller

(Andrews & Faller 1991). Western blotting was then performed.

Results using this process showed that the extractions for different compartments
were reasonably pure, and yet there was more cytoplasmic hSIRT1 compared to

nuclear hSIRT1 (Figure 14 B). This did not correspond to the immunofluorescent
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photographs that were obtained earlier (Figure 14 A), and was the same
inconsistency as was seen with the murine cells after extraction.

An alternative method using an extraction kit purchased from Thermo Scientific
was then used (NE-PER). Results from extraction using this kit resulted in a
cleaner compartmental extraction, cytoplasmic hSIRT1 was still predominant, and
nucleic hSIRT1 was minimal (figure 14 C). This could have been due to poor
nucleic yield, or nucleic hSIRT1 being lost during the extraction process either by
degradation or movement out of the nucleus. These results were similar to the

nuclear/cytoplasmic extractions for the murine cells.
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Figure 14. Nuclear/cytoplasmic extraction for untreated SVG cells — using different

processes

(A) Intracellular immunouorescent staining for SVG cells showing SIRT1 (green) and DAPI,
staining nuclei (blue); (B) Nuclear/cytoplasmic extraction using buffers A and B made in the lab.
Cells were grown for one day to approximately 70% confluency before extraction was performed.
Alpha-tubulin and lamin A/C were used to check for purity of cytoplasm and nucleic extraction
respectively; (C) As for B, but using NE-PER extraction kit; (D) As for B, but using a mild fixative
agent, before using the NE-PER extraction kit. Arrows point to a smaller labile form of lamin A that

is only found within the nucleus. Abbreviations: N = nuclear extraction, C = cytoplasmic extraction.
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Finally, a third extraction technique using mild crosslinking fixative used before
using the commercial nuclear/cytoplasmic extraction kit, as for the murine cells in
Section 3.4.2. Results showed that hSIRT1 was predominantly nuclear, with a
small portion in the cytoplasm (Figure 14 D). Measuring purity of compartmental
extraction was difficult due to crosslinking and a-tubulin was seen in both
compartments. However a small isoform of lamin A/C known to be more labile and
nucleic only, was seen in the nuclear lysate only (Figure 14 D arrows), indicating
separation of compartments may have been successful. However, the size of
hSIRT1 seen in the extraction was smaller than in the other extractions. The
reason for this was not understood, and highlighted the difficulty in studying a
molecule responding to cellular stress and which may localise differently

depending on micro-environmental conditions.

Given that the results for the extraction process using mild fixation agreed with the
results seen in immunofluorescent experiments, extraction using this method
followed by Western blotting was repeated using SVG and human primary glioma
cell line, 0906.
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Figure 15. Nuclear/cytoplasmic extraction for SVG and 0906 cells using formaldehyde
fixation

Cells were grown for one day to approximately 70% confluency before extraction was performed,
using a mild fixative before using the NE-PER extraction kit, and immunoblotting for hSIRT1 for (A)
SVG and (B) 0906. Purity and loading controls were not included, n=1.

Results for these cells also agreed with the immunofluorescent staining
experiments, with more cytoplasmic hSIRT1 seen with the 0906 primary cells while
more nuclear hSIRT1 was seen in SVG cells (Figure 15). As in the preliminary
experiment (shown in Figure 14 D), FL-hSIRT1 appeared to be lost. The second
protein band, running at about 75 kDa was present, however. This experiment did

not have control antibody bands, so the result needs verification using controls.
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3.4.4 Changes in hSIRT1 levels before and after primary cell line 0906
iImmortalisation

Sirtl protein, but not mRNA levels was found to decrease with increasing serial
passage in mouse embryonic fibroblast (MEF) cells undergoing premature
senescence, however when these cells spontaneously immortalised, Sirtl levels
were returned to the higher level seen with faster proliferating cells (Pelicano et al
2006). Further investigation by Sasaki et al using MEFs and human lung fibroblast
cells show Sirtl levels increased with increased mitotic activity and decreased with

replicative senescence.

During culturing, some primary glioma cells entered senescence. One primary cell
line, 0906, transformed between passage 8 and passage 16, and emerged from
senescence with a smaller and different morphological shape, less spread out on
the culture dish and replicating more quickly (Figure 16 A). It was assumed they
had become immortalised. To find out if hSIRT1 levels changed after
immortalisation of human primary cells, whole cell extraction of 0906 cells before

and after transformation, followed by immunoblotting for hSIRT1 was performed.
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Figure 16. Human primary 0906 cells spontaneously immortalised in culture

(A) Photograph from a light microscope showing 0906 human primary glioma cells before (P8) and
after (p15) immortalisation, scale bar 200 uM; (B) Western blot images for hSIRT1 in SVG and 0906
in cells before and after immortalisation. Images representative of three independent extractions.
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Results showed that hSIRT1 and 75 kDa SIRT1 were increased after human
primary 0906 cells became immortalised in culture to be similar to levels seen in
the SVG imortalised cell line (Figure 16 B).
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Part 4: Results — Cell Proliferation

Exploring the potential role of SIRT1 in glioma cells in cell proliferation

Minimal research has been done to investigate the role of SIRT1 in the proliferation
of glioma cells. A recent study showed SIRT1 knockdown significantly delayed
mitotic entry in a panel of glioma cell lines, inhibited growth and proliferation, and
promoted apoptosis (Annabi et al 2012). No reports into the role of SIRT1 with
respect to proliferation in primary glioma cells could be found in the literature at the
time of writing this thesis. As SIRTL1 is a key regulator of longevity in yeast, worms
and flies (Kaeberlein et al 1999) (Tissenbaum & Guarente 2001) (Rogina &
Helfand 2004), and deacetylates key proteins involved in metabolic function and
energy homeostasis in many cell types (Brooks & Gu 2009), it is likely to be

involved in proliferation and viability of cells in glioblastoma.

4.1 Proliferation measures for murine and human glioma and
normal cells using MTT reduction assay

As previously described (Section 2.7), MTT reduction measures metabolic activity
but is used widely as a viability assay, and as an indication of proliferation of cells.
MTT reduction is a measurement of metabolic activity, and for this study,
differences between one and three days were used as a reflection of cell
proliferation. Proliferation rates were measured for murine and human glioma cells
and compared to the normal astrocyte cell lines, and also compared to SIRT1

levels.

4.1.1 Cell proliferation for murine and human normal and glioma cells
compared to full-length SIRT1 levels

C8D1A and GL261 cells (either with 10% or 20% added FBS), SVG and two
primary glioma cell lines were grown in 96-well plates, as described in the methods
(Section 2.7). MTT reduction was measured at day one and day three and the
differences between measurements were analysed (“proliferation”). Additionally,
proliferation was measured for a panel of human primary glioma cells, and this was
analysed against FL-hSIRT1 levels measured by Western blot (taken from an

earlier experiment) to find out if there was a relationship between the two.
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Figure 17. Cell proliferation in murine and human glioma and normal astrocytes compared
to FL-SIRT1

(Facing page)

Cells were grown in triplicate in 96 well plates with MTT reduction measured at one and three days.
MTT values are amounts of MTT reduced in a 2 hr assay. Proliferation was the average MTT value
day three minus average MTT value at day one. Relative FL-SIRT1 was a measure of protein
quantity in relation to B-actin after adjustment for loading. (A) MTT values for murine cell lines — with
GL261 grown in two levels of FBS, n=3 (B) Bar graph showing triplicate measurements of FL-Sirt1
in murine cell lines from Western blot measurements from previous extractions (Section 3.4), n=3.
(C) MTT values for human cell line SVG, and human primary cell lines 0713 and 0906. The 0906
cells were measured before and after immortalisation as described in Section 3.14, n=3.(D) Bar
graph of hSIRT1 levels in Western blot experiments done previously, n=2; (E) MTT values from 18
primary gliomas and SVG normal astrocyte cell line. (F) Graphic representation of FL-hSIRT1 levels
taken from single Western blot extractions done previously for each primary cell line (Section 3.9).
The 0906 cell line is taken from cells after immortalisation. (G) Linear regression of proliferation
values against FL-hSIRT1 values of 12 primary gliomas. Student’s t-test: ns = not significant; *** p <
0.001; *** p < 0.0001

The murine glioma cell line GL261, grown in either 10% or 20% FBS, had a
significantly higher proliferation rate compared to normal C8D1A astrocytes (black
bars, Figure 17 A). There was no significant difference in proliferation between
GL261 cells grown in 10% or 20% FBS. FL-Sirt1 levels did not change significantly
between untreated C8D1A and GL261 (Figure 17 B), suggesting FL-Sirtl expression

was not linked to the differences in proliferation seen in the murine MTT results.

Results for the human SVG cells and primary glioma cells showed there was a
significant difference in the proliferation rate between 0906 primary glioma cells
pre- and post-immortalisation (p < 0.005) (Figures 17 C and D). SVG has
proliferation higher than the glioma cells. This result could be a reflection of a
comparison between primary cells and an immortalised cell line, but needs
confirming. A panel of 12 glioma primary cell lines were analysed for hSIRT1 levels
against proliferation, and while there was a positive trend for more hSIRT1 with
higher proliferation it did not reach significance (Figure 17 G). It is understood that
linear regression analyses usually require at least 25 sample data to give
meaningful relevance, and the correlation here and the ones in other sections are
understood to be trends that need investigating with more patient data. The
immortalised 0906 cells had significantly increased proliferation compared to pre-
immortalised 0906 cells and there was also an increase in hSIRT1 seen on the
Western blot but it did not reach significance. As described in the previous section,
itis likely that cells in GBM tumours have transformed to become proliferative and

invasive — different to the normal astrocyte cells. There is also evidence in the
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literature for immortalisation of glioma cells in tumours (Hiraga et al 1998,
Kheirollahi et al 2013, Nakatani et al 1997). In these studies, increased telomerase
is found in cells from GBM tumours — and there is recent research to suggest
SIRT1 directly regulates telomerase expression (Zhang et al 2014).

4.1.2 MTT reduction in human primary glioma cells in relation to survival
statistics

To gain a preliminary indication of any relationship between MTT measurements

and patient survival, linear regression analyses were made.
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Figure 18. Relationship between MTT reduction, hSIRT1 and patient survival

Linear regression plots for (A) Cell proliferation (measured from the difference of MTT value
between day one and day three) and patient survival taken from a panel of 16 primary glioma cells;
(B) MTT reduction measurement taken from day one and patient survival for 16 primary glioma
cells; (C) MTT taken from day one and levels of FL-hSIRT1 for 15 primary glioma cells measured
from a single extraction and compared to SVG from the same blot (set at 1).

Linear regression analysis revealed that while cell proliferation did not correlate with
patient survival, there was a positive trend (Figure 18 A). Unexpectedly, there was a
statistically significant correlation (p < 0.001) between MTT values taken at day one
and survival (Figure 18 B) and yet no significant correlation with FL-hSIRT1 and

MTT reduction at day one (Figure 18 C). MTT reduction reflects cell metabolic
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activity in the cell, and because cancer treatment targets cells with high metabolic
rate, this result may be because those cells with higher metabolic rate are more
susceptible to radiation and chemotherapy, and the patients who donated these cells
had been undergoing treatment, and treatment probably prolonged survival.

4.1.3 Acetylation of H4K16 in relation to MTT reduction

To assess if hSIRT1 activity, rather than FL-hSIRT1 expression, may be linked to
metabolic rates or proliferation rate in human glioma cells, levels of H4K16-ac were

analysed.

Histone extraction from 11 primary glioblastoma cell lines was performed followed
by Western blot for H4K16-ac. The level of histone acetylation was compared with
MTT measured after 1 d, and with cell proliferation rate calculated as the

differences of MTT reduction between day one to day three.
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Figure 19. Relative H4K16 acetylation across a panel of human primary glioma cells in
relation to MTT reduction

Histone extraction after growing cells for one day, followed by Western blotting, and probing for
H4K16-acetylation was performed on 11 human primary glioma cell lines as described in Section
3.5. (A) Linear regression for H4K16-ac plotted against cell proliferation rate for human primary
glioma cells; (B) linear regression for H4K16-ac plotted against MTT values at day one. n=1 H4K16-
ac extraction, n=3 MTT reduction.

There was no significant correlation between cell proliferation and H4K16-ac, or
MTT reduction at day one (Figure 19 A and B) although there was a positive trend

between acetylation and proliferation.
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4.2 SIRT1 activation and inhibition effects on cell proliferation
rates in glioma and normal cells

To examine the potential role of SIRT1 activity in cell proliferation of glioma
compared to normal cells, a SIRT1 inhibitor, nicotinamide (NAM) or a SIRT1
activator, resveratrol (RES), was added to cultures after one day of plating out and
MTT reduction was measured on day three and the proliferation measurements
were compared to untreated cells. NAM is known to be an effective inhibitor of
SIRT1 (Bitterman et al 2002), and RES is a known activator of SIRT1 (Howitz et al
2003). The GL261 cells were grown in either 10% or 20% FBS supplemented
media to assess the effect of the growth factor, to continue the assessment made

in previous experiments.

4.2.1 Assessing the role of Sirtl activity on proliferation rate for murine
normal astrocyte cell line C8D1A and glioma cell line GL261

C8D1A
AE 0.2+ I_I*
i
S o
b 0_0_.; 1 -
g I T
2
o -0.21
-03 L] L] L] L] L] L] L]
,5@6 g‘“ g“‘ ’ &ebQ}oQ‘ ngo Qg?
& 43‘\ e‘& & § §
\) CANRN \) "lf’ N
B[ GL261 (10% FBS) C. GL261 (20% FBS)
? "
I**_I Kk
03 1 * 0.6 Fkkk
= I_I F*ekkk
O 0.2 E 0.4+ — 1
s ns ® ns
g o1 — 8 02 —
S 5 [
E 0.0 nh_ 0.0 E =
-0" T T T T T T T T '0'5 T T
& & & 3 ° L& LIS e <,>°Q‘ L&
& @“\ 4\“\ & Qé § & &é &é N S
AR P AR S IR

72



Figure 20. Proliferation in murine astrocyte normal and glioma cell lines with Sirtl
inhibition and activation

(Facing page) Cells were grown in 96 well plates for one day before treatment with or without
inhibitor of Sirt1, nicotinamide (NAM) dissolved in water, or resveratrol (RES) dissolved in diluted
ethanol. MTT reduction was measured on day one and three after treatment in (A) normal murine
astrocyte cell line, C8D1A. (B) murine glioma cell line, GL261, grown in 20% FBS; (C) murine
glioma cell line, GL261, grown in 10% FBS. The difference of MTT reduction between day one and
day three was used as a measure of proliferation. * p <0.05 , ** p <0.01 ***p < 0.001, *** p
<0.0001, ns = not significant, by one way ANOVA and Tukey multiple comparison post-test, n=3 for
each cell line. Vehicle EtOH was used at 0.1% concentration. Note the y-axis have different scales to
make visual comparison easier.

Treatment with the Sirtl inhibitor NAM decreased proliferation in all cell lines
(Figure 20), and the Sirtl activator RES increased proliferation at the highest
concentration 50 uM, which suggested that Sirtl was involved in the proliferation
rates for these cells. There was a significant negative effect of 10 mM NAM on
proliferation of C8D1A cells (p < 0.05) (Figure 20). The significance between the
GL261 untreated and NAM treated cells was greater than for C8D1A cells,
indicating that the faster proliferating cells are more influenced by NAM. Increased
FBS supported this as the untreated GL261 cells grown in 20% FBS were more
proliferative than the 10% FBS-grown cells, and had significantly greater inhibition
from NAM (p < 0.01 10% FBS cultures, p < 0.00001 20% FBS cultures) (Figure 20
A, B and C, green bars).

RES increased proliferation significantly only in GL261 cell lines, at either 10% or
20% FBS (Figure 20 A, B & C pink, purple and red bars). Interestingly, the vehicle
control ethanol negatively affected proliferation for all cell lines. Ethanol was used
at 0.1% final concentration in the culture media which was the amount used with
50 uM RES treatment, yet the effects of the higher concentration of RES appeared

to overcome the toxic effect, making interpretation difficult.

4.2.2 Assessing the role of hSIRT1 on proliferation of human normal
astrocyte cell line SVG compared to two primary glioma cell lines

MTT reduction was also used to measure proliferation rate in human normal
astrocyte and primary glioma cells with and without NAM or RES treatment, as

described in the previous section.
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Figure 21. Proliferation for human astrocyte SVG and primary glioma cell lines with hSIRT1
inhibition and activation

Cells were grown in 96 well plates for one day before treatment with or without, nicotinamide (NAM) or
resveratrol (RES). MTT reduction was measured on day one and day three after treatment in (A)
normal human astrocyte cell line, SVG; (B) human primary glioma cell line 0713; (C) human primary
glioma cell line 0906, before immortalisation as explained in Section 3.14; (D) human primary glioma
cell line 0906 after immortalisation. Results are expressed as. * p < 0.05, ** p < 0.01 ***p < 0.001, ****
p < 0.0001, ns = not significant, by one way ANOVA and Tukey multiple comparison post-test, n=3 for
each cell line. Vehicle EtOH was used at 0.1% concentration.

As in the murine cell lines, NAM treatment decreased proliferation in all cells
tested, but RES had different effects. This suggested RES may have been acting
on non-hSIRT1 effects in at least some of these cells. NAM had a greater effect
decreasing proliferation in the primary glioma cell lines compared to the normal cell
line SVG, with a significant difference obtained using 10 mM NAM on the 0713
primary glioma cell line (Figure 21, green bars). RES increased proliferation for
0713 cells, and 0906 cells pre-immortalisation, but appeared to decrease
proliferation for SVG cells and post-immortalised 0906 cells, reaching significance
in SVG cells for 25 or 50 yM RES (Figure 21, pink, purple and red bars). However,

ethanol had varying effects as the 0713 cell line showed decreased proliferation
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with ethanol, similar to the murine cell lines, while the other three cell lines

apparently did not show these effects.

Taken together with the murine cell lines, these results showed that NAM and RES
treatment generally had opposing affects on proliferation, which could indicate a role
of SIRT1 in cancer and normal astrocyte cells. NAM apparently had greater effect on
the primary glioma cells than on the normal cell line. As NAM and RES both have
effects on cell signalling that are not directly related to SIRT1, more specific ways to
investigate SIRT1 involvement are needed to examine these results.

4.2.3 Nicotinamide significantly affected proliferation of human primary
glioma cells

To investigate whether NAM was generally effective in decreasing proliferation of

primary glioma cells, a panel of 18 primary glioma cells was used.

The greatest effects of NAM on proliferation were observed in cells with the
greatest untreated proliferation rates (Figure 22 A). When averages of the
triplicates were measured in a cohort, NAM significantly reduced proliferation

across the panel of primary glioma cells (Figure 22 B) (p < 0.01).
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Figure 22. Effect of hSIRT1 inhibition on proliferation in a panel of primary glioma cells

(A) Bar graph showing proliferation for a panel of primary glioma cells grown in triplicate in 96 well
plates, with and without 10 mM NAM. Proliferation is taken as the difference between day one and
day three MTT reduction, and where cells MTT values were less on day three compared to day two,
the proliferation is shown as negative. 2-way Anova with Sidak’s multiple comparison post-test, * p
< 0.05, ** p< 0.01, *** p < 0.005. **** p < 0.001; (B) Bar graph showing the average proliferation of
untreated primary glioma cells compared to NAM treated cells from the same MTT experiment
shown in A. Student’s t-test ** p < 0.01.
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4.3 Effects of nicotinamide and resveratrol treatments on SIRT1
protein

At the highest concentration used in this study (50 uM), RES unexpectedly
decreased proliferation in the normal SVG cell line. To investigate if changes to
levels or quality of SIRT1 may be related to this result, Western blotting for SIRT1
was carried out using cells after 24 hr exposure to RES at different concentrations.
As a representative of the GBM cell lines, the human primary glioma 0906 (pre-

immortalisation) was used.

4.3.1 Effect of resveratrol on SIRT1 in normal and cancer murine and
human cells

The results showed that in both the murine and human normal cell lines, a distinct
second band was observed with 50 yM RES (Figure 23 A and D red arrows), while
the cancer cell counterparts showed no second band. Recent literature gives
evidence for concentration-dependent differential effects using RES in vitro
(Faragher et al 2011, Peltz et al 2012, Price et al 2012), with altered signalling
pathways given as a possible explanation. The effect of resveratrol on cleavage or
splicing of SIRT1 has not been reported, however cleavage and splice variants of
SIRT1 are known (Chen et al 2012b, Dvir-Ginzberg et al 2011) (Hong et al 2010,
Shah et al 2012). The smaller species of SIRT1 seen here after 24 hr treatment of

50 uM RES could be a splice variant or a product of cleavage.
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Figure 23. Effect of resveratrol on SIRT1

(Facing page) Murine and human glioma and normal cells were grown for 1 d with or without RES
at different concentrations, then protein extraction and immuno-blotting for SIRT1 was performed.
(A) Image from Western blot for CBD1A normal murine astrocytes and (B) quantification for image
shown in A, with adjustment for B-actin loading differences; (C) Image from Western blot for GL261
murine glioma cells; (D) Image from Western blot for normal human astrocytes SVG, and for (E)
primary glioma cell line 0906 pre-immortalisation. Ethanol (ETOH) vehicle was used at the same
concentration as for 50 uM RES. Red arrows highlight a distinct second band seen on blots.

4.3.2 Effect of nicotinamide on SIRT1 in normal and cancer murine and
human astrocytes

To determine if the Western blot profile of SIRT1 is changed by NAM as observed
with RES, Western blots were performed on both murine and human normal and
cancer astrocyte cells after incubation with or without 20 mM NAM for 20 hr

(murine) or 4 hr (human).
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Figure 24. Nicotinamide does not change SIRT1 protein band

(A) Western blots images showing murine normal and cancer astrocytes incubated with or without
10 mM NAM for 1 d. Representative of more than three experiments; (B) Western blots showing
normal human SVG astrocytes and cancer primary glioma cells, 0906, with and without 10 mM
NAM for 4 hr.

Unlike RES, NAM did not cleave or affect alternate splicing of Sirtl in either of the
murine cell lines at 10 mM after 1 d incubation (Figure 24 A). Also, no evidence of
cleavage or alternative splicing is seen after 4 hr incubation with 10 mM NAM in
the primary glioma, 0906, nor in the normal human astrocyte, SVG (Figure 24 B).
No cleavage was seen at 1 d NAM treatment in normal human SVG cells either

(results not shown).

79






Part 5: Results: Oxidative Stress

Exploring the potential role of SIRT1 in glioma and normal astrocyte cells

under oxidative stress

5.1 Introduction to oxidative stress and SIRT1 in GBM

Oxidative stress occurs continuously, as oxygen radicals known commonly as
reactive oxygen species (ROS) are formed during normal metabolic activity.
Glucose is the basic molecule for normal oxidative cellular metabolism where
glucose is broken down to produce ATP. The brain is a particularly active organ for
glucose metabolism, consuming over 10% of the body’s glucose and oxygen
supplies even though it accounts for 1-2% of total body mass (Gjedde 2007),
therefore it is exposed to much oxidative stress in the normal setting. Low levels of
ROS and antioxidants have important signalling effects, for example, to stimulate
growth (Gough & Cotter 2011) and in normal development processes (Dennery
2007). However, too much ROS will activate defence mechanisms and if these are
overwhelmed, irreversible cell damage will lead to necrosis or apoptosis. The most
common ROS are superoxide anion (O2-), hydrogen peroxide (H202), and hydroxyl
radicals (OH-)(Salminen et al 2013).

An oxidative environment is postulated as one of the reasons cancer cells become
treatment resistant — with altered signalling pathways that support proliferation,
metastasis, and genomic instability which also help to propagate disease
(Toyokuni et al 1995). Glioblastoma is among the hardest of all cancers to treat
where tumours are resistant to radiation and chemotoxic therapies (Furnari et al
2007), and an elevated oxidative environment is observed (Silber et al 2002) (lida
et al 2001). Reasons for oxidative stress conditions in GBM include inflammatory
responses, increased nitric oxide from angiongenesis, and hypoxia/reperfusion in
the necrotic core (Kalaria et al 1996) (Ziche & Morbidelli 2000) (Brown & Bicknell
2001). Antioxidant treatment can decrease glioma cell proliferation (Martin et al
2007).

SIRT1 can be found to decrease oxidative stress effects in some situations and
increase them in others. (Alcendor et al 2007, Salminen et al 2013). SIRT1
activities depend on the context of the situation.
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There is limited research into the role of SIRT1 in astrocytes in oxidative stress in
relation to glioblastoma. One study found neural progenitor cells (NPCs) will
preferentially develop into astrocytes under oxidative conditions in a SIRT1
dependent manner (Prozorovski et al 2008) (Libert et al 2008). In that study,
activation of SIRT1 suppressed proliferation and supported differentiation of NPCs

to astrocytes.

In this thesis, oxidative stress was induced in conjunction with SIRT1 inhibition and
activation to find a preliminary understanding for role of SIRT1 in oxidative stress in
glioma compared to normal astrocyte cell lines as described in the previous

sections.

Exogenously administered H202 is commonly used in vitro to induce oxidative
stress conditions (Allen & Tresini 2000) (Keyse & Emslie 1992, Park et al 2012) as
it can cross the plasma membrane and contribute to intracellular oxidative stress
(Klaunig & Kamendulis 2004).

5.2 SIRT1 inhibition and activation in glioma and normal cells

5.2.1 Malignhant glioma cells are more resistant to H,O, than normal
astrocytes

To determine susceptibility to H-O2 —induced cell death, cells were treated with
increasing concentrations of H2O> for 1 d. Viability was measured with Pl exclusion

using flow cytometry.
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Figure 25. Malignant glioma cells were more resistant to H,O, compared to normal
astrocyte cells.

Viability for a titration of H,O, after 20 hr incubation was measured using Pl exclusion and flow
cytometry for (A) murine normal astrocytes C8D1A and murine glioma cell line GL261 (B) GL261
cells grown in media with 10% or 20% FBS (C) human normal astrocyte cell line SVG, and two
primary cells lines 0906 and 0713. (D) Three primary glioma cell lines exposed to high
concentrations of H,O». Pl negative values expressed as a percentage. Experiments from Ato C
values from three experiments are shown; in experiment D, Pl percentages shown are the average
of measurements from three experiments. ** p<0.01 *** p<0.005, **** p<0.001 Student’s t-test, two-
tailed, unpaired. Statistics compared glioma to normal astrocytes.

The effects of H202 on both human and murine paired normal to glioma cell lines
were analysed. While the murine GL261 and C8D1A cells were ten times more
resistant than the human cells to H>O: -induced oxidative stress, both the murine
and human cancer cells were more H20: -resistant compared to the normal cell

equivalent (Figure 25 A and C).

The GL261 cells were routinely grown in media with 20% FBS- supplement,
whereas C8D1A were routinely grown with 10% FBS —supplemented media. To
find out if the change in FBS affected stress response pathways, the effect of H20>

treatment was compared between 20% and 10% FBS-supplemented media in
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GL261. The FBS levels appeared not to have an influence on the resistance to
H20: in these cells (Figure 25 B).

Glioblastoma tumours are heterogeneous, that is, no two patients have the same
tumour cell phenotypes, therefore three human primary GBM cells were analysed for
response to H-O- treatment. There were differences in resistance to H>O between
primary cell lines (Figure 25 D), and interestingly, the 0906 cell line appeared to have
a large subset of cells that stayed alive despite strong concentrations of H20> --
around 20% compared to 4-5% in the other primary glioma cells. These 0906 had

become immortalised in culture, shown in Figure 16.

5.2.2 Nicotinamide (NAM), a SIRT1 inhibitor rescued normal but not
malignant cells from lethal oxidative stress

To determine the contribution of SIRT1 to the peroxide stress response, murine

normal and malignant astrocyte cells were grown in culture for 1 d, then subjected
to a lethal concentration of H2O2 for 20 hr, with or without SIRT1 inhibitor NAM, at
two different concentrations. Viability was measured using the Pl exclusion assay

and flow cytometry.

Both concentrations of nicotinamide rescued C8D1A cells from a lethal
concentration of peroxide, whereas neither concentration of NAM rescued the

malignant GL261 cells from the lethal peroxide levels (Figure 26).
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Figure 26. Nicotinamide rescued normal but not malignant murine astrocyte cells from
lethal oxidative stress

(A and B) Bar graph representations of Pl exclusion assay of murine normal cells, C8D1A, and
malignant glioma cells GL261 after lethal concentrations of H,O» with 1 mM NAM grown for 20 hr.
10,000 cells were measured by flow cytometry. Pooled data from three experiments in triplicate for
both of these were performed (C and D) As in A and B, using 10 mM NAM. Graphs show one
experiment performed in triplicate for each of these. Student’s t-test, two-tailed, unpaired

*** p < 0.005, **** p<0.001; ns = not significant.

5.2.3 Low concentration nicotinamide rescued malignant murine astrocyte
cells grown in reduced FBS

C8D1A and GL261 cells were grown in media using 10% or 20% FBS-supplement
for at least two passages, followed by treatment with a lethal concentration of
peroxide to ascertain whether the rescue effect by NAM was influenced by change

in FBS levels.
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Figure 27. Low concentration nicotinamide rescued malignant murine astrocyte cells with
reduced FBS

C8D1A and GL261 cells were grown for more than two passages in media with either 10% or 20%
FBS, then subjected to a lethal concentration of H,O; for 20 hr with or without 1 mM or 10 mM
NAM. Cell viability was assessed by Pl exclusion assay and flow cytometry. (A) Graphic
representation of viability of GL261 cells grown in 20% FBS, with or without H,O, and 1mM NAM;
(B and C) As in (A), but with GL261 and C8D1A grown in media with different FBS concentrations
(D and E) GL261 cells grown in different levels of FBS with and without H,O, or 10 mM NAM.
Graphs show: (A and B) three sets of experiments in triplicate (C, D and E) one set in triplicate.

** p < 0.01, ™ p < 0.001 Student’s t-test, two-tailed, unpaired, ns = not significant.

Surprisingly, when murine glioma GL261 cells were grown in the lower percentage
of FBS, a rescue was observed with the low concentration of NAM but not at the
higher concentration (Figure 27 B and D). The increase of FBS did not alter the
rescue effect for the C8D1A which were rescued with 1 mM NAM even when

grown in 20% FBS (Figure 27 C).

5.2.4 Nicotinamide rescued normal but not malignant human astrocyte
cells

The rescue effect from a lethal concentration of H.O» seen in murine cells was
tested in human cells using SVG and human primary glioma cells. Cells were

grown in culture with or without H202, and with or without NAM, for 20 hr.
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Figure 28. Nicotinamide rescued normal but not malignant human astrocyte cells from
lethal oxidative stress

Cells were grown for 20 hr with or without a lethal concentration of H,O», with or without 10 mM
NAM. (A) Dot plot showing flow cytometry gating out of dead cells (first box); histogram showing live
untreated cells (blue), H,O, treated (red), and H>O, with NAM treated (green) cells, from cells
stained with Pl and measured by flow cytometry (second box); graphic representation showing the
four separate treatments for SVG astrocytes showing Pl negative on the y-axis (third box).

(B) As in A, but for glioma primary cells, 0906. Results from one experiment performed in triplicate.
***p < 0.005 Student’s t-test, two-tailed, unpaired, ns = not significant.

The human cells lines exhibited the same pattern as seen with the murine cells.
While normal SVG cells were rescued by NAM, glioma primary cells 0906, were
not rescued by NAM after a lethal peroxide treatment (Figure 28). Further
experiments using multiple primary glioma cell lines would be useful to confirm this

result.
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5.2.5 Resveratrol had an opposing effect to nicotinamide with astrocytes
under oxidative stress

The experiment described in the last section was repeated using SIRT1 activator,

RES, instead of SIRT1 inhibitor.

AR C8D1A BX GL261

% pI negative
% pI negative

Figure 29. Resveratrol had no rescue effect to lethal H,O, -induced oxidative stress in C8D1A or GL261

Cells were grown for 20 hr with or without a lethal concentration of H.O, and with or without 50 uM
RES. (A) C8D1A cells with H,O, and RES treatment (B) As in A, but for GL261 cells. One
experiment performed in triplicate. * p < 0.05 Student’s t-test, two-tailed, unpaired.

This experiment showed neither C8BD1A nor GL261 were rescued by RES (Figure
29). C8D1A cells showed the opposite effect, where RES with H>.O2 has a

significant additive effect on cell death outcome (p < 0.05) (Figure 29 A), which is
consistent with NAM having a rescue effect, indicating that this could reflect Sirtl

activity — and a differential Sirtl role of glioma versus normal cells.

5.2.6 Length of treatment time influenced the rescue effect of NAM, and the
additive effect of RES treatment

To investigate a potential Sirtl mechanism for the rescue effect of NAM, the same
experiment was performed as described earlier using C8D1A and GL261 cells,

with a shorter treatment time of 6.5 hr — and using two lower concentrations of

H>0o.

88



B

AR 1007
C8D1AR GL2613
s 6.5Ghours@ 804 3.5hours®@
[ 3
= 60 5 60
"ﬁ * 2
[« (=]
o o
E 404 E 40+
X X
204 *kk 20+
o 0 SI'JD 10‘00 N 5(')0 10‘00
[H,0,] M [H,0,] T
== H,0, only
? - H,0, +RES
C1oo- == H,0, +NAM D
C8D1Am 2Y2 100+ GL261@
20Ghours *** 20Ghoursi
80+ 80
_% 60+ jZ: 60 *
T 40 T 40
S X
204 201 ns
*kkk
N 5;)0 10lOO 560 10l00
[H,0,1 M [H,0,] MM
Figure 30. Nicotinamide rescued murine glioma cells from lethal oxidative stress at an

early time point, but not at a later time point. Resveratrol had opposing effects

Cells were grown for 6.5 or 20 hr with three different concentrations of H,O», with or without 10 mM
NAM or 50 uM RES. (A) C8D1A grown for 6.5 hr with or without NAM or RES at varying H>O>

concentrations (B) As in A, but for GL261. One experiment performed in triplicate for each
treatment. * p <0.05, **p < 0.01 *** p < 0.005, **** p < 0.001 Student’s t-test, two-tailed, unpaired,

ns = not significant.

In all cell lines, RES had opposing effects to NAM with increased cell death when
RES was added at the same time as H20: (Figure 30). The effect of the Sirtl
inhibitor or activator was greater for the normal C8D1A cell line than for glioma
cells after 20 hr (Figure 30 C and D). Interestingly, there was a rescue effect for
GL261 with NAM at the earlier time point, but not at the later time point indicating
that the differential effect of NAM in GL261 compared to C8D1A takes some time

for response.

Immunoblotting to investigate changes in SIRT1 protein
levels and H4K16-ac after oxidative stress

5.3

To investigate if SIRT1 levels change under peroxide stress or nicotinamide, cells
were grown for 20 hr with or without sub-lethal or lethal concentrations of H2O»,

and with or without NAM. The cells were extracted with whole cell lysis, and

analysed using Western blotting.
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5.3.1 A prominent second protein band appeared on Western blots for
SIRT1 in normal but not malignant cells after H,O, -induced oxidative
stress

Elevated levels of Sirtl with sub-lethal concentrations of H.O> was seen for both
C8D1A and GL261 cell lines after 20 hr treatment (Figure 31 B and D). A lethal
concentration of H2O> had no effect on Sirtl levels in the normal cell line, while in
the glioma cell line Sirtl was reduced after a lethal H.O2 concentration. Sirtl was
seen to have a second band, at about 80-85 kDa after H>O> treatment for the
normal cell line in both concentrations of H202, but was not seen in the glioma cell
line (Figure 31 A red arrows). While the experiment shown here was performed
only once, this second Sirtl band was seen in further experiments in the normal
cells after oxidative stress treatment. NAM treatment had no effect on Sirtl quantity
with or without H>O2 (Figure 31 B and D).

The second band was faintly observable at 6.5 hr in the normal cells but not on the
glioma cells, suggesting that it takes some time to establish quantity of the putative

smaller species of Sirtl under these conditions (Figure 31 E).

To verify this observation, human SVG normal astrocyte cell line and the primary
glioma cell line 0713 were treated with a lethal concentration of H20>, followed by

whole cell lysis, protein extraction and Western blotting.
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Figure 31. SIRT1 was cleaved under H;O- -induced oxidative stress in murine and human

normal astrocyte cells, but not in malignant

Cells were seeded for 1 d before treatment of H,O2, NAM or

cells

combination of both.

(A and B) Western blot image and histogram quantification of Sirtl in C8D1A cells after 20 hr

treatment of 500 uM or 750 uM H»O2, or 10 mM NAM, or a ¢

ombination of both. Red arrows indicate

extra bands for Sirt1; (C and D) As in A and B, but for GL261 cells, where the higher lethal H,O»

concentration used was 1000 uM; (E) Western blot image of

Sirtl in C8D1A cells after 6.5 hr

incubation with or without a lethal concentration of H,O,. Red arrow indicates extra band for Sirt1;
(F) Western blot images of SVG or 0713 cells with or without a lethal concentration of H,O for 20

hr. Note loading control was absent for SVG. Levels of Sirtl
loading controls.

in histograms were adjusted to B-actin
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Results confirmed an increase in a second band of hSIRT1 in normal SVG cell line
but not glioma cells after H>O- treatment (Figure 31 F). Levels of hSIRT1 had
decreased for the human primary glioma cells after a lethal concentration of H2O2,
reflecting the similar result seen in the murine GL261 cells, indicating that this
result was also typical for SIRT1 in glioma.

5.3.2 H4K16 acetylation status changed in murine cell lines after 20 hr
treatment with H,O, and nicotinamide

After H.O» treatment, a smaller fragment of Sirtl was observed in C8D1A cells, but
not in GL261 cells. The fragment was lost when NAM was added at the same time
as H>O» (Figure 31 A). While this may have something to do with the rescue effect
seen in the normal cells after H-O> treatment, it did not explain why the glioma cells
-re not rescued. To further investigate these responses, H4K16-ac was measured
after these treatments. Histone extraction followed by immunoblotting was
performed with and without a lethal concentration of H>O> and with or without NAM

treatment for 20 hr in both the normal and glioma cell lines.

As expected, NAM treatment showed an increase of histone 4 acetylation in both
the normal and glioma cells (Figure 32 A and B) indicating NAM inhibition of Sirtl
deacetylation for this residue. Treatment with H>O, showed an increase in
deacetylation for both cell lines indicating that Sirtl activity is increased in oxidative
stress at the lethal concentration after 20 hr. NAM treatment with H2O> increased
H4K16-ac by about 3 x in C8D1A cells, while only 1.3 x in GL261 cells (Figure 32 B
red arrows), suggesting that increased H4K16-ac relates to stunting the lethal
stress incurred by H2O», as seen with the rescue in Figure 26, where C8D1A cells
were recued from lethal H202-induced stress with NAM treatment, but GL261 were

not rescued.
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Figure 32. H4K14 acetylation in murine cells after H,O; or nicotinamide treatment for one
day

Murine C8D1A and GL261 cells were grown for 1 d in culture then treated with a lethal
concentration of H,O, or 10 mM NAM, or a combination of both. Histone extraction and western
blotting followed by immunoblotting for H4K16 acetylation. (A) Western blot images for loading
control using amido black staining for histone 4 (top panels), and the same membrane probed for
H4K16-acetyaltion (bottom panels) for CBD1A and GL261 cells. (B) Histogram showing
guantitatively the Western blot images, relative to each other and adjusted for loading levels. Red
arrows indicate differences in acetylation of H4K16 after H,O, treatment and H.O- plus NAM
treatment for each cell line.

5.3.3 H4K16 acetylation changes in murine cell lines after two-hour
treatment with H,O, and nicotinamide

To find out if changes to H4K16-ac after H.O. and NAM treatment had the same
result at an earlier time point, histone extraction was performed after 2 hr, followed

by immunoblotting.
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Figure 33. H4K16 acetylation in murine cells after HO, or nicotinamide treatment for two
hours

Cells were seeded for one day before treatment of a lethal concentration of H,O, or 10 mM NAM for
2 hr, followed by histone extraction and immunoblotting for H4K16-ac. (A) Western blot image
showing C8D1A (left panel) and GL261 (right panel) H4K16-ac with or without treatment. Loading
control was measured using amido black staining for total protein (top panels); (B) histogram
showing quantification for Western blot images, with H4K16-ac adjusted to loading control. GL261
cells grown in 20% FBS.

Untreated GL261 cells had increased H4K16-ac compared to untreated C8D1A
cells consistent with previous results (Figure 33 B black bars). H.O2 — induced
stress and NAM treatment showed opposite effects for H4K16-ac in the different
cell lines. For C8D1A cells, H-O2 or NAM treatment increased acetylation, whereas
the same treatment decreased H4K16-ac in GL261 cells (Figure 33 B yellow and
red bars). This indicated different responses to these treatments between the cells.
It also differs from H4K16-ac measurements made at 20 hr, where GL261 cells had
increased acetylation as did the C8D1A cells, indicating different actions for Sirtl
under oxidative stress at different time points as well as between cancer and

normal cell lines.
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5.3.4 Localisation changes for Sirtl in murine normal and cancer
astrocytes after two-hour H20, or nicotinamide treatment

In previous results, untreated GL261 cells had higher H4K16-ac levels compared
to the normal astrocyte cell line, C8BD1A. Correspondingly, Sirtl was aberrantly
found in the cytoplasm GL261 cells, where it was found predominantly in the
nucleus in C8D1A cells. It was postulated that changes in localisation of Sirt1 could
explain the results seen in histone acetylation after 2 hr H.O2 or NAM treatment in
these cell lines. To find this out, nuclear/cytoplasmic extraction was performed at

the same time as the histone extraction in Section 5.3.3.
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Figure 34. Localisation changes for Sirtl in murine normal and glioma astrocytes after
two-hour H,O; or nicotinamide treatment

Nuclear /cytoplasmic extraction was undertaken for C8D1A and GL261 cells after 2 hr treatment of
H.O, at a lethal concentration, or 10 mM NAM using the two buffers made up in the lab, as
described in Andrews et al (Andrews & Faller 1991). Western blotting followed by probing for Sirtl
was performed for (A) cytoplasmic compartment and (C) nucleic compartments separately. 5-actin
was used as the loading control for both compartments, purity of extraction was not tested, and
results were analysed by image J and graphically represented (B and D), red lines explained in the
text.

Results indicated increased Sirtl in the cytoplasm in untreated GL261 cells
compared to increased levels of nucleic-localised Sirtl in untreated C8D1A cells,
consistent with all previous results (black bars Figure 34 B and D). Treatment with
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H20: increased Sirtl in the cytoplasm of the C8D1A cells and decreased Sirtl in
the cytoplasm for the GL261 cells, consistent with H4K16 acetylation results seen
in earlier (Figure 33). NAM treatment appeared to decrease the level of Sirtl in the
cytoplasm for both cells (Figure 34 B purple thatched bars). The results from the
blot for the nuclear compartment were not always consistent, with the cytoplasmic
results. This could be explained by a poor extraction either in quantity or purity,
therefore this experiment needs repeating. However, results for the cytoplasmic
compartment showed a clearer immunoblot and were more consistent with results
seen with histone extraction in Section 5.3.3, which was done using a portion of the
cells from the same experiment. Taken together with immunofluorescent
experimental results shown in Section 3.3, the combined evidence suggests that
Sirtl in untreated glioma cells is localised differently to normal cells, and this
localisation is affected differently under oxidative stress and NAM treatment.

Additionally, these changes alter between 2 hr and 1 d.

5.3.5 Nuclear/cytoplasmic changes for hSIRT in human SVG astrocytes and
primary glioma cells after four-hour H,O, treatment

To verify the results in the response to H20:2 treatment where Sirtl in the mouse

model suggested altered localisation after treatment, human astrocyte cell line,

SVG, and primary glioma cell line 0906 were exposed to 100 yM and 120 uM

(lethal dose) for four-hour and extracted using formaldehyde crosslinking before

nuclear/cytoplasmic extraction.

FL-hSIRT1 was not seen clearly in these results. While hSIRT1 was seen clearly in
the Western blots for whole cell lysis extraction seen earlier, a similar result
showing reduced or absent FL-hSIRTL1 this was seen in the other

nuclear/cytoplasmic extraction using SVG cells after crosslinking (Figure 15).

FL-hSIRT1 could have been lost during extraction, or perhaps it was in the form of
a trimer — kept intact after crosslinking, and was too large for detection in this

experiment. There is evidence in the literature to support this (Guo et al 2012).
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However, a number of other bands running further in the gel were present, as in
other extractions, and a different pattern of these bands was seen after treatment.
While it is possible these smaller bands are non-specific antibody binding, as
mentioned before, smaller hSIRT1 species have been reported, in particular a
band at 68 kDa, 75 kDa and 80 kDa.
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Figure 35. hSIRT1 localisation changes in SVG and primary glioma cells 0906 after four-
hour H,O, treatment

SVG and 0906 primary glioma cells were seeded for one day, then treated for four-hour with a lethal
concentration of H>O, (100 uM for SVG, 100 uM for 0906), 10 mM NAM or 50 uM RES followed by
nuclear/cytoplasmic extraction using the NE-PER kit with prior formaldehyde fixing (as described in
methods section) and immunoblotting with hSIRT1 antibody. (A) FL-hSIRT1 and smaller species of
hSIRT1 in treated and untreated SVG cells and for (B) treated and untreated 0906 (post-
immortalisation) cells. C= cytoplasmic compartment, N= nuclear compartment. Loading controls
were attempted but were unsuccessful.

Untreated 0906 cells had more cytoplasmic smaller species than SVG cells (Figure
35 black asterisks). This was consistent with previous experiments that
consistently showed more cytoplasmic SIRT1 in glioma cells compared to normal
astrocytes. After H.O- treatment, the smaller hSIRT1 species was decreased in the
nuclear compartment for SVG cells, but increased in the nuclear compartment for
0906 cells, and consistent with this was an increase and decrease in the

cytoplasmic compartments respectively (Figure 35, coloured arrows).
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These results, while preliminary, provide an indication that the response of hSIRT1
may involve smaller species of hSIRT1 and changes in localisation under oxidative
stress. Importantly, these responses are different between normal and glioma cells.

5.4 Sub-cellular localisation changes for SIRT1 after NAM or
RES treatment

SIRT1 has different localisation profiles in untreated glioblastoma and normal cells.
It was therefore investigated whether the effect of NAM and RES might be related
to differences in localisation of SIRT1.

Extractions of nucleus and cytoplasm were conducted with and without NAM for
murine GL261 and C8D1A cells after 20 hr incubation, and for human glioma and
SVG normal astrocytes after four-hour incubation with NAM or RES. Formaldehyde

fixation prior to extraction was used.

5.4.1 Nuclear/cytoplasmic fractionation and Western blotting for SIRT1
after RES or NAM treatment in human normal astrocytes and primary
glioma cells

After 1 d incubation with NAM, there appeared to be decreased cytoplasmic and
increased nuclear FL-Sirtl in murine GL261 cells, but no effect on Sirtl localisation
in C8D1A cells (Figure 36 A and B, orange and red arrows). NAM treatment for
four hours showed increased smaller species of hSIRTL1 in the cytoplasm of SVG,
with a possible decrease of these in the nucleus (Figure 36 C light blue and dark
blue arrows — third and fourth lanes), however NAM treatment results were unclear
for the human primary glioma 0906 cells. Treatment with RES increased nuclear
FL-hSIRT1 after 4-hr treatment in 0906 (Figure 36 D, red arrow). Levels of both
smaller species of hSIRT1 changed after RES and NAM treatment in the
cytoplasm of SVG cells (Figure 36 C, light blue arrows), while a possible increase
in the faster running molecule (possibly the 75 kDa fragment) for 0906 increased in
the nucleic but particularly in the cytoplasmic compartment of 0906 cells after RES
treatment (Figure 36 C, dark blue arrows last two lanes). No loading or purity
controls were successfully used in this Western blot. The antibodies did not work

for unknown reasons. These results are preliminary, and need verification.
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These results suggest a change in SIRT1 localisation after NAM or RES treatment,

and possible cleaving or stabilisation patterns for SIRT1 smaller species under

these conditions.
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Figure 36. Altered localisation of SIRT1 with NAM or RES treatment

Western blot images for SIRT1 after nuclear-cytoplasmic extractions. (A) Extraction using buffers A
and B as described Section 2.2.3 for murine cell lines C8D1A and GL261. Incubation with NAM for
20 h. B-actin was used as a loading control, and more 3-actin was observed in the nucleus of
GL261. This was seen in other experiments indicating that was the nuclear fraction. (B and C)
Extraction using NE-Per kit after formaldehyde fixation, as described in methods section, for SVG
and 0906 cells. NAM and RES incubation 4 h. Red arrows show increased FL-SIRT1 compared to
untreated cells, light blue arrows indicate decreased smaller SIRT1 species, dark blue arrow
indicates increased common smaller SIRT1 species. Abbreviations: N= nuclear compartment; C =

cytoplasmic compartment.
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5.4.2 Immunofluorescent staining for hSIRT1 in primary glioma cells after
NAM treatment

To find out if changes in localisation were valid for NAM treatment of human primary
glioma cells, another method was attempted. Immunofluorescent staining was
performed with and without 2 hr treatment of 10 mM NAM in three primary glioma cell
lines. hSIRT1 was stained green, and using image J, 100 or more non-dividing cells
were characterised for localisation in untreated cells or NAM-treated cells.

In each of the three primary gliomas assessed for hSIRT1 localisation, the effect of
NAM treatment showed a more nuclear or a predominantly nuclear hSIRT1 profile
compared to untreated cells (Table 6 and Figure 37). While this method does not
discern between different species of hSIRT1, it does indicate a change in
abundance of overall nuclear hSIRT1 after NAM treatment for these cells.

Table 6. Cell counts for sub-cellular localisation of hSIRT1 in primary glioma cells with
and without NAM treatment

nuclear predominantly | cytoplasmic predominantly 50/50 | total
nuclear cytoplasmic

1005
Untreated 49 86 0 0 8 143
NAM 85 85 1 1 6 178
1003
Untreated 36 163 16 13 23 251
NAM 41 262 0 0 3 306
0814
Untreated 2 49 0 10 31 92
NAM 9 88 0 0 12 109
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Figure 37. Immunofluorescence of hSIRT1 in primary glioma cells after NAM treatment
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Human glioma cells were grown for two days on 8-well chamber slides before treatment of 10 mM
NAM. After two hours, the cells were fixed using paraformaldehyde and incubated with hSIRT1
antibody, and secondary antibody, which fluoresced green. DAPI was used to stain for nuclei. At
least 100 non-dividing cells were assessed by eye for hSIRT1 localisation for each of three primary
cell lines with or without treatment (A) An example of one field of view for one primary glioma cell
line, 1005, for untreated and NAM-treated cells (B) Pie charts representing results from treated and
untreated for three primary cell lines. Raw data taken from cells counted and assessed for sub-
cellular localisation, presented in Table 6 (previous page).
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5.5 SIRT1 in the cytoplasm co-localised with mitochondria

5.5.1 hSIRT1 associates and alters mitochondriain normal astrocyte
response to oxidative stress

It has been reported that some sirtuins associate with mitochondria, in particular
SIRT3 (Webster et al 2012). SIRT1 has also been identified with mitochondrial
associated molecules, for example PGC1-a (Sugden et al 2010) but more recent
research has identified the 75 kDa SIRT1 fragment and mitochondria associating
directly to inhibit cytochrome c release and apoptosis in chondrocytes
(Oppenheimer et al 2012). Several different experiments in this thesis indicated
that under oxidative stress, SIRT1 in normal astrocytes had an increased presence
the cytoplasm. To find out if SIRT1 affected mitochondria under oxidative stress in
normal astrocytes, C8D1A cells were treated for 2 hr with H>O> with or without
NAM. Median fluorescent intensties (MFI) for Mitotracker green (MTG) and
Mitotracker red (MTR) were used to assess changes in mitochondrial membrane
potential (MTR) and mitochondrial mass (MTG), in C8D1A normal murine

astrocytes.

Additionally, MTG and hSIRT1 antibody immunofluorescent staining were used to
assess co-localisation of hSIRT1 with mitochondria visually using human SVG
astrocytes. Immunofluorescent experiments using C8D1A were similarly

undertaken, but results were unclear.
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Figure 38. Inhibition of Sirtl affects mitochondrial mass in normal murine astrocytes under
mild oxidative stress

(A and B) C8D1A cells were grown for 1 d, then treated with different concentrations of H.O, or
NAM for 2 hr, then harvested and incubated with MTR (A) or MTG (B) and measured by flow
cytometry for changes in mean fluorescent intensity (MFI) for MTG/MTR, n=3.

Results showed that for C8D1A cells, after H20: -induced stress MTR the median
fluorescent intensity (MFI) was reduced in a concentration-dependent manner,
however NAM treatment did not change the outcome, suggesting Sirtl is not
involved in membrane potential changes after oxidative stress (Figure 38 A). MTG
results showed that MFI increased with H20: -induced stress, but was significantly
reduced with NAM treatment in combination with a lethal concentration of H20>
only (Figure 38 B), suggesting that Sirtl may have some role in changes of
mitochondrial mass under H202 —induced stress. Analysis of immunofluorescent
staining indicated that hSIRT1 was more cytoplasmic after H>O> treatment for 2 hr
in normal SVG astrocytes (Figure 39 A arrows), and co-localisation of hSIRT1 with
mitochondria was occurring (Figure 39 A and B merge panels -orange colour).
Different morphology of mitochondria was observed before and after treatment in
normal SVG cells, where long filamentous mitochondria became more punctate
after treatment (Figure 39 C), which could be related to hSIRT1 activity at
mitochondria, given MTG measurements changed under oxidative stress and NAM

treatment. Similar experiments for glioma cells were unsuccessful.
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Figure 39. hSIRT1 is increased in the cytoplasm and associates with mitochondria under
sub-lethal oxidative stress

(Facing page)

(A) SVG cells were grown in 8-well chamber slides for two days before treatment for 2 hr with 50
UM H-O,, fixed and stained for hSIRT1 (red), nuclei (blue) using DAPI, and mitochondria (green)
using MTG, arrows point to some examples of fluorescent hSIRT1 that has become visible after
treatment; (B) one SVG cell on higher magnification showing hSIRT1 with mitochondria after 50 uM
H.O, treatment for 2 hr; (C) morphological changes in mitochondria of SVG cells untreated or
treated for 2 hr with H,O, fixed and stained with hSIRT1 (red) or MTG (green).
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Part 6: Discussion

Glioblastoma is a disease with a dire outlook for the patient. Treatment for this
cancer has remained largely unchanged over the last ten years, and the need to
find new ways to tackle this disease is important. The objective of this thesis was to
investigate the potential role of SIRT1 in glioblastoma in the context of cell

proliferation and under oxidative stress.

SIRTL1 is well known to have considerable involvement in maintaining homeostasis
in many different cell types in relation to metabolic changes and under oxidative
stress conditions. Oxidative stress, cell proliferation and altered metabolic function
are conditions highly relevant to the progression of glioblastoma (Bartkova et al
2010). However, to date there is little research into the role of SIRT1 in GBM.

6.1 SIRT1 in untreated normal astrocytes and glioma cells

6.1.1 SIRT1 protein levels in glioma and normal astrocytes

Research into the levels of protein or RNA expression levels for SIRT1 in many
different cancers has become of more interest in recent years, but there is scant
research into SIRT1 levels in GBM.

A recent study measuring hSIRT1 levels in 43 clinical samples taken from patients
with brain tumours from WHO Grade I-1V, show RNA expression of hSIRT1 is
increased in grades I-11l, but is decreased in grade IV tumours compared to normal
tissue (Annabi et al 2012). Notably there was only one sample for GBM grade IV in
that study. Reduced levels of SIRT1 are seen in GBM grade IV samples (n=77)
compared to normal brain tissue (n=23) in an earlier study (Wang et al 2008),
however Dixit et al found elevated SIRT1 protein in human GBM tumour tissue
compared to surrounding normal tissue (Dixit et al 2012), and another study found
mice with Sirtl knocked down had increased survival rates after radiotherapy
(Chang et al 2009).

Results in this study showed that in the murine glioma cell line, GL261, levels of
Sirtl were increased compared to the normal murine astrocyte, C8D1A however
this did not reach significance. Human primary glioma cells taken from patients

with glioblastoma tended to show less hSIRT1 compared to the human astrocyte
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cell line, SVG, in both Western blotting and intracellular staining. This conflict in
SIRT1 level results between glioma and normal cells between species could be
because of the general differences between the cell signaling patterns within each
cell line, and particularly because the normal cell comparison in the human model
is an immortalised cell line. In support of this, one primary glioma cell line, 0906,
went into a quiescent phase while in culture, after which it changed to become
smaller, faster proliferating cells (personal observation), indicating it had
spontaneously immortalised (Gillio-Meina et al 2000). When hSIRTL1 levels were
analysed in post-immortalised cells, there was an increase compared to pre-
immortalised cells, suggesting that immortalised cells have increased SIRT1. This
could be important in the context of GBM, for example one study using post-
mortem brain tissue taken from fifty patients with GBM uncovered that it was
predominantly the small anaplastic cells that were responsible for the proliferative
and invasive nature of the disease (Giangaspero & Burger 1983). Additionally,
normal astrocytes are capable of dedifferentiating to become mobile, faster
proliferating cells (Leavitt et al 1999) and this is thought to be one way glioma is

initiated or reestablished after treatment (Maher et al 2001).

However, it is possible that SIRT1 is expressed less in normal brain cells
compared to cells from glioblastoma. In support of this, one study which analysed
tumours from the World Health Organisation (WHO) Grade I-1ll reported increased
SIRT1 compared to normal brain tissue, however WHO Grade IV (glioblastoma)
had comparatively decreased hSIRT1 (Annabi et al 2012), suggesting different
roles for hSIRT1 at different stages of the disease. Another study of lung cancer
found hSIRT1 activity increased in airway epithelium of smokers but not in non-
smokers, yet hSIRT1 activity was significantly decreased in lung adenocarcinoma
indicating a protective function for hSIRT1 in an oxidative environment, which was
lost after cells were transformed (Beane et al 2012). This may also explain some
conflicting research, for example in research for prostate cancer where in one
study SIRT1 expression is elevated (Huffman et al 2007) and in another it is
reduced (Lapointe et al 2004).

6.1.2 Unidentified protein bands on Western blots — potential significance

Several protein bands were seen after immunoblotting for SIRT1. A band at around

75 kDa was seen on human and mouse cells. The faster migrating molecule at
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about 75 kDa on the Western blots for primary glioma cells was greater in
proportion to FL-SIRT1 than for normal SVG astrocytes. While usually secondary
proteins bands on Western blots would be ignored as non-specific protein binding,
a truncated SIRTL1 species has been listed on the NCBI BioSystems database and
Is an accepted isoform of hSIRT named SirT1 75 kDa fragment, and so this

potential fragment of SIRT1 seen on immunoblots was not ignored in this study.

The roles of these putative SIRT1 forms may be important. For example, TNFa
stimulation generates a 75 kDa SIRT1 fragment which moves to the cytoplasm and
associates with mitochondria to mitigate apoptosis in osteoarthritic chondrocytes
(Oppenheimer et al 2012); caspases cleave SIRT1 and alter location from the
nucleus to the cytoplasm in apoptotic HeLa cells (Ohsawa & Miura 2006). A
smaller caspase-1 cleaved SIRT1 fragment of around 80 kDa was found in adipose
tissue in an inflammatory microenvironment (Chalkiadaki & Guarente 2012a).
Additionally, a smaller splice variant of SIRT1, called SIRT1-A2/9, at 17 kDa and
34 kDa (suggested to be a dimer of the smaller one) is seen in a range of human
normal tissue and human colorectal cancer cell lines, which binds and maintains
p53 and opposes the action of FL-SIRT1 (Shah et al 2012). Cathepsin SIRT1
cleavage in endothelial progenitor cells induced premature senescence (Chen et al
2012b). Interestingly, cathepsin B is found elevated in glioblastoma cell lines
(Konduri et al 2001) and elevated cathepsin S expression in astrocytomas is linked
to tumour progression and poor prognosis for patients with glioblastoma (Flannery
et al 2006).

A stress inducible splice variant of SIRT1, SIRT1-A8, migrating at 95 kDa is found
in human epithelial cells, and in normal mouse tissue including brain (Lynch et al
2010). Yet another SIRT1 isoform formed from NLRP3 inflammasome-activated
caspase-1 has been identified in adipocytes at 80 (Chalkiadaki & Guarente 2012a).
This variant species, only identified using a carboxy-terminal SIRT1 antibody, was
found to be much less stable than FL-Sirtl and conferred an altered metabolic cell
function (Chalkiadaki & Guarente 2012a). It is possible that this is the isoform of
SIRT1 seen on the blots here, although with the murine cells, no secondary bands

were seen using a carboxy-terminal Sirtl antibody.

Other possible reasons to see different sizes of SIRT1 proteins on the blot include
proteosomal cleavage and degradation of SIRT1, which is reported for SIRT1 (Gao
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et al 2011), or SIRT1 mutants arising from DNA mutations in the cancer cells.
SIRT1 is mapped on chromosome 10 (10qg21.3) (Mahlknecht & Voelter-Mahlknecht
2009) and 10q is identified as one of the areas in glioblastoma with the most
frequent mutations (Inda et al 2003). Polymorphisms have been found in the SIRT1
gene for several diseases (Figarska et al 2013) (Zheng et al 2012) (Mohtavinejad
et al 2015). Polymorphisms in the promoter region could account for different
transcripts of SIRT1. For example, the single nucleotide polymorphism rs3758391
T/C, contains a P53 binding site, and the SNP results in nutrient sensitive SIRT1

expression alteration (Naqvi et al 2010).

Verification is needed for the identification of these potential hSIRT1 species, by

mass spectrometry.

6.1.3 SIRT1 activity in untreated glioma and normal astrocytes

Results from whole cell protein extraction and Western blot experiments did not
show clearly if SIRT1 expression levels were increased or reduced for glioma cells
compared to normal astrocytes. To investigate further, the focus was turned toward
SIRT1 activity rather than expression, which is not necessarily related to levels of
protein. SIRT1 is a stress response molecule, and activity of SIRT1 changes

according to the local microenvironment.

Histone 4 is a major substrate for SIRT1 in the nucleus, where deacetylation of
lysine 16 (H4K16) on this histone residue is common and quite specific for SIRT1
(Imai et al 2000). Deacetylation of this residue has linked life span extension,
metabolism and genomic silencing to the activity of SIRT1 (Imai et al 2000).
Furthermore hypoacetylation of H4K16 has been observed in a number of human
cancers (Fraga et al 2005), and HDAC inhibitors have been investigated in the

treatment of a number of cancers, including glioblastoma (Egler et al 2008).

Investigating H4K16-ac was performed using histone extraction and Western
blotting. As SIRT1 deacetylates this substrate, decreased acetylation indicates
more SIRT1 activity. Our results showed that in murine cells, GL261 cells had
consistently higher H4K16-ac compared to the normal astrocyte C8D1A cell line,
however this did not reach significance. On examining the H4K16-ac status in a
panel of human primary glioma cell lines and SVG, a variable acetylation status

was found for primary cells, some of which showed increased H4K16-ac and
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others decreased H4K16-ac compared to SVG cells. H4K16-ac neither correlated
to survival nor to hSIRT1 protein levels. However, unexpectedly, H4K16-ac tended
to be increased in primary cells with more hSIRT1 protein.

Hypoacetylation of H4K16 has been found in many cancers, including
neuroblastoma, and hypoacetylation on this residue accumulates in the
tumourigenic process (Fraga et al 2005), yet this was not found in analysis of these
cells. Again, it could be because the comparison normal astrocyte, SVG is an
immortalised cell line and may not have H4K16 acetylation patterns in the same

way as the primary astrocytes in normal brain tissue.

Additionally, other members of Class Il HDACs including SIRT2 and SIRT3 are
also known to deacetylate H4K16 (Vaquero et al 2007), and so it cannot be
concluded that the changes in histone acetylation were solely due to SIRT1

activity.

6.1.4 SIRT1 localisation is aberrant in glioma cells

Analysis of immunofluorescent microscopy and imaging revealed SIRT1 was
located predominantly in the nucleus for both murine and human normal astrocyte
cell lines, but for the murine glioma cell line and every human primary glioma cell
tested, SIRT1 was found both in the cytoplasm as well as in the nucleus. This
result was compelling, due to the fact that both species had the same result and
also because both C8D1A and GL261 in the murine model are immortalised cell
lines, while only SVG in the human model is an immortalised cell line, suggesting
aberrant localisation is more likely to be a facet of glioma cell phenotype rather

than because cells are immortalised.

Results for nuclear/cytoplasmic extractions and immunoblotting for SIRT1 were
less convincing with immunoblots showing SIRT1 predominantly in the cytoplasmic
compartment for all cells, even with reasonably pure compartmental fractionation.
A novel technique was tried, using a mild cross-linking process before fractionation
and Western blotting. Using this technique, SIRT1 was found in a localisation
pattern for glioma and normal astrocytes in both mouse and human that agreed
with the IF images. However, using controls for loading and purity of

compartmental separation presented difficulties.
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Other research shows SIRT1 can change localisation in a dynamic process.

SIRT1 has both nuclear localisation and export signals, and there are both nuclear
and cytoplasmic localisation patterns for SIRT1 in normal cells and tissue (Tanno
et al 2007). Whether SIRT moved location during the extraction process, or there
was a differential SIRT1 stabilisation between nuclear and cytoplasmic
compartments, with differences between the glioma and normal cells could be

assessed in future studies.

During the course of this research aberrant cytoplasmic SIRT1 was reported for
several other cancers (Byles et al 2010), but this is the first time, to my knowledge
that it is reported for glioblastoma.

SIRT1 is found in the nucleus in most cells of the nervous system that have been
studied so far (Zakhary et al 2010), but can be found predominantly in the
cytoplasm in some subsets of neurons, in relation to differentiation signals or
affecting neurite outgrowth (Sugino et al 2010). Given that dedifferentiation and
invasion are central elements of GBM, cytoplasmic SIRT1 in glioma cells needs

further exploration.

6.2 SIRT1 in relation to proliferation of glioma cells compared
to normal astrocytes

6.2.1 SIRT1 levels and activity in normal and glioma cells in relation to cell
proliferation

Knockdown of SIRT1 delayed mitotic entry, enhanced apoptosis and decreased
proliferation in glioma cell lines (Qu et al 2012), however the role SIRT1 takes in
primary glioma cells could be different to the role it takes in established cell lines.
No study showing the involvement of SIRT1 in the proliferation of primary glioma

cells could be found.

In this study, the MTT reduction assay was used to assess cell proliferation. MTT
reduction measures the metabolic state of the cells over a two-hour period. For
cells in a culture dish this measures the additive metabolic activity for all the cells in
the dish. So when measured at one time point and then another time point, and the

difference between the two is calculated, the result reflects the change in number
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of cells in the dish. | tested cells for this difference at different seeding levels to find
out if confluency of cells altered the calculation for proliferation, and it did not

(results not shown).

The murine glioma and normal astrocyte were used along with human SVG
compared to the primary glioma cells.

6.2.2 Comparing FL-SIRT1 levels and H4K16-ac in relation to proliferation
rates in glioma and astrocyte cell lines

Analysis of MTT results for CBD1A and GL261 showed that the glioma cells had a
significantly increased proliferation rate compared to the normal cell line, and an
increase in Sirtl levels which did not reach significance, however. When the
analysis was made for human primary cells, there was also a trend for increased
hSIRT1 levels in relation to increased proliferation which also did not reach
significance. The SVG and four primary cells tested for hSIRT1 levels against
proliferation showed that hSIRT1 levels did reflect the different proliferation rates of
the cells. Taken together, these results suggested that FL-SIRT is linked to
increased proliferation in these cells. In support of this, immortalised 0906 cells
showed a significantly higher proliferation rate compared to pre-immortalised cells,

with a corresponding increase in hSIRTL1.

On investigation into cell proliferation in relation to H4K16-ac results showed that in
murine cells there was a significant increase in proliferation rates between normal
and glioma cell lines, that was reflected by increased acetylation of H4K16
between the two cell lines (non-significant however). In the human cells, a panel of
glioma cells showed that there was relationship between increased H4K16-ac and
greater cell proliferation agreeing with the murine data. Taken together, these
results suggested less SIRT1 activity on H4K16 with increased proliferation, but

more SIRT1 activity on this residue with increased metabolic rates.

6.2.3 SIRT1 inhibition and activation effects for glioma and normal cells in
relation to cell proliferation

Nicotinamide (NAM) and resveratrol (RES) were used for SIRT1 inhibition and

activation respectively.
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Treatment with NAM decreased proliferation in all cells tested, and importantly,
there was a different response to treatment between glioma and normal cells. The
effect of NAM on proliferation was more statistically significant for GL261 cells
compared to C8D1A cells. However, the effect of NAM showed a difference that
had a greater negative value, indicating a stronger inhibitory effect. This highlights
difficulties in working with the MTT assay as a measure of proliferation. NAM
treatment was more effective to decrease the proliferation of human cancer cells
compared to normal cells also, and no results were negative. This suggested
again, that there was a role of SIRT1 in cancer cell proliferation in GBM. When 18
primary human gliomas were analysed for cell proliferation with and without NAM,
there was a significant effect of NAM to decreased proliferation in all these cells
measured together. A study with normal and cancer epithelial cells found siRNA
silencing of SIRT1 did not affect normal cells but in cancer cells, proliferation is
arrested and apoptosis is enhanced (Ford et al 2005). The Ford et al SIRT1 knock-
down study also suggests that cancer cells may be more vulnerable to SIRT1
knock-down compared to normal cells. NAM is known to have many other cellular
effects besides SIRTL1 inhibition. NAM is also anti-inflammatory and has antioxidant
effects (Lappas & Permezel 2011) (Godin et al 2011). NAM also inhibits Poly (ADP
ribose) polymerase (PARP) involved in DNA repair and affects other sirtuins
(Avalos et al 2005, Clark et al 1971).

RES treatment increased cell proliferation for GL261 murine glioma cells, and also
for the human primary cells 0713 and 0906 (pre-immortalisation), reinforcing the
likelihood of SIRT1 involvement to increase cell proliferation in these cells, with a

differential between normal and glioma cells.

In contrast to that result, in SVG and 0906 cells post immortalisation, RES
decreased proliferation. These different and unexpected responses indicated that
these cells may have different cell signaling pathways for hSIRT1 compared to the
primary cells pre-immortalisation. Additionally, RES at low concentration
decreased proliferation in murine cells, which may reflect a toxic effect of ethanol,
the vehicle for RES seen in other cells, but this is not likely given the result for SVG
cells where ethanol showed the least toxic effect, and even at 50 uM RES, SVG
cells showed significance in decreased proliferation. Alternatively, it may indicate
non-SIRT1 cellular effects, which are concentration dependent. It has been seen

before that RES has different cellular effects depending on duration and dosage
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(Peltz et al 2012), and it has other cellular effects besides SIRT1 activation. In fact,
specific activation of SIRT1 by RES is widely disputed (Pacholec et al 2010). Some
believe that activation of SIRT1 by RES is an in vitro artifact (Kaeberlein et al 2005,
Pacholec et al 2010), others think that RES works by activating non-SIRT1 targets.
In particular, RES activates AMP activated Kinase (AMPK) (Dasgupta & Milbrandt
2007) which inhibits phosphodiesterases (PDEs), ATPase or complex Il in the
electron transport chain, and ultimately activates SIRT1 downstream by elevating
levels of SIRT1 co-substrate NAD+ (Canto & Auwerx 2009). However, dose
dependent RES treatment has been seen to stimulate AMPK and improve

mitochondrial function, which is SIRT1 dependent (Price et al 2012).

However there are some studies to show RES is activating SIRT1 specifically in
increased proliferation (Rathbone et al 2009).

Studies using SIRT1 knock-down or over-expression, or using other inhibitors for
example sirtinol or EX-527 and activators like SRT1720 (Solomon et al 2006) may

help elucidate the role of SIRT1 in glioma and normal cells.

Additionally, using different measures for cell proliferation, for example 5-bromo-2'-
deoxyuridine (BrdU) incorporation or trypan blue exclusion assay to verify these

results is needed.

6.2.4 Protein changes for SIRT1 after treatment with resveratrol or
nicotinamide

Normal and glioma cells were treated with NAM or RES to check for changes to
SIRT1 protein. Results showed that in CBD1A there was an increase in Sirtl
protein levels after RES treatment at the higher concentrations used (25 and 50
MM), but no increase was seen GL261, SVG nor 0906 primary cells. Other studies
have shown increased SIRT1 expression levels (Rathbone et al 2009) (Morita et al

2012). This result needs repeating.

More convincing though was an unexpected second band for SIRT1 in blots for
normal cells in both mouse and human cells after 50 yM RES. This was not seen
for the cancer cells. It is possible that change in SIRT1 protein under RES
treatment is responsible for different cellular responses. This also highlights a

possible difference in stabilisation of SIRT1 between cancer and normal cells.
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SIRT1 phosphorylation is shown to alter stability of this protein and the functional
changes on SIRT1 due to phosphorylation are unknown in GBM. However, JNK2
phosphorylation of serine 27 on SIRT1 confers protein stability in a panel of cancer
cell lines (omitting glioblastoma), where it was almost undetectable in normal cell
lines (Ford et al 2008). Previous studies have identified phosphorylation of SIRT1
and not changes to mRNA levels are responsible for changes in SIRTL1 levels
(Ford et al 2008), to sustain cell proliferation (Sasaki et al 2008), and to alter SIRT1
localisation and activity (Nasrin et al 2009). JNK signaling is over activated in GBM
(Bubici & Papa 2014), and it may be an informative next step to identify any SIRT1

phosphorylation differences between normal and glioma cells.

NAM treatment did not show any alteration for SIRT1 levels for any of the cells
tested.

6.3 SIRT1 in glioma and normal cells under oxidative stress

Results in this research showed that resistance to H.O, was greater for glioma
cells both with murine GL261 and human primary glioma cells compared to the
normal astrocyte cell lines. This result was not unexpected, as normal cells are
often less resistant to oxidative stress compared to cancer cells as cancer cells
have increased anti-oxidant mechanisms (Oberley & Oberley 1997). Other possible
signaling pathways that could be different between glioma and normal cells to give
cancer cells more resistance could involve P53 mutations which are common in
GBM (Reifenberger et al 1996) (Gross et al 2005). In a study using glioma cell
lines, knock-down of p53 reduced H202-induced cell death (Datta et al 2002).
SIRT1 regulates the expression of p53 and confers resistance under oxidative
stress (Luo et al 2001), so at least in p53+ cells, SIRT1 can keep cells resistant to

oxidative stress.

6.3.1 SIRT1 inhibition and activation effects in glioma and normal cells
under oxidative stress

To assess what effects SIRT1 activity has in response to H20> — induced oxidative
stress, nicotinamide (NAM) and resveratrol (RES) were used for SIRT1 inhibition
and activation in glioma and normal astrocyte cell cultures exposed to H.O, —

induced oxidative stress.
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6.3.2 SIRT1 protein changes under oxidative stress

Under oxidative stress conditions, SIRT1 levels appeared to increase after
exposure to non-lethal concentrations of H202 in murine normal and glioma cells,
but this was decreased after exposure to a lethal concentration of H>O». Glioma
cells had a greater decrease in hSIRT1 after the lethal H.O> treatment in both
murine and human cell lines compared to the normal cells. This was unexpected
as human and mouse normal cells were less resistant to oxidative stress compared
to the glioma cells. This suggests SIRT1 may not be responsible for the resistance
to oxidative stress in glioma cells. However, if further studies verify SIRT1 does
confer resistance it would lead to questions about protein stability of SIRT1

between glioma and normal cells.

A clear second protein band was observed on a Western blot for normal cells in
both the murine and human cells after oxidative stress, but was absent in the
glioma cells. This qualitative difference in the normal astrocytes under oxidative
stress is reported here for the first time and offers another difference between the
cancer and non-cancer cells that may be worth exploring further. The band sizes
show that in SVG cells this potential hSIRT1 fragment was around 68-75 kDa,
while it appeared around 80-90 kDa for the C8D1A cells. This faster migrating
protein seen after oxidative stress may have been a product of proteosomal
cleavage or it could be a product of cleavage to create another form of SIRT1 with

specific functions under these conditions as discussed earlier.

6.3.3 SIRT1 inhibition and activation in relation to glioma and normal cells
under oxidative stress

To investigate the role of SIRT1 in the oxidative stress response, a SIRT1 inhibitor,
nicotinamide (NAM) and SIRT1 activator, resveratrol (RES) were used in

conjunction with H2O2-induced oxidative stress.

On analysis of SIRT1 inhibition and activation under oxidative stress it was found
that after 20 hr H2O2-induced oxidative stress, NAM rescued normal cells but not
glioma cells from lethal concentrations in both murine and human cells, and RES
increased cell death at sub-lethal concentrations of H2O». The opposing outcomes
for these treatments suggest SIRT1 involvement in the response to oxidative stress

in these cells, and also show a difference in this response between glioma and
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normal cells, where NAM rescues normal cells but not glioma cells from prolonged

lethal oxidative stress.

Explaining a potential mechanism for the rescue for SIRT1 inhibition, involves
SIRT1 activating a cell death pathway at this level of stress. Cell death could occur
via the nuclear factor kappa-light-chain-enhancer of B cells (NFkB) pathway.
Aberrant NFKkB activation is thought to play an important part in gliomagenesis
(Korkolopoulou et al 2008) (Bhat et al 2013) through aberrant signaling rather than
inflammatory responses (Vineshkumar et al 2014). In particular, increased
p65/RelA subunit of NFKB correlates with higher grade glioma, and primary
cultures derived from GBMs show constitutively activated NFkB with increased
nuclear localisation of p65/RelA compared to normal astrocytes (Robe et al 2004).
Typically, the p65/RelA subunit functions to promote the anti-apoptotic response,
however it is found to activate pro-apoptotic genes also (Kucharczak et al 2003). In
addition to this, under some cytotoxic conditions, this subunit can repress another
set of genes that are anti-apoptotic, like Bcl-xL resulting in a p65/RelA association
with histone deacetylase HDAC1 and resulting in cell death (Campbell et al 2004).
SIRT1 has been shown to regulate NFkB through deacetylation of p65/RelA and
can augment the apoptotic response (Yeung et al 2004). There is also other ways
that p65/RelA can actively promote cell death, where the tumour suppressor,
alternative reading frame (ARF) initiates phosphorylation of p65/RelA, creating an
HDAC1 docking site and sensitising cells to TNFa induced cell death (Rocha et al
2005). Moreover, this atypical p65/RelA response, when activated, was found to
be dominant over the more normal anti-apoptotic NFKB response. Next steps to
find this out could be assessing the way the cells are dying (by apoptosis or
necrosis), levels under different conditions, and assessing using inhibition and

activation of SIRT1 on acetylation of p65/RelA.

It remains possible, that the effects for both NAM and RES are not specific to

SIRT1 activity in this rescue effect. This needs to be tested.

6.3.4 Localisation changes for SIRT1 under oxidative stress

Immunoblotting for H4K16-ac revealed that NAM treatment increased H4K16-ac in

normal cells after two-hour H>O- treatment but reduced H4K16-ac for glioma cells.
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This suggested a different action for SIRT1 in glioma cell response to oxidative

stress at an early time point compared to normal astrocytes.

Results in this thesis also showed murine glioma cells were rescued from a lethal
dose of H>0O> at an earlier time point (6.5 hours), and these same cells, if grown in
less serum were rescued even at the later time point, after a lower concentration of
NAM treatment. Nuclear /cytoplasmic extraction and immunoblot experiments
indicate that at an earlier time point, H20> treatment increased nuclear sirtl in
murine glioma cells, but increased cytoplasmic Sirtl in normal astrocytes, agreeing
with the H4K16-ac changes. Follow up nuclear/cytoplasmic experiments agreed
with murine results where after oxidative stress for a short duration, potentially
truncated isoforms of hSIRT1 had increased in the cytoplasm of a human primary

cell line, and conversely, increased in the nucleus of human normal astrocyte cells.

Nuclear/cytoplasmic extractions suggested decreased Sirtl in the cytoplasm after
NAM treatment in murine cells, but data were unclear from blots for nuclear
compartments. After immunofluorescent imaging analysis of human primary
glioma cells, after NAM treatment at the earlier time point hSIRT1 was confirmed to

be increased in the nuclear compartment.

Taken together, SIRT1 has different responses to oxidative environments and

NAM treatment after different durations of exposure. These different responses
could involve changes in localisation and different isoforms of SIRT1. Changes in
localisation of SIRT1 after NAM treatment could explain the results seen where
there was a rescue from a lethal concentration of H.O2 in GL261 cells at an early
time point, and when a low concentration of NAM was used. One postulation is that
aberrant cytoplasmic SIRT1 moves to the nucleus after NAM treatment, and
prevents the action of NAM inhibiting cytoplasmic SIRT1 from promoting a cell
death pathway as in the normal cell response. However, this treatment takes some
time to affect the localisation changes, and a low concentration of NAM was not

sufficient to induce SIRT1 to change localisation.
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6.3.5 SIRT1 associates with mitochondria in normal astrocyte cells

Results in this study showed SIRT1 increased in the cytoplasm in the normal
astrocyte cell response to a short exposure to oxidative stress, and that after
oxidative stress in normal but not glioma cells, a new protein band was seen on
blots for both human and mouse cells. In a recent study, cathepsin cleavage of
SIRT1 due to increased tumour necrosis factor alpha (TNFa) in chondrocytes
results in a stable but enzymatically inactive 75 kDa SIRT1 fragment incapable of
binding chromatin that is exported to the cytoplasm where it associates with
mitochondria to mitigate apoptosis (Dvir-Ginzberg et al 2011) (Oppenheimer et al
2012). From this it was postulated that normal astrocytes have a similar response
under oxidative stress, where relocalisation of this smaller fragment of SIRT1

moves to mitochondria.

Mitochondrial membrane potential and mitochondrial content were measured in
normal murine astrocytes, using MitoTracker® red and green FM respectively
(MTR and MTG). NAM treatment made no difference to membrane potential
changes after peroxide-induced stress, however at the lethal dose, NAM treatment
reduced mitochondrial mass significantly. Additionally, after fixation and staining
SVG normal human astrocytes for hSIRT1 analysis of IF photographs showed that
after a short duration of oxidative stress, an increased level of cytoplasmic hSIRT1
was observed, which was co-localised with mitochondria. In addition, we observed
that after H.O> treatment, mitochondria morphology appeared to change from long

filaments to more punctate structures.

In an ishemic/reperfusion study inducing oxidative stress in rat cardiomyocytes,
treatment with antioxidant curcumin attenuated the oxidative damage to
mitichondria and stabilised mitochondral membrane potential through activation of
SIRT1 (Yang et al 2013). There are numerous other studies showing SIRT1 effects
on mitochondria, although none were found at the time of writing this thesis that
associated morphological changes of mitochondria associating with SIRT1 action.
However, it has been shown that morphological changes to mitochondria affect cell
apoptosis (Lee et al 2004). The function for SIRT1 at mitochondria in astroocytes
under oxidative stress warrants further investigation, and could be important to
understanding disease other than glioblastoma, for example neurodegenerative

diseases which have chronic increased oxidative environments.
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6.4 Potential therapeutic value of nicotinamide

NAM treatment in conjunction with lethal oxidative stress rescued normal cells, but
glioma cells died. Perhaps this could be of therapeutic interest, in particular for
potentially protecting normal cells when patients undergo chemo- and radiation

treatments, which create oxidative environments.

In addition, NAM treatment may inhibit proliferation in fast proliferating cells that

are responsible for migration and tumour recurrence.

RES treatment has been widely observed to have an increased toxic effect on
cancer compared to normal cells, including for glioma cells (Figueiro et al 2013)
(Jiang et al 2009). However, there are unresolved problems associated with
treating patients with RES that include bioavailability (it gets broken down in the
liver) and toxicity (Tome-Carneiro et al 2013). NAM, like RES is a natural product
(the water soluble form of vitamin B3), but has good bioavailability and is well
tolerated until very high doses are used (Sibtain et al 2002), and there have been
some promising results using NAM in the treatment for bladder cancer (Hoskin et
al 1997) and head and neck cancer (Saunders et al 1997).

6.5 Conclusions and future directions

Glioblastoma is a complex disease, and SIRT1 is a ubiquitous molecule involved in
many different cell-signaling responses responding differently under changing
conditions, changing response according to length of exposure to conditions, and
this will not be the same for different cell types. Unraveling the details of SIRT1 in
glioblastoma will take time. This research represents a preliminary investigation

into the potential role of SIRT1 in this disease.

Many results were obtained by one or few experimental repeats, or with too few
samples, and need verifying. This was often because the experimental repeats
failed. In particular extractions for nuclear and cytoplasmic compartments and
Western blotting for SIRT1 were difficult, and single experiments only were
performed with some controls lost. Also, repeating human or mouse model
verification experiments were often omitted. This was sometimes because the
importance of the result was not discovered until later, for example SIRT1
responses of between two and six hours are different to the responses at one day.
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However, there were some significant results in this research which give good

directions for research in the future which are listed here:

1.
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Aberrant cytoplasmic SIRT1 in glioma cells. Investigating the activity of SIRT1
in the cytoplasm, and whether it confers an altered response to cell
proliferation, or a change in oxidative stress resistance or response is important

to the understanding of the role of SIRT1 in this disease.

NAM treatment inhibits proliferation in glioma cells more effectively than for
normal cells, even for immortalised normal astrocytes, indicating a significant
difference in cell signalling that could be useful in treatment development.
Elucidating the role of SIRT1 in this response using knock-down, other

inhibitors or overexpression studies is needed.

NAM treatment rescues normal but not glioma cells under lethal oxidative
stress. This also could be of use therapeutically, and the function for SIRT1 in

this response needs clarification.

Modified forms of SIRT1 with altered mass could play a part in the differential
responses for glioma and normal astrocytes. Identification and characterisation
these potential isoforms by mass spectrometry, and where and under what

conditions they occur needs exploration.
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