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THESIS SUMMARY

As with many other age-related pathologies, metabolic disorders entail lifelong
treatment producing economic and social burdens in ageing populations. Therefore,
improving the study of metabolic disorder and associated treatments is essential to
healthy ageing.

FoxO transcription factors modulate the expression of key metabolic factors. Previous
work focusses on FoxO targets that are controlled by FoxO binding directly to DNA.
Recently, studies have highlighted the importance of recruiting FoxO to regulatory
gene regions via protein-protein interactions. However, most interactions required
FoxO binding to DNA to modulate gene expression. Therefore, there is still little
information available regarding the interactions and effects of FoxO on gene
expression independent of its DNA-binding abilities.

The overall aim of this thesis was to use Drosophila melanogaster as a model system
to gain more in-depth knowledge of FoxO activity, particularly its DNA-binding
independent activity, to allow for the identification of new and potentially more
effective therapeutic targets for treating metabolic disorder. In this thesis, previously
unpublished Drosophila FoxO mutants with a canonical DNA-binding domain
mutation were verified for appropriate regulation and loss of DNA-binding ability.
Phenotypic analysis of FoxO-dependent physiological responses in these mutants
identified growth and starvation survival as potential DNA-binding independent
processes. Subsequent RNA-sequencing identified genes that were also modulated
in a DNA-binding independent manner. Transcription factor binding motif analysis of
these differentially expressed genes identified Hp1b and Sin3a as potential co-
modulators of these genes alongside FoxO. Analysis of publicly available RNA-
sequencing and chromatin immunoprecipitation-sequencing datasets found
significant overlaps between Hp1b and Sin3a regulated genes and genes that were
modulated in a FoxO-dependent DNA-binding independent manner. Thus, Hp1b and
Sin3a represent candidate co-factors for modulating metabolism-related genes in
conjunction with FoxO.

Overall, key discoveries involving FoxO’s DNA-binding independent activity including
specific metabolism-related phenotypes, genes, and binding partners have been
made. Ultimately, more in-depth research on the identified co-regulators will facilitate
the identification of potential therapeutic targets for treating metabolic disorder without
targeting FoxO directly, preventing severe side effects seen with FoxO-targeted
treatments.
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1. INTRODUCTION

1.1 METABOLIC HOMEOSTASIS AND ASSOCIATED DISORDERS
For a number of years, incidences of obesity have been drastically increasing across
the world, where based on current data it is estimated that 60% of men and 50% of

women will be obese by 2050 in England alone (Agha & Agha, 2017).

As a consequence, there is an increase in associated metabolic disorders such as
diabetes mellitus (hereafter diabetes). Diabetes has various forms, with the two most
well-known being type | and type II. Type | diabetes is an autoimmune disorder caused
by T-cells of the immune system, targeting and removing insulin-producing pancreatic
B-cells, leading to disorder in insulin biosynthesis and release, and the subsequent
inability to control blood glucose (DiMeglio et al. 2018). However, the majority (~90%)
of diabetic patients are diagnosed type Il, often associated with older age the key
characteristic of this form is insulin resistance (i.e., a loss of response to insulin and
B-cell dysfunction) leading to hyperglycaemia and associated complications (Whicher
et al. 2020; Chatterjee et al. 2017).

Projections approximate that there will be 693 million patients living with diabetes
globally by 2045 (Cho et al. 2018; Ragab et al. 2014), and even now, the UK is in a
position where approximately 7% of the population is living with some form of diabetes
with diagnoses being made every 2 minutes and diabetes-related amputations every
hour (Whicher et al. 2020). Furthermore, in 2017 there was an estimated 5 million
deaths and an overall global healthcare expenditure of $850 billion due to diabetes
(Cho et al. 2018), with the National Health Service bill in the UK alone already
surpassing the billions of pounds mark (calculated at approximately £19,000 a minute
or 10% of the current budget) where 1 in every 20 GP prescriptions is issued for
diabetes treatments (Stedman et al. 2019; Whicher et al. 2020). Although often
treatable, a diagnosis of a metabolic disorder, such as diabetes, begins a lifetime of
treatment and an increased risk of the fatal or life-changing complications that
frequently arise including retinopathy, nephropathy, dysfunction of the immune
system, loss of musculoskeletal integrity, and cardiovascular disease which is the

most common cause of mortality in type 1l diabetic patients (Maiese, 2015).

A key type |l diabetes treatment is a drug called metformin (dimethylbiguanide), which
has its roots in the French lilac plant that was used as an anti-diabetic in mediaeval

medicine (Bailey et al. 1996). This drug improves insulin sensitivity by decreasing
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hepatic glucose release and increasing glucose uptake in the periphery, potentially
through the suppression of gluconeogenic mitochondrial glycerol-3-phosphate
dehydrogenase by the adenosine monophosphate-activated protein kinase (AMPK)

signalling pathway (Bailey et al. 1996; Hawley et al. 2002; Wang et al. 2019).

However, as well as drug treatments, there must be lifestyle changes including dietary
requirements and increased physical activity, which are reportedly difficult to maintain
(Bailey et al. 1996). This then leads to adverse conditions in other aspects of life,
including mental well-being, where psychological struggles and overwhelming
feelings due to the demands of the disorder have been reported by 70% of diabetics
(Whicher et al. 2020).

Together, these sobering statistics help to highlight the importance of researching
metabolic diseases and their treatments, and the urgence at which this needs to
occur. Not only to improve quality of life but also to reduce the overwhelming burden
on healthcare systems (Maiese, 2015). Therefore, to better understand the
complexities of metabolic disorders and identify potential avenues of treatment, in-

depth research into the mechanisms that underpin these disorders is key.

1.2 FOXO FAMILY OF TRANSCRIPTION FACTORS

For a number of decades, since the discovery of the forkhead gene in Drosophila
melanogaster (hereafter, Drosophila), the Forkhead Box (Fox) family of proteins has
been widely researched (Shimeld et al. 2010; Weigel et al. 1989). This grouping of
proteins comes via the shared 100-residue DNA-binding, winged-helix ‘forkhead’
domain, and consists of over 2000 proteins (of which there are 18 in Drosophila)
divided into subgroups A to S with high conservation across species (Benayoun et al.
2011; Shimeld et al. 2010). Additional FoxX and FoxY subgroups exist as further
subclassifications for Fox proteins in sea urchins, as they do not fit unequivocally into
existing groups (Hannenhalli & Kaestner, 2009). These Fox proteins have key roles
within an organism, for example FoxA and FoxP proteins are essential during
development (e.g., FoxA is important during formation of the notochord, a backbone
precursor essential in nervous system development), with FoxP additionally acting as
an important tumour suppressor (Friedman & Kaestner, 2006; Kim et al. 2019).
However, one critical group to consider when researching metabolism and its

associated disorders is the Fox group O (FoxO) transcription factors.
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In mammals there are four FoxO paralogues namely FoxO1, FoxO3a, FoxO4, and
FoxO6 (FoxO2 was found to be identical to FoxO3a and FoxO5 is the counterpart of
FoxO3a in fish) (Link, 2019). FoxO1, FoxO3a, and FoxO4 are ubiquitously expressed
in mammals and can localise to both the nucleus and the cytoplasm, whereas FoxO6
(the least well-researched of the four mammalian FoxOs) is confined to the tissues of
the nervous system and is only present in the nucleus (Link, 2019). Despite small
differences in their locality however, it is well known that they all show overlap and
redundancy in function in various processes (including, glucose metabolism and diet
responses) due to possessing almost identical ‘butterfly-like’ winged DNA-binding
domains (Li et al. 2017; Obsil & Obsilova, 2011; Schmitt-Ney, 2020). Therefore,
although there are tissue-specific targets for different FoxO proteins, there is a core
set of target genes involved in processes such as metabolism and stress resistance

that do not change between them.

FoxO proteins are well known for their roles in regulating homeostasis and various
biological processes, including the cell cycle, apoptosis, resistance to oxidative stress,
lifespan, and metabolism (Lu & Huang, 2011). Their dysfunction can lead to the
pathogenesis and key phenotypes observed in metabolic disorders such as diabetes
and its associated complications, as well as some cancers (Lee & Dong, 2017; Ragab
et al. 2014).

Most importantly in regulating metabolism and for an organism to be able to adapt to
nutritient availability, these factors respond to environmental cues by being negatively
regulated by insulin (Figure 1.1) (Eijkelenboom & Burgering, 2013). In the
insulin/insulin-like growth factor signalling (IIS) pathway, insulin released in response
to high blood glucose binds to a receptor of the tyrosine kinase family, known as the
insulin receptor (InR). This receptor is found on surface membranes of target tissues
as a dimer, which when ligand bound induces a conformational change leading to
autophosphorylation and the activation of further tyrosine kinase activity (Sparks &
Dong, 2009).

Consequently, InR phosphorylation of the insulin receptor substrates (IRS) is
increased due to elevated recruitment of the IRS to the phosphorylated InR via the

pleckstrin homology, phosphotyrosine binding, and kinase regulatory loop binding
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domains of the IRS (Mardilovich et al. 2009). Of the four mammalian IRS proteins in
mammals, IRS-1 and IRS-2 are the main adaptor proteins in regulating insulin
responses and are found in the cytoplasm exhibiting no studied intrinsic enzymatic
activity (Mardilovich et al. 2009). Instead, these proteins act as key scaffold proteins
in the formation of fundamental complexes that when disrupted can cause growth
defects, insulin resistance, and pancreatic 3-cell dysfunction in mice (Mardilovich et
al. 2009; Tamemoto et al. 1994).

The phosphorylation of the IRS by the InR then allows for the activation of
phosphoinositide 3-kinase (PI3K), as the IRS brings PI3K into close proximity to the
activated receptor for phosphorylation. This results in active PI3K producing PIPs3
(phosphatidylinositol (1,4,5)-triphosphate) from PIP. (phosphatidylinositol (4,5)-
bisphosphate) at the plasma membrane. PIP; is able to then recruit both Akt and
phosphoinositide-dependent kinase- 1 (PDK-1), via their pleckstrin homology
domains to allow the latter to phosphorylate and activate Akt using PIPs (Murillo-

Maldonado & Riesgo-Escovar, 2017).

This activation allows a proportion of the Akt present in the cell to enter the nucleus
and phosphorylate FoxO at 3 amino acid residues (e.g., human FoxO1 threonine (T)
24, serine (S) 256, and S319) (Zhang et al. 2011; Bridge et al. 2010). After which,
FoxO is excluded from the nucleus causing FoxO’s transcriptional activity to be
greatly reduced, a state that is maintained through interactions with the regulatory
protein, 14-3-3 (Ni et al. 2007). 14-3-3 is a phospho-binding protein involved in the
regulation of key biological processes, including the cell cycle, apoptosis, glucose
metabolism, and autophagy, and has for the most part been studied in nutrient-
deficient environments (Pennington et al. 2018). These proteins enact this hold on
FoxO by causing conformational changes in the nuclear localisation sequence (NLS)
of FoxO and masking the DNA-binding domain (Kodani & Nakae, 2020). Once
removed from the nucleus FoxO is often degraded via the ubiquitin proteasome
pathway (Zhang et al. 2011). However, this does not always occur and FoxO can be
dephosphorylated by protein phosphatase 2 (PP2A), allowing for re-entry into the
nucleus and resumption of the direct regulation of its target genes (Singh et al. 2010;
Zhang et al. 2011).
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Figure 1.1. Insulin/insulin-like growth factor (lIS) signalling pathway.

Diagram of the insulin/insulin-like growth factor signalling pathway (IIS) and the
regulation of FoxO transcription factors. Pink arrows denote phosphorylation events
and orange dephosphorylation events. Blue arrows indicate movement and black
degradation. Regulation of FoxO is caused by insulin binding to the insulin receptor’s
extracellular domain initiating the downstream activation of the intracellular PI3K/Akt
signalling pathway. This ultimately leads to FoxO exclusion from the nucleus and
subsequent degradation, causing decreased transcription of FoxQO’s target genes.

(Adapted from Sparks & Dong, (2009). Created in Biorender).
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1.2.1 FOXO STRUCTURE AND ACTION

1.2.1.1 FOXO STRUCTURE

The DNA-binding forkhead domain of FoxO proteins makes up ~25% of the overall
protein structure, with the remaining 75% of the protein being so-called ‘intrinsically
disordered’ regions comprised of a nuclear localisation sequence, a nuclear export

sequence and a transactivation domain (Obsil & Obsilova, 2011; Wang et al. 2009a).

As transcription factors, it is unsurprising that FoxO’s main method of action is to bind
to DNA. This binding occurs at a consensus recognition motif, 5’-(A/C)AA(C/T)A-3’,
leading to modulation of target gene expression (Obsil & Obsilova, 2011). This motif
is present in two sequences that FoxO is able to bind to, the insulin-responsive
element (IRE) and the DAF-16 family binding element (DBE), which have the
sequences 5’-(C/A)(A/C)AAA(C/T)AA-3° and 5-GTAAA(T/C)AA-3’, respectively
(Brent et al. 2008a).

The forkhead domains are comprised of three major a-helices (mostly responsible for
DNA-binding through hydrogen bonds), three [B-sheets, and two ‘winged’ loops
towards the C-terminus, which fold around the helices to form the unique butterfly-like
structure; however, amongst the Fox family members the FoxO subfamily has a
unique forkhead box domain, due to the presence of a GDSNS amino acid sequence

just before the major helix 3 structure (Calissi et al. 2020).

Several important amino acids, namely human asparagine (N) 211 and histidine (H)
215 (Drosophila N146, H150) exist within the FoxO DNA-binding domain (DBD)
facilitating the binding to the DNA through direct base specific contacts and water-
mediated interactions (Figure 1.2) (Brent et al. 2008a). These amino acids are
considered essential as they are found within FoxO’s a-helix 3, which docks
perpendicular into the major DNA groove allowing for the production of the major base
contacts (Li et al. 2021). In addition to these interactions with the DNA’s major groove,
the junction between a-helices 2 and 3 and the 2 wings also form key interactions with

bases situated within the DNA’s minor groove (Benayoun et al. 2011).
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Figure 1.2. Schematic graph showing interactions between the mammalian
FoxO1 DNA-binding domain (DBD) and consensus sequences within DNA.
Schematic of residues present in mammalian (human) FoxO1 DBD and their binding
to bases within the (a) insulin-responsive element (IRE) and (b) DAF-16 family binding
element (DBE) sequences within DNA. Grey shaded bases and red phosphates
represent those that are contacted directly or through water-mediated interactions (w).
Yellow arrows indicate the differences in hydrogen bonds between IRE and DBE
sequences. Green boxes indicate amino acids N211 and H215, which are
instrumental in FoxO DNA binding. (c) Structural visualisation of FoxO1 binding to the
DBE DNA sequence (Adapted from Brent et al. (2008a) and protein data bank (PDB)
ID: 3CO7 Brent et al. (2008b). Created in Biorender).
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1.2.1.2 FOXO POST-TRANSLATIONAL MODIFICATIONS

There are many post-translational modifications that FoxO is able to undergo so that
it can serve its far-reaching purposes, these include phosphorylation, acetylation,
methylation, ubiquitination, and glycosylation (Figure 1.3) (Eijkelenboom & Burgering,
2013). In conjunction with the vast number of types of post-translational modifications
that can occur, there is also a further ability to ‘layer’ these modifications which
enables FoxO to elicit the appropriate response within so many different processes
(Eijkelenboom & Burgering, 2013; Calnan & Brunet, 2008).
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Figure 1.3. Overview of FoxO protein structure and key post translational
modifications.

Graphical representation of (a) a general mammalian FoxO protein showing the four
key domains within the protein structure: DNA-binding domain (DBD), nuclear
localisation sequence (NLS), nuclear export sequence (NES), and transactivation
domain (TAD), as well as further exposition of the DBD structure including an
approximation of the Q-rich region. (b) an overview of the key post-translational
modifications of various residues within the FoxO protein including phosphorylation,
acetylation, and ubiquitination, and the proteins responsible. P: phosphate; Ac: acetyl
group; Me: methyl group; Ub: ubiquitin; S: intermolecular disulfide bonds. Coloured
boxes represent the processes these modifications are associated with if known.
Yellow: nuclear export; green: nuclear import; pink: nuclear factor interactions; blue:
degradation; orange: transcription. (Adapted from Li et al. 2021; Calissi et al. 2020;
van der Horst & Burgerring, 2007. Created in Biorender).

1.2.1.2.1 FOXO PHOSPHORYLATION

As described above, one of the most widely characterised and important post-
translational modifications that FoxO can undergo is phosphorylation by Akt during
insulin signalling. However, FoxO is also able to undergo phosphorylation via other

kinases. For example, FoxO can be phosphorylated by the protein kinase R-like
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endoplasmic reticulum kinase (PERK) at serine residues not targeted by Akt, which
leads to an opposing increase in FoxO activity (Wang et al. 2016b). PERK is an
important pathway component for mediating endoplasmic reticulum (ER) stress, a
process often associated with obesity and metabolic disturbance due to FoxO
upregulation causing increasing insulin-resistance within cell populations, therefore
this modification has a potential role in the onset of type Il diabetes (Zhang et al.
2013).

Other enzymes that give rise to FoxO phosphorylation are AMPK, the Jun N-terminal
kinase (JNK), and the mitogen-activated extracellular signal-regulated kinase (ERK).
These enzymes have varying effects on FoxO activity for example, like PERK, AMPK
is able to phosphorylate FoxO at several residues and increase its activity (Wang et
al. 2017). This activation is involved in processes such as redox regulation and
autophagy via FoxO-dependent increases in the expression of genes that encode
proteins which are key regulators in these processes, such as the redox regulator
superoxide dismutase (SOD), and the autophagy inducer, ATG12 (Jeon, 2016). This
AMPK-mediated FoxO activation has also been shown to be involved with dietary
restriction-associated lifespan extension and stress resistance in Caenorhabditis
elegans, a process that could potentially be replicated in mammals using the type Il
diabetes treatment, metformin (Greer et al. 2007). In addition to phosphorylation,
AMPK can interfere with FoxQO’s other post-translational modifications as AMPK is
able to phosphorylate histone deacetylases (HDACs) preventing deacetylation of
FoxO proteins and continued repression of FoxO activity, reducing the expression of

FoxO-dependently regulated gluconeogenic genes (Jeon, 2016).

This activation by phosphorylation is also carried out by JNK, increasing FoxQO’s
transcriptional activity usually under oxidative stress, where JNK antagonises the IS
pathway by activating FoxO activity leading to an increase in redox-related genes
(Essers et al. 2004; Wang et al. 2005). These JNK-FoxO interactions also seem to be
evolutionarily conserved as they have also been identified in Drosophila, where in the
fly eye Drosophila FoxO (dFoxQ) has interactions with the Drosophila JNK, BSK, as
well as the JNK-related serine/threonine protein kinase, Hep (Wang et al. 2005).
Direct phosphorylation of FoxO is not the only way that JNK can regulate FoxO
activation. It has also been shown that JNK can phosphorylate 14-3-3 proteins
causing dissociation of FoxO from 14-3-3, preventing FoxO degradation and allowing

FoxO to be imported back into the nucleus (Sunayama et al. 2005).
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Unlike these kinases, however, ERK behaves more in line with Akt as it inhibits FoxO
activity leading to a downregulation of its target genes via shuttling into the cytoplasm
(Wang et al. 2017). As well as nuclear exclusion, this phosphorylation also engenders
instability and degradation in the FoxO protein due to an increased association with
the E3 ubiquitin ligase, MDM2 (Huang & Tindall, 2011; Xie et al. 2012a). This inhibition
of FoxO activity has been implicated in the promotion of tumorigenesis, due to the
alleviation of FoxO’s tumour suppressor activity, and has even been targeted as a
cancer therapy and a clinical marker for the efficacy of cancer drugs (such as,
AZD6244) (Yang et al. 2008; Yang et al. 2010).

1.2.1.2.2 FOXO ACETYLATION

Another important modification associated with FoxO regulation is acetylation, which
allows for the regulation of FoxO gene transcription and related processes. Although,
most evidence points towards acetylation having a repressive action on FoxO activity,
there is seemingly contradictory evidence showing FoxO acetylation can lead to gene
activation (Yang et al. 2009b; Zhou et al. 2020, Matsuzaki et al. 2005; Fukuoka et al.
2003; van der Horst et al. 2004). It seems however that these inconsistencies have
been reconciled as being dependent on cell type and the specificity of FoxO to

different target genes (van der Heide & Smidt, 2005).

Acetylation of FoxO involves the transfer of acetyl groups to lysine residues. Within
human FoxO1, the most influential lysine residues seem to be lysine (K) 245 and
K248, which when acetylated lead to a severe decline in DNA-binding activity (Xie et
al. 2012a). An example of this type of modification involves the calcium-response
element-binding (CREB) binding protein (CBP) and its partner, p300. CBP/p300
transfers acetyl groups to FoxO lysine residues altering their charge (i.e., so they are
no longer positive), preventing their binding to DNA (Matsuzaki et al. 2005). In
addition, the acetylation of FoxO also means that there is a higher likelihood for FoxO
to localise to the cytoplasm from the nucleus, reducing its transcription (Xie et al.
2012a).

An interesting role for CBP/p300 acetylation is that of energy homeostasis. Where
Zhou et al. (2020) show that by inhibiting these co-activators via the recently reported
inhibitor A-485 (a compound shown to be 1000-fold more potent than previously

researched inhibitors), both lipogenesis and glucose production can be reduced in
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mouse hepatocytes. This reduction is due to reduced acetylation of FoxO, prompting
key genes in these processes to be downregulated as a consequence of increased
FoxO ubiquitination and subsequent degradation (Zhou et al. 2020). It should be
noted that this is not the only CBP/p300-FoxO association, as this direct interaction
between the two proteins also causes acetylation of chromosomal histone proteins
allowing for recruitment of RNA polymerase Il to the gene promoter region, and the

subsequent activation of transcription (Kodani & Nakae, 2020).

The acetylation of FoxO is a reversible process with deacetylation of FoxO
predominantly controlled by deacetylases from the sirtuin family. This family includes
the class Il HDACs NAD+*-dependent enzymes that regulate various biological
processes in a cell-specific manner (such as, metabolic homeostasis and responses
to oxidative stress) (Rajendran et al. 2011). The most well-researched is Sirt1 and is
an essential regulator of FoxO activity, deacetylating the residues acetylated by
CBP/p300 (Rajendran et al. 2011; Kodani & Nakae, 2020). Sirt1 has shown to be co-
immunoprecipitated with various mammalian FoxO proteins (including, FoxO4 and
FoxO3a), with this interaction leading to the deacetylation of FoxO and the regulation
of GADDA45 induction in response to oxidative stress, growth arrest, and DNA damage
(Kobayashi et al. 2005).

As mentioned above, this interaction has also been connected to metabolism, and
has been exploited in a model using diabetic rats and metformin, leading to the
identification of the Sirt1-FoxO autophagy-related signalling pathway as the
mechanism of protection by metformin on renal function during diabetic nephropathy,
a microvascular complication associated with diabetes and end-stage renal disease
(Xu et al. 2020).

1.2.1.2.3 FOXO METHYLATION

As well as acetylation, methylation is also a common post-translational modification
associated with the alteration of FoxO activity. Both arginine and lysine residues
within the FoxO protein have the ability to be methylated via methyltransferases,
however they have opposing actions on FoxO activity, namely nuclear-retention and

activation, and DNA-binding inhibition respectively (Xie et al. 2012a).

Arginine methylation via protein arginine N-methyltransferase 1 (PRMT1) occurs on

two residues in mouse FoxO1 proteins, arginine (R) 248 and R250 (Yamagata et al.
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2008). Importantly, it has been shown that methylation of these residues is highly
conserved, with evidence identifying the role of PRMT1 in methylation of the C.
elegans FoxO homologue, DAF-16, leading to extensions in lifespan by increasing
the expression of several key longevity and stress resistance genes (Takahashi et al.
2011).

The close proximity of the methylation and phosphorylation sites has been shown to
allow for competition between the two events, where methylation of arginine residues
blocks Akt phosphorylation of the closely situated S253 residue enabling continued
transcription of FoxO target genes (Yamagata et al. 2008). Such genes are often
those involved in oxidative stress-induced apoptosis (e.g., Bim), a process which is
eradicated in the presence of PRMT1 small interfering RNA (siRNA) due to increased

degradation via Akt phosphorylation (Yamagata et al. 2008).

With regards to lysine methylation, human FoxO3a has been shown to be methylated
at K271 by the methyltransferase, Set9 (Calnan et al. 2012). This modification allows
for the destabilisation of the FoxO protein causing a brief increase in FoxO activity in
response to stress without inducing apoptosis (Xie et al. 2012b; Calnan et al. 2012).
This residue is also known to be deacetylated by Sirt1 indicating a potential
competitive nature between methylation and acetylation as well as phosphorylation in
regulating FoxO activity (Calnan et al. 2012). Aside from methylation of K271 on
FoxO83a, there has also been shown to be methylation events that occur on K270 via
Set9 which has an opposing effect on FoxO activity by reducing FoxO-dependent

transcription (Chae et al. 2019).

Although K270me and K271me are the only methylation events that have been shown
to be possible on FoxO3a, human FoxO1 has also been shown to be methylated at
K273 via the euchromatic histone lysine methyltransferase, EHMT2 (also known as,
G9a) leading to elevated association with the FoxO degradation protein Skp2 during

heightened insulin signalling (Chae et al. 2019).

As with most other post-translational modifications that occur on mammalian FoxO
proteins, this methylation is also conserved in Drosophila. However, various
databases indicate there is no specific Drosophila homologue for the Set9 gene
although various other lysine methyltransferases do exist such as, Set1, and
Su(var)3-9, E(z), and Trx the proteins that give the Set domain its name (Larkin et al.
2021; Stelzer et al. 2016).
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There are also demethylases that are associated with FoxO activity, however unlike
the various other post-translational modifications that seem to have well-researched
opposing actions (e.g., dephosphorylation via phosphatases and deacetylation via
HDACSs), information on the demethylation of FoxO is relatively lacking. For instance,
one of the key histone demethylases, lysine demethylase 5 (Kdmb5), is known to
regulate Drosophila FoxO activity, particularly in responses to oxidative stress like the
other methylation events, however this influence on FoxO, and the subsequent
increase in FoxO DNA-binding seems to be exerted via HDAC4 and an increase in

deacetylation activity rather than via the removal of methyl groups (Liu et al. 2014).

1.2.1.2.4 FOXO UBIQUITINATION

An important mechanism for regulating the activity of a transcription factor is its
degradation, as this maintains a tight control over target gene expression. For FoxO,
degradation is mediated by ubiquitination. The transferal of ubiquitin is carried out by
3 crucial enzymes, ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(UBC also known as, E2), and ubiquitin ligase (E3) (Kodani & Nakae, 2020). The
critical ubiquitin ligase in FoxO ubiquitination is Skp2, a component of the Skp1/cullin-
1/F-box protein ubiquitin complex, which combines with human FoxO1 when the S256

residue within the FoxO amino acid chain is phosphorylated (Wang et al. 2016b).

Interestingly, ubiquitination is also connected to other modifications of FoxO. For
example, deacetylation of FoxO by Sirt1 or Sirt2 promotes polyubiquitination of the
FoxO proteins by enhancing Skp2 binding ultimately initiating FoxO degradation
(Wang et al. 2012a).

However, FoxO proteins are also able to undergo monoubiquitination, which in
contrast to the degradation caused by polyubiquitination, enhances FoxO
transcriptional activity (Wang et al. 2016b). Intriguingly MDM2, mentioned above,
influences both. Fu et al. (2009a) showed that by activating p53, MDM2 activity is also
enhanced leading to polyubiquitination and degradation of both FoxO1 and FoxO3a.
However, MDM2 is also able to govern the monoubiquitination of FoxO4 via direct
binding; a process reversed by the ubiquitin-specific protease, USP7, allowing for
nuclear import and increase in FoxO target gene expression particularly during

moments of elevated oxidative stress (Brenkman et al. 2008).
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These forms of ubiquitination are also associated with metabolic control, where de-
ubiquitination by USP7 on FoxO1 leads to a reduction in FoxO1 binding to its promoter
regions particularly on genes associated with gluconeogenesis (Hall et al. 2014).
Furthermore, FoxO ubiquitination also leads to increased FoxO activity with regards
to muscle atrophy however, this increase in FoxO activity is caused by an increased
transfer of polyubiquitin chains onto K63 residues, identifying not all polyubiquitination
leads to FoxO protein degradation (Li et al. 2007). This regulation is interesting as
muscle atrophy has an important role in energy homeostasis, as it produces energy
during fasting. This unconventional ubiquitination is controlled by the muscle-specific
E3, atrogin-1, which interestingly is also a FoxO target gene causing positive

feedback onto its own expression in a FoxO-dependent manner (Wang et al. 2016b).

1.2.1.2.5 FOXO GLYCOSYLATION

Those above are not the only post-translational modifications associated with
metabolism or metabolic disorder. FoxO activity can also be increased via O-
glycosylation, a nutrient sensing process where O-linked B-N-acetylglucosamine (O-
GlIcNAc) transferase transfers O-GIcNAc to specific FoxO serine/threonine residues
(Mattila & Hietakangas, 2017; Housley et al. 2008). The activity of O-GIcNAc
transferase is dependent on the concentration of the amino sugar, uridine
diphosphate (UDP)-GIcNAc, which is produced via the hexosamine biosynthetic
pathway (HBP) from glucose using the enzyme glutamine-fructose-6-phosphate
amidotransferase (GFAT) (Kim et al. 2018; Wells et al. 2003).

Excess glucose uptake into the cell stimulates the HBP causing over-activation of
GFAT, this increases intracellular levels of UDP-GIcNAc, subsequently allowing for
both the development of ER stress as well as increased O-glycosylation of FoxO
increasing its target processes such as gluconeogenesis (Marshall et al. 1991;
Copeland et al. 2008). Ultimately, this increases glucose levels leading to
hyperglycaemia, insulin resistance, and further stimulation of the HBP and elevation
of FoxO activity (Housley et al. 2008; Buse, 2006; Slawson et al. 2010). This promotes
the already existing hyperglycaemic state, pushing the organism further from
homeostatic norms and producing the aberrant FoxO activity seen in the pathology of
some metabolic disorders. This connection between an overactive HBP and

metabolic disorder has been shown in previous study, where overexpression of the
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O-GlcNAc transferase enzyme in the muscle or adipose tissue of transgenic mice led

to the development of type Il diabetes (McClain et al. 2002).

However, in human studies activation of the HBP does not affect insulin sensitivity,
indicating the consequences of this aberrant modification may not be conserved in
humans (Pouwels et al. 2001). However, elongated periods of aberrant activity are
often key in the production of metabolic disorders and the associated complications,
and glucosamine infusion (i.e., the method used to enhance O-glycosylation in this
human study) was only carried out over a period of 5 hours, perhaps not fully
representing the elevated glucosamine conditions in the long term (Pouwels et al.
2001).

1.2.1.3 OTHER KEY FOXO STRUCTURES
In addition to regulating processes through DNA-binding dependent activity, FoxO
also has the ability to produce protein-protein interactions. This is possible due to the

presence of several different regions within the FoxO protein.

One such region is the LXXLL motif within the transactivation domain (where L is
leucine and X any amino acid) (van der Vos & Coffer, 2008; Nakae et al. 2006; Calissi
et al. 2020). These motifs are a signature motif of nuclear hormone receptors (to the
point where they are also known as the ‘nuclear receptor box’) and have been shown
to conciliate protein-protein interactions (Savkur & Burris, 2008). These nuclear
receptors and their interactions with FoxO are particularly important in reproductive
biology, where progesterone nuclear receptors (PGR) A and B in human endometrial
cells were shown to cooperate directly with FoxO1 to synergistically influence the
transcriptional activity of both proteins (Kim et al. 2005). Despite this interesting form
of activity these LXXLL motifs are absent from the single Drosophila dFoxO and the
C. elegans DAF-16 proteins (van der Vos & Coffer, 2008). Therefore, whilst these
motifs are interesting and warrant further research they seemingly cannot be

considered when working in non-mammalian model systems.

Another key region is the polyglutamine (polyQ) region, which is defined as a region
that contains at least 8 glutamine repeats within a stretch of 10 amino acid residues
(Schaefer et al. 2012; Totzeck et al. 2017; Gemayel et al. 2010). In dFoxO, this Q-
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rich region is relatively large (approximately amino acids 314-569) covering most of
the protein’s transactivation domain (TAD) and contains two coiled-coil
supersecondary structures (amino acids 429-449 and 543-578) (Kwon et al. 2018).
As well as Drosophila, these tracts exist in many human proteins, however they are
well known for their structural instability (Kwon et al. 2018; Totzeck et al. 2017). This
is unsurprising given that most would recognise these regions from the study into
various genetic diseases, including Huntington’s disease and spinocerebellar ataxia
type 3 (SCA-3), as they are characterised as disorders caused by atypical expansion
of the relevant protein’s polyQ regions (Totzeck et al. 2017; Kwon et al. 2018). Despite
their ability to cause disorder, these polyQ proteins also carry out roles within normal
physiology, including the mediation of protein-protein interactions via electrostatic
interactions and hydrogen bonds and recruitment of other polyQ proteins (Schaefer
et al. 2012; Atanesyan et al. 2012; Grigoryan & Keating, 2008).

1.2.2 ROLES OF FOXO IN METABOLIC HOMEOSTASIS

Regulating metabolism and ensuring the delicate balance of nutritional
macromolecules within the blood via insulin is imperative for ensuring the health of an
organism. Deregulation of FoxO is a common feature involved in the pathogenesis of
both type | and type Il diabetes, as well as being an influential component in the
complications related to such disorders (Li et al. 2017, Altomonte et al. 2004). For
example, hyperglycaemia perpetuated by FoxO dysfunction is a risk factor associated
with cardiovascular disease development and dyslipidaemia, and alongside obesity
is one of the main characterisations of metabolic syndrome (Owusu-Ansah &
Perrimon, 2014).

Gene ontology analysis carried out by Shin et al. (2012) has identified that FoxO1
significantly affects the metabolic processes of carboxylic acids, fatty acids, steroids,
and even vitamin A, with elevated serum levels of the latter being interestingly shown
as a characteristic of type Il diabetes (Rhee & Plutzky, 2012). FoxO is also implicated
in regulating adipogenesis (Klotz et al. 2015), as well as myoblast differentiation and
pancreatic p-cell growth, all of which are pivotal in the regulation of metabolic
homeostasis (Puig & Tjian, 2005). The important role FoxO has in metabolism is
potentially due to its high expression in insulin-sensitive tissues, which allows FoxO

to have a diverse range of roles in a number of different organs (Table 1.1).
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FoxO target Change in
e

G6épc Increase Glycogenolysis/Gluconeogenesis Nakae et al. 2008
Pck1 Increase Gluconeogenesis Nakae et al. 2008
ApoC-ill Increase Disrupting lipid metabolism Sparks & Dong 2009
Atrogin-1 Increase Muscle atrophy Sandri et al. 2004
LPL Increase Lipolysis Lu & Huang, 2011
ATGL Increase Lipolysis Pan et al. 2017
NPY Increase Food intake Ma et al. 2015
AgRP Increase Food intake Ma et al. 2015
. DeCIoase  itrantationinsuin sensitviy - Burgoring. 2007
PDK-4 Increase Carbohydrate-lipid switch Lu & Huang, 2011
CD36 Increase Carbohydrate-lipid switch Cheng & White, 2011
MnSOD Increase Oxidative stress resistance Huang & Tindall, 2007
Catalase Increase Oxidative stress resistance Huang & Tindall, 2007
SREBP-1c Decrease Lipogenesis Deng et al. 2012
NeuroD Increase Insulin biosynthesis Buteau & Accili, 2007
MAFA Increase Insulin biosynthesis Buteau & Accili, 2007
p21 Decrease Adipooyiedifferentation/asil Xing et al. 2018; Peng et al. 2015

survival

Table 1.1. FoxO target genes and their function.

FoxO has a variety of roles in ensuring metabolic homeostasis in a number of different
tissues. FoxO has the ability to up- or down-regulate a variety of different genes that
impact metabolism as shown here; however, this list is not exhaustive.

1.2.2.1 FOXO AND CARBOHYDRATE METABOLISM

There are many examples of FoxO regulating carbohydrate homeostasis with many
of these roles requiring FoxO’s ability to bind to DNA. In the mammalian liver, FoxO
is known to control the expression of a number of important factors, including Gépc
and Pck1, two key gluconeogenic liver enzymes that catalyse the first few steps of
the gluconeogenesis pathway (Lee & Dong, 2017; Lu & Huang, 2011). In conjunction,
FoxO is also paramount in the synthesis and breakdown of the sugar, trehalose. A
disaccharide of glucose, trehalose is a well-known energy source for insects such as
Drosophila, as well as being an important stress protectant against conditions
including heat, freezing, and deregulation of water homeostasis (Hibshman et al.
2017). Studies have shown that FoxO in a variety of organisms is able to not only
directly regulate a number of trehalose synthesis genes, such as trehalose phosphate

synthase-1 (ips-1) and trehalose phosphatase, but also trehalase, the enzyme
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associated with trehalose catabolism (Hibshman et al. 2017; Matsushita & Nishimura,
2020).

In addition to affecting sugar synthesis and breakdown, transgenic FoxO
overexpression in C2C12 mouse skeletal muscle cells has been shown to cause
severe muscular atrophy by inducing expression of atrogin-1 (Cheng & White, 2011).
This reduces muscle mass and causes loss of glucose homeostasis by reducing the
muscles capacity to respond to insulin as a major mammalian metabolic organ,
including in humans (Kousteni, 2012; Kitamura & Kitamura, 2007; Nwadozi et al.
2016). Therefore, logically inhibiting this pathway would be an ideal scenario for
treating hyperglycaemia and diabetes. However, given the tight balance needed to
maintain normal homeostatic control, over-compensation in FoxO function in either
direction has poor consequences. So, whilst overexpression of FoxO1 in mice leads
to an increase in blood glucose during fasting due to elevated gluconeogenesis,
knockout of FoxO1 produces fasting hypoglycaemia (Tikhanovich et al. 2013; Lu &
Huang, 2011; Lee & Dong, 2017).

1.2.2.2 FOXO AND LIPID METABOLISM

In conjunction with the above, FoxO is also considered a key modulator of lipid
metabolism via the integration of insulin signalling with circulating glucose and lipid
concentrations (Vihervaara & Puig, 2008). Similarly to carbohydrate metabolism,
many of these effects in lipid metabolism also require FoxO’s DNA-binding activity.
Triglycerides, the main form of fat storage in many organisms from insects to
mammals, are known to have a FoxO-dependent control on their breakdown via the
enhancement of the expression of various lipases, particularly lipase 4 and adipose
triglyceride lipase (ATGL) (Vihervaara & Puig, 2008; Gronke et al. 2007; Kitamura &
Kitamura, 2007). Both of which potentially have the ability to cause
hypertriglyceridaemia when FoxO activity is aberrant. This dyslipidaemia can produce
lipotoxicity, inflammation, and ER stress which can lead to insulin resistance, thereby
reinforcing feedback on abnormal lipid levels and further moving concentrations away

from a normal physiological balance (Li et al. 2014).

As well as these lipid stores, circulating lipids are also affected by FoxO, as FoxO
regulates the production of the monooxygenase cytochrome P450, CYP8B1 (also

known as, 12a-hydroxylase), which synthesises 12a-hydroxylated bile acids allowing
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for activation of the bile acid receptor, Fxr, and lowering of TAG in the circulation
(Haeusler et al. 2012). Therefore, inactivation of FoxO leads to a decrease in 12a-
hydroxylated bile acids leading to less effective control on both TAG and cholesterol
synthesis, as well as circulating and stored lipid concentrations, which have all been
linked to the liver lipid abnormalities associated with type Il diabetes (Haeusler et al.
2012).

FoxO also plays a role in hepatic lipid metabolism by suppressing expression of sterol
regulatory element-binding protein-1c (SREBP-1c), an important insulin-induced
factor in lipogenesis (Deng et al. 2012; Kitamura & Kitamura, 2007; Pan et al. 2017).
Constitutively active FoxO1 in the liver is able to prevent induction of SREBP-1c
expression pre- and post-feeding, by reducing its basal mRNA expression by as much
as 60% (Deng et al. 2012).

In addition, FoxO is also able to supress lipogenesis by regulating steps within the
interconnected process of glycolysis (Zhang et al. 2006). By downregulating various
glycolytic enzymes such as glucokinase (GCK), FoxO prevents the induction of
lipogenesis by inhibiting production of pyruvate from glucose, which subsequently
arrests acetyl-coenzyme A formation and triglyceride production (Saponaro et al.
2015).

There is also evidence to suggest that FoxO1 may also be able to influence insulin
resistance via effects on fat storage and adipokine secretion, both of which require
successful differentiation and subsequent maintenance of mature adipocytes. This
belief is due to FoxO1 interacting with and inhibiting the transcription factor
peroxisome proliferator-activated receptor (PPAR)-y, contributing to the development
of insulin resistance via the inhibition of adipocyte differentiation and fat storage
(Barthel et al. 2005; Cheng & White, 2011). This is also possible through FoxO’s role
in regulating the lipid droplet associated protein, FSP27, impacting autophagy and
lipid droplet growth, another potential cause of increased adiposity during aberrant
FoxO activity (Liu et al. 2016).

Affects on the adipose tissue also impacts the roles of various adipokines, with a key

adipokine affected by FoxO activity being adiponectin. This adipokine is known to be
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regulated by FoxO1 in the adipose tissue, through direct binding of FoxO to the DNA
then subsequent formation of a complex with CCAAT/enhancer-binding protein alpha
leading to adiponectin upregulation (Qiao & Shao, 2006). The importance of this
adipokine cannot be understated, as not only is it the most abundantly produced
adipokine, but loss of its action is often central to the onset of insulin resistance and
type Il diabetes via tight control on energy homeostasis and insulin sensitivity, and
even cardiovascular disease due to its anti-inflammatory and anti-atherogenic effects
(Achari & Jain, 2017).

Altogether, this disruption in lipid metabolism and homeostasis could potentially be
one of the cardinal events in emerging insulin resistance, either by impairing insulin
sensitivity due to fatty acid accumulation (Walther & Farese, 2012, Li et al. 2017), or
by further promoting the secretion of adipokines, such as adipocyte lipid chaperone 2
that encourages gluconeogenesis and the development of insulin resistance if left

unchecked (Morigny et al. 2016).

1.2.2.3 OTHER ROLES FOR FOXO IN REGULATING METABOLISM

In addition to playing a key part in maintaining nutrient balance through the control of
carbohydrate and lipid metabolism, FoxO also has roles in maintaining key metabolic
organs (e.g., the cells of the pancreas), as well as feeding behaviour, and nutrient

switching.

In the pancreas, FoxO regulates both the function and development of pancreatic B-
cells (Kitamura & Kitamura, 2007; Hesp et al. 2015). This is important as pancreatic
B-cells have major roles in sensing glucose within the blood, to allow for the
production of post-prandial insulin and therefore the maintenance of appropriate blood
glucose levels (Kousteni, 2012). This process occurs through the FoxO-dependent
translocation of a crucial master transcription factor in the pB-cell, the
pancreas/duodenum homeobox gene-1 (PDX-1), where FoxO competes for its
promoter region with the PDX-1 activator, FoxA2, preventing B-cell proliferation and
function (Hesp et al. 2015; Barthel et al. 2005; Kitamura & Kitamura, 2007; Kitamura
et al. 2002). This translocation ensures FoxO and PDX-1 have mutually opposed
cellular localisations, which when maintained indefinitely in the case of aberrant FoxO
activity can cause disorder. As not only is insulin release reduced preventing glucose

uptake into cells, but the identity and function of the B-cells is also diminished leading
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to an overall reduced cell number (Gao et al. 2014). This, coupled with the increased
gluconeogenesis caused by overactive FoxO in the liver, can lead to chronic
hyperglycaemia resulting in glucotoxicity and further damage to -cells via oxidative
stress (Gross et al. 2008). Despite this, the role of FoxO is not always deleterious, as
it can promote the expression of NeuroD and MAFA, which encode transcription
factors that upregulate expression of the insulin gene increasing insulin production
(Buteau & Accili, 2007). In addition, FoxO can also increase production of antioxidant
enzymes such as MnSOD and catalase, as well as cell cycle-inhibitory and DNA-
repair genes (Gross et al. 2008; Kitamura & Kitamura, 2007; Huang & Tindall, 2007).

It has been widely recognised that this compensation in insulin secretion and oxidative
protection is only possible in the short term, as during chronic hyperglycaemia caused
by overactive FoxO, cellular stress (including ER stress) continues to increase to an
overwhelming degree, leading to cell death (Fonseca et al. 2011). In conjunction to
this cell death, due to their opposing localisation, PDX-1 activity is reduced preventing
proliferation leading to a diminished overall pancreatic B-cell number severely
reducing insulin biosynthesis and glycogenesis in the long term (Kawahito et al.
2009). Therefore, this failing mechanism supports the underlying issues and
metabolic abnormalities causing diabetes as well as its associated complications,
where it has been reported that this activity can cause systemic issues by
exacerbating insulin resistance in the periphery, including in the muscle (Gross et al.
2008; Hesp et al. 2015; Cheng & White, 2011).

This is of importance as the muscle has a principal role in metabolic homeostasis, as
skeletal muscle is involved in approximately 80% of glucose uptake in the body
(Kousteni, 2012). Here, FoxO activity also underpins the carbohydrate-to-lipid switch
during prolonged periods of fasting via upregulation of different effectors, including
PDK-4 to prevent glucose metabolism, LPL to hydrolyse triglycerides into free fatty
acids, and CD36 to facilitate free fatty acid uptake into the skeletal muscle (Cheng &
White, 2011; Lu & Huang, 2011). Furthermore, FoxO also modulates the expression
of adiponectin receptors, which when activated initiate energy-producing fatty acid
oxidation in the muscle (Sanchez et al. 2014). All this ultimately reduces carbohydrate
consumption in the majority of tissues ensuring adequate energy sources for obligate

glucose utilisers.
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Interestingly, FoxQO’s effect on other secreted factors can also regulate metabolic
homeostasis through effects on feeding behaviour. This process is regulated in part
by feedback signalling of the orexigenic NPY (Drosophila homologue sNPF), which
leads to the deacetylation and activation of FoxO via the PKA-CREB pathway and
Sirt1, allowing for FoxO to subsequently upregulate numerous genes, including sNPF
itself (Hong et al. 2012). FoxO also regulates another orexigenic peptide, AgRP,
which causes reductions in energy expenditure, increases food intake similar to NPY,
and disrupts anorexigenic leptin activity (Ma et al. 2015). Therefore, a dysfunctional
overactive FoxO in this instance can often lead to overstimulation of appetite, and the
onset of obesity and its associated inflammation, causing further homeostatic

dysregulation and insulin resistance (Rehman & Akash, 2016).

However, similarly to the copious roles in carbohydrate and lipid metabolism outlined
above, these examples of FoxO activity in regulating these metabolic processes also
depend on FoxQ’s ability to bind to DNA.

1.2.3 DNA-BINDING INDEPENDENT FUNCTIONS OF FOXO

As well as the wide variety of roles that FoxO has in a plethora of processes by binding
directly to DNA to regulate its own target genes, there are now various examples of
FoxO binding to other proteins, allowing it to exert its effects in a variety of different
mechanisms including chromosomal translocations, co-factor recruitment or

sequestration, and co-factor displacement (Figure 1.4) (van der Vos & Coffer, 2008).
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Figure 1.4. Methods of FoxO-binding interactions to alter gene expression.
Various mechanisms of FoxO binding interactions that influence gene expression are
shown. Here, (a) co-activation of gene regulation, (b) co-repression of gene
regulation, (c) displacement, sequestration, and recruitment of transcription factor co-
factors and other transcription factors by FoxO can enhance or suppress target gene
transcription, (d) sequestration of active FoxO proteins by pathogenic (pink) polyQ
proteins, and (e) the unknown potential for FoxO to regulate expression of another
transcription factor’s target genes without binding to DNA in relation to metabolic
homeostasis. Proteins given as FoxO binding partners are examples for each
consequence of FoxO interaction, the examples are not exhaustive (Adapted from
van der Vos & Coffer (2008). Created in Biorender).

With this, there are now clearly several explicit examples of FoxQO'’s ability to bind to
other proteins, whether they are intermediary co-factors, receptors, or other

transcription factors themselves (Table 1.2).
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Sin3a Transcriptional co-repressor of glucokinase Langlet et al. 2017
p53 FoxO co-factor mediating FoxO transcription Rupp et al. 2017
PPAR-a Antagonises FoxO in apoC-lll expression Qu et al. 2007
PPAR-y Represses PPAR-y regulating adipocyte function Fan et al. 2009; Dowell et al. 2003
HNF-4 Mediation of metabolic cascades Hirota et al. 2003
Kr-h1 Downregulation of bmm gene expression Kang et al. 2017
PGC-1a Co-activation of gluconeogenic genes Puigserver et al. 2003
B-catenin Inhibition of B-catenin activity Hoogeboom et al. 2008
PGR-A Ligand-independent activity Rudd et al. 2007
CBP/p300 FoxO co-factors mediating FoxO transcription van der Heide & Smidt, 2005

Table 1.2. FoxO transcription factor binding partners.

Summary of FoxO’s binding partners that allow for FoxO to indirectly influence the
regulation of another transcription factor’s target genes, however this list is not
exhaustive, and some binding interactions still require FoxO’s DNA binding ability to
elicit the appropriate response.

One compelling development that has been done on this type of action by FoxO
comes from a gene expression analysis of cultured human cells expressing a FoxO1
DNA-binding domain mutant (H215R), which identified that these mutants have the
ability to regulate a disparate set of genes compared to cells expressing a
constitutively active FoxO1 protein (Ramaswamy et al. 2002). Subsequent in vivo
introduction of this DNA-binding domain mutant in mice was able to show that FoxO1
controlled glucose-related metabolism entirely as a transcription factor but alters lipid
metabolism via both DNA-binding dependent and independent activity (Cook et al.
2015). However, despite these advances in analysing the DNA-binding independent
roles exhibited by FoxO in metabolism, in-depth gene expression analysis into these
DNA-binding independent roles of FoxO was lacking and research in this area has
seemingly stalled as information delving deeper into FoxO’s DNA-binding

independent functions is scarce.
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However, as mentioned above, there are different regions in the FoxO protein that
facilitate these protein-protein interactions and influence metabolic homeostasis. For
example, mammalian FoxO proteins use the LXXLL motif to mediate interactions with
proteins such as CBP/p300 and Sirt1, as well as affect the transcription of the insulin-
like growth factor binding protein 1 (IGFBP-1) and glucose-6-phosphatase ¢ (G6pc)
(Nakae et al. 2006). Interestingly, a constitutively active FoxO1 DBD mutant (i.e., with
a mutation of mammalian H215R; analogous to Drosophila H150) was able to both
modulate the activity of the nuclear hormone receptors: PGR A and B, and oestrogen
receptor-1, independent of DNA-binding, displaying a distinct functional role from a
constitutively active FoxO1 non-DBD mutant in a monkey-derived COS-1 cell culture
system (Rudd et al. 2007). However, despite these DBD-mutants still increasing the
nuclear receptor activity, they were less potent in increasing the transcription of
certain genes (such as, IGFBP-1) than the fully functional protein, potentially due to
the lack of binding by FoxO to the IRS elements within the IGFBP-1 promoter (Rudd
et al. 2007). Therefore, this indicates that the full of effect of these interactions on

metabolic gene regulation still requires binding to DNA in some capacity.

FoxO also uses this motif to interact and form a complex with CBP/p300, a process
conserved from C. elegans to mammals (Wang et al. 2009a). FoxO interacts with the
kinase-inducible domain interacting domain of CBP/p300 upon FoxQO’s binding to
DNA (Wang et al. 2009a). The formation of this FoxO-CBP complex allows for the
acetylation of histones, allowing RNA polymerase |l and other factors that make up
the pre-initiation complex access to the DNA, leading to activation of target gene
transcription (Kodani & Nakae, 2020). There is evidence to suggest that potentially
this FoxO-CBP/p300 complex synergistically activates genes associated with the
IGFBP-1 promoter and insulin signalling, leading to effects in metabolic homeostasis
(Waddell et al. 2008). However, as before the effects of this interaction still require
FoxQ’s ability to bind to DNA.

The other region of interest in the FoxO protein’s TAD is the polyQ region, examples
of FoxO using this structure to promote protein-protein interactions include those with
the Kruppel-like homologue-1 (Kr-h1) to repress lipolysis during development via
brummer (bmm) (the homologue to mammalian ATGL) lipase gene modulation in
Drosophila, and those with mutated SCA-3 proteins to repress dFoxO activity through

coiled-coil interactions in Drosophila class-4 sensory neurons to produce the dendrite
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pathologies observed in the neurodegenerative SCA-3 disorder (Kang et al. 2017,
Kwon et al. 2018). Although, both of these interactions have effects on dFoxO activity

and not vice versa.

There are also other explicit examples of FoxQO'’s ability to bind to other proteins. For
example, FoxO can regulate key metabolic processes via protein-protein interactions
with the PPARs, which are key players in regulating nutrient-sensing metabolism of
carbohydrate and lipids (van der Vos & Coffer, 2008). The direct interaction between
FoxO1 and PPAR-y causes antagonism of PPAR-y activity, an interaction that could
be important for regulating adipogenesis, glucose homeostasis, and insulin sensitivity
(Dowell et al. 2003). These effects are potentially due to FoxO-PPAR-y antagonism
leading to a downregulation of genes predominantly associated with adipocyte
differentiation, effecting adipokine secretion, adipogenesis and glucose transporter
type 4 (GLUT4) expression (Kodani & Nakae, 2020; van der Vos & Coffer, 2008).
However, as with these other examples, it still seems that some of these affects still
require FoxQO’s ability to bind to DNA (Fan et al. 2009). In addition, FoxO has also
shown to interact with PPAR-a where PPAR-a antagonises FoxO activity, reducing
apolipoprotein C-lll production, preventing dysregulated triglyceride metabolism,

onset of diabetic dyslipidaemia, and insulin resistance (Qu et al. 2007).

Co-immunoprecipitation assays also showed that FoxO can interact with the PPAR-y
coactivator 1-alpha (PGC-1a), with in-depth analysis showing this interaction leads to
them being recruited to the same promoter regions within the DNA (Olmos et al.
2009). This interaction seems to influence FoxO activity as a co-activator, ultimately
leading to the upregulation of oxidative stress related FoxO target genes (such as,
MnSOD) (Olmos et al. 2009). This co-activation is also associated with upregulation
of FoxO target genes involved in gluconeogenesis (Puigserver et al. 2003). However,
similarly to the PPARs above this interaction effects the activity of FoxO target genes

thereby still requiring FoxO to bind to DNA.

A further example comes via the hepatocyte nuclear factor 4 (HNF-4). This factor is
essential in regulating PGC-1a-dependent gene expression with regard to
gluconeogenesis (Rhee et al. 2003). However, its activity can also be affected by

FoxO interactions, where direct binding of FoxO to HNF-4 can lead to the repression
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of the glycolytic gene GCK, and the activation of the gluconeogenic gene G6pc (Hirota
et al. 2003; Hirota et al. 2008). This is a seemingly insulin-independent process and
requires FoxO binding to the DNA to occur, where DNA-binding allows FoxO to
subsequently adjust the HNF-4 binding element within the DNA in a context-

dependent manner to produce the desired output (Hirota et al. 2008).

Interestingly, FoxO can also regulate GCK expression through binding interactions
with Sin3a, one of two mammalian Sin3 isoforms that shows high conservation with
the Drosophila Sin3a gene (Barnes et al. 2018). Sin3a is considered a pleiotropic co-
repressor and an essential gene within both Drosophila and mammalian cells,
regulating key processes in development (such as, DNA damage), carbohydrate and
lipid metabolism, and responses to oxidative stress (Liu & Pile, 2017; McDonel et al.
2012). Mammalian FoxO1 has been shown via reciprocal co-immunoprecipitations to
be able to bind to Sin3a through its N-terminus, leading to the recruitment of Sin3a to
the GCK promoter and the repression of GCK transcription (a process that is
reversible by insulin action) (Langlet et al. 2017). This repression ensures tight
homeostatic control on normal cellular glucose-6-phosphate levels, improved glucose
handling, and prevention of the induction of lipogenesis by inhibiting production of
pyruvate from glucose by arresting acetyl-coenzyme A formation and triglyceride
production (Langlet et al. 2017). Again, however, these interactions are still reliant on
the ability of the FoxO protein to also bind to DNA.

An interesting example of a FoxO interaction with another protein is that of the
interaction with itself. This interaction is not independent of DNA-binding however, but
research has now suggested that mammalian FoxO1 may not only act as a monomer
when altering gene transcription (i.e., in binding the IRE and DBE), but may also act
as a homodimer (Li et al. 2021). Research then identified the DIV2 sequence, a
palindromic DNA motif formed of two forkhead motifs, that can be bound by a FoxO1
dimer that is stabilised via the FoxO1 wing 1 regions leading to mediation of
transcriptional modulation potentially in a stronger manner than which occurs at a
singular forkhead site (Li et al. 2021). Despite this interesting find, the genes regulated
via this mechanism have not yet been touched upon and therefore it is unknown
whether different genes are regulated or if it is more of a compensatory mechanism,
which takes advantage of the higher binding affinity of FoxO1 to DIV2 sequences

allowing for gene regulation even when expression of FoxO is low (Li et al. 2021).
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In a similar vein to this, FoxO is also able to interact with other members of the Fox
family. Interactions with FoxA1 and FoxA2 have been shown to lead to associations
with and relaxing of the chromatin, leading to the subsequent upregulation of insulin-
regulated genes (e.g., G6pc), however binding to DNA is still necessary for this to
occur (Yalley et al. 2016; Schill et al. 2019). This supports previous studies that
indicate that FoxO1 and FoxA2 binding (analysed using chromatin
immunoprecipitation (ChIP)-sequencing) leads to co-activation of several genes
related with glucose and lipid metabolism (namely, Pck1 and PDK-4) in mouse liver
(Shin et al. 2012).

Importantly, there is at least one example of FoxO affecting gene regulation that
occurs seemingly independent of its need to bind to DNA. In the regulation of cellular
differentiation FoxO was found to displace the Notch signalling corepressors, nuclear
corepressor (NcoR) and silencing mediator for retinoid and thyroid hormone receptor
(Smrt) and recruit the coactivator mastermind-like 1 (Maml1) to activate Csl activity
leading to changes in gene expression (Kitamura et al. 2007). This effect was found
in the presence of a constitutively active mouse FoxO1 and a constitutively active
FoxO1 DNA-binding domain mutant (N208R and H212R) (Kitamura et al. 2007).
However, this role seems to only effect FoxO activity in cellular differentiation and
myogenesis and does not seem to be linked to FoxQO’s role in metabolic homeostasis

in any great detail.

Together, these examples give evidence that whilst there is precedence in the
structure of FoxO proteins and examples that show how FoxO can influence and is
influenced by other proteins, many of these interactions still require the binding of
FoxO to DNA in some form. Therefore, despite the initial findings using a FoxO DNA-
binding domain mutant that showed there is DNA-binding independent modulation of
metabolic processes, how FoxO uses this mechanism to carry out its affects is still
relatively unknown. This highlights a promising area of research, as it is imperative to
understanding FoxO function and consequently for identifying potential therapeutic
targets for treating metabolic disorders, like diabetes, so FoxO does not have to be

targeted directly reducing the severity or number of side effects produced.
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1.3. CONSERVATION OF FOXO FUNCTION BETWEEN ORGANISMS

One of the most important pathways, with regards to metabolism, that is conserved

across organisms is the IS pathway.

Where even though the yeast, Saccharomyces cerevisiae, does not have an IIS
pathway as we recognise it, there is still a precursor nutrient-sensing pathway that
enables proper metabolic control through a signalling cascade involving an Akt

homologue (Barbieri et al. 2003).

Due to evolving multicellularity, there comes an increased level of conservation where
all the components of mammalian insulin signalling are present in Drosophila,
including FoxO transcription factors (Figure 1.5) (Wang et al. 2011; Owusu-Ansah &
Perrimon, 2014).
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Caenorhabditis elegans Drosophila melanogaster Mus musculus
ILP diLP Insulin
,h DAF-2 5 dinR | IR
IST-1 chico IRS-1
AGE-1 dPI3K PI3K
| — DAF18 | — dpTEN | — PTEN
PDK-1 dPDK-1 PDK-1
Akt Akt Akt
DAF-16 dFoxO Fox0

Figure 1.5. Evolutionary conservation of the insulin/insulin-like growth factor
signalling (lIS) pathway.

Evolutionary conservation of the insulin-insulin like growth factor signalling (I1S)
pathway in Caenorhabditis elegans, Drosophila melanogaster, and Mus musculus.
The latter is also the signalling pathway in other mammals (including, humans). These
reveal high levels of conservation in a principal metabolic pathway. All 3 possess
insulin peptides that bind homologous receptors, initiating activation of the
downstream PI3K/Akt signalling pathway, leading to the inhibition of homologous
FoxO proteins (Adapted from Martins et al. (2016). Created in Biorender).

The conservation between organisms is such that it is evident even when comparing
mammals and C. elegans, where DAF-16 is able to be partially replaced by
mammalian FoxO3a (van der Heide & Smidt, 2005).
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This conservation is possible due to the fact that Fox proteins, including FoxO, are
essential genes (for example, FoxO1 knockouts are lethal) so there are evolutionary
constraints (such as, genomic location or regulatory elements) that potentially prevent

too much divergence in these proteins (Link, 2019; Hannenhalli & Kaestner, 2009).

The overlap of function between FoxOs of different species coupled with the
conservation of both the DNA-binding domains and the binding sequences of FoxOs,
(Figure 1.6), suggests that it is likely that the key metabolic functions of mammalian
FoxOs are encompassed in the overall function of the single dFoxO (Jlnger et al.
2003).
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HNLSLHSRFMRIQNEGAGKS SWWVINPD-AKPGRNPRRTR
HNLSLHNRFMRVQNEGTGKS SWWMLNPE -AKPGKSV-RRR
HNLSLHSKFIRVONEGTGKS SWHMLNPEGGKSGKSP-RRRAAS
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MDNNSKFAKSRS--RAAKKK
SMDNSNKYTKSRG--RAAKKK
[DSSSKLLRGRS--KAPKKK

Figure 1.6. Amino acid alignment of FoxO proteins from different species.

Schematic of FoxO amino acid sequence alignments from various species. Boxes
enclose Akt phosphorylation motifs, with asterisks above phosphorylated residues.
FoxO DNA-binding domains, also known as the ‘forkhead’ domain, are indicated by
lines above and below the sequences. Yellow highlighting represents basic amino
acids found in the nuclear localisation domain. Grey shading identifies amino acids in
the sequence identical to those found in dFoxO. Ce: Caenorhabitis elegans, Dm:
Drosophila melanogaster, Mm: Mus musculus, Hs: Homo sapiens. (Adapted from
Bridge et al. (2010)).
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However, it should be stated that of the four mammalian paralogues, FoxO1 is more
prominently discussed in the literature with regards to metabolism and is described
as the equivalent of dFoxO in these circumstances by many (Ni et al. 2007; Lee &
Dong, 2017; Puig & Tjian, 2005). Regardless, this gives an advantage of using
Drosophila, as only possessing one FoxO protein makes researching these complex

mechanisms much simpler (Blice-Baum et al. 2019).

There are also structural similarities between the components of this pathway
including the insulin receptors, the signalling blocks (e.g., IRS proteins), and even the

insulin/insulin-like peptides that initiate the cascade (Pertseva & Shpakov, 2002).

Both mammalian and Drosophila insulin receptors contain two a and two B subunits,
with one of the B subunits containing a cytoplasmic tyrosine kinase domain (Garofalo,
2002). The similarity between the two is so high that the Drosophila InR can even bind
mammalian insulin with an impressive binding affinity (i.e., this interaction has an
equilibrium dissociation constant of 15 nM, where a high binding affinity is often
considered to be <100 nM)) (Garofalo, 2002).

As well as the structural and pathway similarities, there is also FoxO target gene
conservation between organisms with Drosophila also possessing a number of genes
homologous to those found in humans, including the major genes and gene families
involved in mammalian metabolic processes, such as enzymes that co-ordinate
membrane lipid biosynthesis as well as lipid, carbohydrate, amino acid, and sterol
metabolism (Owusu-Ansah & Perrimon, 2014; Pandey & Nichols, 2011; Thanh et al.
2020; Peregrin-Alvarez et al. 2009). Alongside this highly conserved core group of
metabolic enzymes, however, there are enzymes associated with this core that are
more species-specific allowing for flexibility within pathways dependent on the

species needs (Peregrin-Alvarez et al. 2009).

Between species, there are 121 genes linking dFoxO and DAF-16 that are bound by
both factors in their respective organisms (Alic et al. 2011). Between Drosophila and
mammals, Webb et al. (2016) observed using ChlP-seq and ChlP-chip data that
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50.9% of genes bound by dFoxO are also bound by mammalian FoxO in mice, with
the overlapping genes identified as those specifically involved in processes such as

metabolism, growth factor signalling, proteostasis, and modulation of transcription.

Examples of conserved metabolically related genes include mdy the Drosophila
homologue of diglyceride O- acyltransferase (DGAT), which converts diacylglycerol
(DAG) into TAG, the lipase bmm, and phosphoenolpyruvate carboxykinase 1
(PepckT), the gluconeogenic FoxO target homologous to human Pck1 (Thanh et al.
2020; Gronke et al. 2005; Nakae et al. 2008). The conservation of these genes is
such that when the bmm gene was shown by Grénke et al. (2005) to be involved with
lipid metabolism in flies (i.e., loss of bmm led to fly obesity and over activation led to
depleted fat stores), it was then posited that this would allow for flies to be used as

both mechanical and therapeutic models of human obesity.

Due to this conservation in target genes, unsurprisingly the 1IS pathway is also able
to regulate some of the same processes such as, metabolism, fecundity, oxidative
stress resistance, and lifespan, in all organisms from flies to humans (Barbieri et al.
2003). In addition, there is also conservation in responses to changes in nutrients in
the environment where it has been shown that the organismal response to starvation
is conserved from worms, to flies, to mammals (Hibshman et al. 2017). This
conserved response was dependent on FoxO proteins and their ability to support the
carbon flux of fatty acids to sugars and subsequent glycolysis via gluconeogenesis
(Hibshman et al. 2017).

This evolutionary conservation in the processes that they regulate allows for important
elucidations concerning metabolism and its associated disorders to be made using
simpler model organisms, such as Drosophila (Owusu-Ansah & Perrimon, 2014). For
example, the hallmark characteristics of type Il diabetes, such as insulin resistance,
fasting hyperglycaemia, and enhanced fat storage, have already been shown to be
easily modelled in Drosophila by high-sugar feeding (Pendse et al. 2013; Thanh et al.
2020).
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1.3.1 DROSOPHILA AS A MODEL ORGANISM

Past research has overwhelmingly shown the advantages of using model organisms,
such as Drosophila, to study the aetiology and complexities of numerous disorders.
This is in part due to Drosophila having a short life cycle, high fecundity, and a high
number of easily available, simple, validated tools for genetic modifications allowing

for quick and cost-effective study (Wang et al. 2011; Pandey & Nichols, 2011).

As mentioned, Drosophila have been shown to be excellent models for studying
metabolic function due to the high levels of conservation in the metabolic pathways
and components between Drosophila and mammals and the ease of reproducing
metabolic disorder in flies that shows the same (or similar) phenotypes to that in
mammals. However, in addition to this, Drosophila also possess internal structures
that function in a similar manner to mammalian organs, particularly in relation to
metabolic functions (Pandey & Nichols, 2011). The main metabolic tissues in
Drosophila are the fat body, the main storage site of triglycerides and the fly
counterpart to both the mammalian liver and white adipose tissue, and the muscle
where both oxidative and glycolytic muscles are represented in flies by the flight and

leg muscles, respectively (Morris et al. 2012; Owusu-Ansah & Perrimon, 2014).

Whilst the fat body represents both the mammalian adipose tissue and liver,
Drosophila also possess oenocytes, which also carry some hepatocellular-like
functions by storing and mobilising lipids through a bidirectional communication with

the fat body analogous to the mammalian adipose-liver axis (Gutierrez et al. 2007).

Other metabolically important components include the haemolymph, which allows for
circulation of various hormones and nutrients, and the various neurosecretory cells
such as the insulin-producing cells (IPCs) and corpora cardiaca (CC) (Baker &
Thummel, 2007). These cells represent pancreatic 3- and a-cells respectively, where
IPCs produce Drosophila insulin-like peptides (dILPs) analogous to mammalian
insulin, and CC cells produce the adipokinetic hormone (Akh), the Drosophila
counterpart to mammalian glucagon (Owusu-Ansah & Perrimon, 2014). Despite being
correlated with mammalian insulin, there are 8 known dILPs that are released in a
highly regulated spatial-temporal manner during development and adulthood to assert

various functions on the single InR (Nassel et al. 2013).

L. R. McDonagh, PhD thesis, Aston University 2022 58



Moreover, the release of these hormones in response to nutrients occurs under
similar mechanisms where Kréneisz et al. (2010) has shown that, similarly to
mammalian pancreatic cells, IPCs respond to increased circulating glucose levels

with Ca?+ influx and action potentials similar to those seen in mammalian 3-cells.

Despite all these similarities, Drosophila does not contain a pancreatic organ. The
IPCs are located within the neurosecretory centre of the insect brain called the pars
intercebralis, a region of the fly brain often associated with the mammalian
hypothalamic region as it mediates stress and metabolic responses (Subramanian et
al. 2013).

Similarities are also seen with regards to inter-organ communication, a key aspect of
an organism’s ability to regulate metabolic homeostasis (Liu & Jin, 2017). Important
secreted factors in regulating metabolism include the anorexigenic peptide leptin,
which is known to modulate glucose metabolism, food intake, and overall energy
homeostasis (Meek & Morton, 2012). Aberrations in leptin signalling can lead to the
onset of oxidative stress, inflammation, obesity, and diabetes through altering insulin
sensitivity and lipid accumulation (Meek & Morton, 2012; Marseglia et al. 2015). Some
studies suggest Unpaired-2 (Upd2) as the Drosophila equivalent of mammalian leptin,
as overexpression of human leptin in the fly fat body can rescue disorders that

develop in Upd2 mutants (Mattila & Hietakanagas, 2017; Subramanian et al. 2013).

Despite the numerous advantages of using Drosophila as a model organism, there
are limitations to consider when studying metabolism. These include the main
circulating sugar in Drosophila being trehalose instead of glucose and that Drosophila
models of diabetes have only been used to consolidate phenotypes already observed
in mammalian models not to identify new ones (Graham & Pick, 2017; Owusu-Ansah
& Perrimon, 2014). However, this has been used to argue that these models are now
further validated in their usage for this line of research (Owusu-Ansah & Perrimon,
2014).
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1.4 FOXO AS A THERAPEUTIC TARGET

FoxO proteins are well known for their implications in disorders such as diabetes,
cancer formation, and endometriosis (Lu & Huang, 2011). This has led to FoxO
becoming an attractive drug target, including through disruptions of FoxO

phosphorylation and nuclear export (Table 1.3) (Lu & Huang, 2011).

Drug name Investlgat_ed in relation to Reforonce
[disorder]

Compound 8 Inteﬂeres;\i’:gi:gxo'S] n3a Metabolic disorder Langlet et al. 2017

AS1842856 FoxO inhibition Obesity/metabolic disorder Zou etal. 2014

Tanzawaic acid Binds FoxO DBD to stabilise

Metastatic lung cancer Sun et al. 2017

D DNA-binding
Carbenoxolone fEERheOd DBD to repress High stage neuroblastoma Salcher et al. 2019
DNA-binding
Jy-2 FoxO inhibition Metabolic disorder Choi et al. 2021
AS1708727 FoxO inhibition Metabolic disorder Tanaka et al. 2010
ETP-45658 PI3K inhibition Breast cancer Hill et al. 2014
Torin-2 mTOR inhibitor Skin cancer TOETEN G EhE e,
2016
AZD5363 Akt inhibitor Breast cancer Davies et al. 2012
Entacapone PR L) prev'entmg et Obesity/metabolic disorder Peng et al. 2019
expression
STI571 Increases FoxO3 expression Leukaemia and breast cancer Essafi et al. 2005

Table 1.3. Drugs that target FoxO function and activity.

Numerous therapeutics have been produced to target FoxO or factors involved in its
activity in an attempt to treat the underlying causes of disturbed phenotypes caused
by dysregulated FoxO activity. The names and roles of various therapeutics are
shown here; however, this list is not exclusively metabolically related nor exhaustive.

There are a number of drugs that are used to treat a variety of disorders (including
metabolic disorder and cancer), which do not target FoxO but the upstream effectors
that target FoxO activity. For example, the PI3K inhibitor ETP-45658 is able to inhibit
cell proliferation in a variety of human cancer cell lines in a FoxO-dependent manner
(Hill et al. 2014). This allows for a small subset of FoxO target genes to be upregulated
counteracting the action of the constitutively active PI3K, which is seen in some

cancer cell lines, particularly those associated with breast cancer (Hill et al. 2014).
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Another potential anti-cancer drug is Torin-2, this drug inhibits the mammalian target
of rapamycin (mTOR) complex 2 (nMTORC2) decreasing FoxO3a phosphorylation (via
decreased Akt phosphorylation and activation) and increasing FoxO3a nuclear
localisation and apoptosis in ultraviolet B irradiated cells which mimic non-melanoma

skin cancer cells (Feehan & Shantz, 2016).

In metabolism, the fat mass and obesity associated (FTO) gene is associated with
metabolic disorder, particularly obesity and diabetes (Freathy et al. 2008). FTO
proteins are “master regulators” and members of the Fe (ll)/a-ketoglutarate—
dependent AIkB dioxygenase family, which regulate the demethylation of N6-
adenosine—modified and N6,2’-O-dimethyladenosine—modified sites within the

mRNA and N1-methyladenosine sites in transfer RNA (Zhang et al. 2019a).

This role in metabolic homeostasis identified a potential therapeutic target for diabetic
treatments leading to the discovery of a drug called entacapone, which can inhibit
FTO function preventing demethylation of FoxO1 mRNA reducing its translational
efficiency and subsequent target gene transcription (Peng et al. 2019). The effect on
this FTO-FoxO1 pathway was able to reduce body mass and circulating fasting
glucose in obese mice by altering FoxO’s role in adipocytes leading to a
downregulation of genes involved with hepatic gluconeogenesis and upregulation of
those involved with thermogenesis (e.g., those associated with the oxidative
phosphorylation pathway such as complexes |-V of the electron transport chain)
(Peng et al. 2019).

However, there are drugs that target FoxO directly, one such drug is the FoxO
antagonist, AS1842856, that binds to the active form of mammalian FoxO1 (Zou et
al. 2014). This was used to successfully study the pattern of FoxO activation during
adipogenesis and its ability to suppress adipocyte differentiation, identifying this as a
potential agent capable of preventing obesity (Zou et al. 2014). In addition, by
inhibiting FoxO1 using this small molecule, pancreatic-islet differentiation related
genes were upregulated, promoting the differentiation of human embryonic stem cells
into insulin-producing cells, thereby elucidating a potential mechanism by which
mature B-cells can be produced for uses in cell transplantation therapies in diabetic
patients (Yu et al. 2018).
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Another potentially interesting anti-diabetic agent is JY2, which targets FoxO1 (with
an oral bioavailability of 98%) to reduce the expression of key genes involved with
gluconeogenesis (namely, G6pc and Pepck1) and TAG accumulation, as well as to
increase PDX-1 transcriptional activity and insulin biosynthesis in a rat insulinoma cell
line (Choi et al. 2021).

Similar to this is the FoxO1 inhibitor, AS1708727, which was shown to have anti-
hyperglycaemic and anti-triglyceridaemic effects in db/db mice (an obesity and
diabetic mouse model) via changes in expression of FoxO target genes such as Gé6pc
and Pepck1, as well as apolipoprotein C-Ill, a gene associated with preventing the

uptake and clearance of triglycerides from the circulation (Tanaka et al. 2010).

An interesting development is the use of inhibitors that only interfere with specific
functions of FoxO, allowing for the unaffected continuation of other processes whilst

disordered phenotypes can be specifically targeted.

With the example of AS1842856, there is selectivity for the FoxO1 protein compared
to either the FoxO3a or FoxO4 proteins indicated by significant increases in the half-
maximal inhibitory concentration (ICso) from an ICso of 0.03 uM for FoxO1 to an ICso
of >1 uM for FoxO3a/FoxO4 (Peng et al. 2020). Therefore, selectively inhibiting

FoxO1 over the other FoxO proteins allows for a more specific response.

There is also the ability to disrupt specific protein-protein interactions, such as those
involving FoxO and either p53 or Sin3a (Calissi et al. 2020). Where in the former the
FoxO-p53 interaction is able to be disrupted by the FoxO4-DRI, a FoxO4 peptide in
the D-retro inverso conformation (i.e., reversal of the amino acid sequence and
inversion of the chiral centre) to initiate p53 nuclear removal and subsequent
apoptosis in senescent cells with a higher potency and tolerance compared to other
treatments (Baar et al. 2017). This cell removal can help to restore tissue homeostasis
by removing senescent cells that have a persistent pro-inflammatory phenotype,
preventing the onset of the age-related diseases and accelerated ageing often

associated with these cells in the long-term (Baar et al. 2017).
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However, the pleiotropism, paradoxical nature, and the necessity to maintain a strict
balance in activity of FoxO proteins, makes them too complex to be ideal targets for
therapeautic treatment. As, whether they are targeted directly or through their
upstream effectors, altering their activation can often lead to a vast number of
unwanted and severe side effects (for example, induction of tumourigenesis through
FoxO inhibition) (Hesp et al. 2015; Cheng & White, 2011, Lu & Huang, 2011).

With regards to metabolism, there is the issue that therapeutically reducing FoxO
activity to combat hyperglycaemia can concurrently increase aberrant lipogenesis,
potentially leading to the production of steatosis (Langlet et al. 2017). Therefore, to
prevent these issues the manipulation would have to occur very specifically or locally,
however diabetes is a systemic disorder so treatments using FoxO become complex

and unlikely to succeed (Hesp et al. 2015).

As mentioned above, moves have been made recently to try to inhibit specific
functions of FoxO activity or it’s related pathways to try to account for this, such as
the use of small-molecule inhibitors that reduce glucose production whilst preventing
lipogenesis and the subsequent associated disorder in a FoxO1-dependent manner
(Peng et al. 2020; Langet et al. 2017). However, this research has run into issues
when trying to relate this to in vivo studies due to the troublesome pharmacokinetic

properties of these drugs (Langlet et al. 2017).

This shows that as well as the biological consequences of targeting FoxO
therapeutically, there are also issues with the physical dynamics involved in the drug-
protein interactions. Where trying to interfere with the mechanisms of FoxO action is
problematic as interactions involve surfaces that can either be flat or convex, as well
as highly charged (i.e., DNA-binding surfaces), all of which are troublesome in drug
design (Calissi et al. 2020).

These complications therefore highlight an area of study where other targets that are
involved in FoxO-dependent signalling can be researched and potentially used for

future treatments, particularly those downstream of FoxO activity.

L. R. McDonagh, PhD thesis, Aston University 2022 63



1.5 AIMS AND OBJECTIVES

The overall aim of this project was to use Drosophila as a model system to determine
the mechanisms of FoxO activity in influencing metabolic phenotypes, particularly
those that occur in a DNA-binding independent manner. Thereby identifying potential
co-factors FoxO interacts with to regulate metabolic homeostasis, which could then
be used as potential therapeutic targets for treating metabolic disorders, like diabetes,
that do not target FoxO directly, thereby avoiding the severe side effects often seen

during FoxO-targeted treatments.

The overall hypothesis was that there were metabolic phenotypes regulated
independently of FoxO’s ability to bind to DNA, which were affected by changes in

gene expression caused by FoxO directly interacting with other proteins.

Therefore, the first aim was to verify the dFoxO mutants used in this study, as well as
to characterise known dFoxO-regulated phenotypes for DNA-binding dependent or
independent activity. The hypothesis was that there were DNA-binding independent
roles in dFoxQ’s activity which impact on metabolic function, and that these novel
mutants were fit for investigating this purpose. To do this, novel mutants of dFoxO
which disrupt the canonical DNA-binding domain were used, allowing for investigation
into the effects of inhibiting dFoxO transcriptional activity on metabolic regulation and
other dFoxO-regulated processes using various molecular and phenotypic

techniques.

Based on the results produced from this initial stage, the second aim was to identify
differentially expressed genes in the DNA-binding domain mutants compared to
controls to pinpoint changes in gene expression that could be affecting the assessed
metabolic phenotypes. The hypothesis was that there was a difference in gene
expression in these dFoxO mutants, leading to the observed differences in dFoxO
activity. To do this, RNA-sequencing (RNA-seq) was used to identify genes which
were differentially expressed in these dFoxO mutants and therefore, could potentially
be affecting the metabolic processes dFoxO regulates in a DNA-binding independent

manner.
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To achieve the final goal of the stated aim (i.e., to identify FoxO co-factors that help
regulate these FoxO-dependent DNA-binding independent metabolic processes)
further bioinformatical approaches were used on the RNA-seq data to identify
potential FoxO binding partners that could be associated with these changes in gene
expression. The hypothesis was that the differential expression in the identified genes
would lead to transcription factor enrichment, identifying co-factors with which dFoxO
could be interacting with to directly impact on metabolism independent of DNA-
binding. Using the previously differentially expressed genes allowed for the
identification of co-factors associated with dFoxO’s DNA-binding independent activity
and the elucidation of the effects of the downstream mechanisms through which these

interactions directly impact on metabolism.
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2. MATERIALS AND METHODS
2.1 DROSOPHILA STOCKS AND MAINTENANCE

2.1.1 FOXO MUTANT DROSOPHILA LINES USED IN THIS STUDY

The dFoxO mutant Drosophila lines used in this study were generated by Dr Victor
Bustos at the Max Planck Institute for the Biology of Ageing (MPI-AGE), Cologne,
Germany. In brief, a parental knock-out line was established using ends-out
homologous recombination to replace an ~3 kb region (arbitrarily named V3) of the
dFoxO locus. This region contained exons 3-8 and encoded amino acids 146-613 of
the dFoxO protein. The V3 region was replaced with an attP recombination site and
a loxP site (Huang et al. 2009). This parental knock-out line was then used to generate
control and DNA-binding domain mutant lines by reintroducing specific DNA
sequences by ®C31 integrase-mediated recombination. The following lines were
used in this study: dFoxO-AV3 ((AV3) parental knock-out line, functions as a genetic
null for dFoxO), dFoxO-V3 ((V3) reinsertion of the wild-type V3 sequence), dFoxO-
V3-3xFLAG ((V3F) reinsertion of the wild-type V3 sequence plus 3x FLAG
sequences), dFoxO-DBD1-3xFLAG ((DBD1) reinsertion of DNA-binding domain
mutant (H150A) sequence plus 3x FLAG sequences) and dFoxO-DBD2-3xFLAG
((DBD2) reinsertion of DNA-binding domain mutant sequence (H150A and N146A)
plus 3x FLAG sequences).

2.1.2 DROSOPHILA CONTROL STRAIN

The control Drosophila strain used in this study was whitePahomey (wDah) —wbah wag
originally created by backcrossing the white’’’é (w'78) mutation into the Dahomey
background. Dahomey flies are an outbred wild-type strain, collected originally in
Dahomey, West Africa (now known as Benin). Since their collection in 1970, they
have been kept in large population cages at 25 °C with overlapping generations on a
12-hour light:12-hour dark cycle (Bass et al. 2007). All dFoxO alleles were
backcrossed for six generations into the wPa" background prior to experimental

analysis.

2.1.3 FLY HUSBANDRY
All Drosophila stocks were maintained at 25 °C on a standard sugar/yeast/agar (SYA)

medium consisting of 5% (w/v) granulated sugar (Tate & Lyle, London, UK), 10% (w/v)
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brewer’s yeast (MP Biomedicals, Eschwege, Germany), 1.5% (w/v) agar (Sigma-
Aldrich, now Merck, Darmstadt, Germany), and preservatives 3% (v/v) nipagin
(diluted from a 10% (w/v) stock solution of tegosept (Apex Bioresearch Products,
California, United States) prepared in 95% ethanol (Fisher Scientific, Loughborough,
UK)), and 0.3% (v/v) propionic acid (Fisher Scientific, Loughborough, UK) (Bass et al.
2007). Catalogue numbers and manufacturers for all reagents used in this project can
be found in Appendx 1. All lines were maintained on a 12-hour light-12-hour dark
cycle at constant humidity (Bass et al. 2007). All experiments were conducted at
25 °C.

All experimental flies (including controls) were reared from synchronised egg
collections. Parental flies were transferred to collection cages and eggs were
collected on grape juice-agar plates (produced using agar (Merck, Darmstadt,
Germany), sugar (Tate & Lyle, London, UK), red grape juice (Ritchies, Deeside, UK),
10% (w/v) nipagin (as above) in a ratio of 2:2:10:3) with a small amount of yeast paste
(produced using distilled water and active dried yeast (S.I. LeSaffre, Marcq, France)).
Eggs were collected overnight and were then washed from the surface of the grape
juice-agar plate using 1x phosphate buffered saline (PBS) (Fisher Scientific,
Loughborough, UK). 20 uL of eggs were dispensed into bottles of fresh SYA food to
maintain standard larval densities and incubated at 25 °C for 10 days until the adult
flies emerged. Adult flies were transferred to fresh SYA food and allowed to mate for
24 hours, homozygous flies were then separated by sex using a Leica M80 zoom
stereomicroscope (Leica Microsystems, Wetzlar, Germany) and CO. anaesthesia.

Flies were housed as single sexes in experimental vials.

2.2 GENOMIC DNA PREPARATION AND POLYMERASE CHAIN REACTION (PCR)
Extraction of genomic DNA and subsequent polymerase chain reaction (PCR) and

DNA-sequencing was carried out to verify the identity of the stocks received.

2.2.1 SINGLE FLY GENOMIC DNA PREPS

To extract genomic DNA (gDNA) from female 7-day old adult flies, individual flies were
homogenised in 150 pL ‘squishing buffer’, containing: 10 mM Tris-HCI pH 8.2 (Fisher
Bioreagents, Loughborough, UK), 1 mM EDTA (Fisher Bioreagents, Loughborough,
UK), 25 mM NaCl (Fisher Bioreagents, Loughborough, UK), and 200 pg/mL
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Proteinase K (Fisher Scientific, Loughborough, UK) added fresh from a 20 mg/mL
stock solution. The homogenate was transferred to a 0.2 mL PCR tube (Star Labs,
Milton Keynes, UK) and incubated at 37 °C for 60 mins and then at 95 °C for 15 mins
to allow for inactivation of Proteinase K. All incubations were performed in a 5PrimeG
thermal cycler (model: PrimeG/02, Prime Techne, Stone, UK). The gDNA was then

stored at -20 °C until used.

2.2.2 POLYMERASE CHAIN REACTION (PCR)

PCRs were performed in a final volume of 25 pL containing: 12.5 pL Platinum Hot
Start PCR 2X Master Mix (Invitrogen, Loughborough, UK), 0.5 uL of each primer
(Table 2.1) (Eurofins Genomics, Wolverhampton, UK) at a concentration of 10 pM,
and 1 uL of template gDNA. Reactions were made up to the final volume using sterile
distilled H-O (dH20) (10.5 pL per reaction). Platinum Hot Start PCR 2X Master Mix
(Invitrogen, Loughborough, UK) contains Platinum Taq DNA polymerase in an
optimised PCR buffer alongside dNTPs, and Mg?+

PCRs were performed using a 5PrimeG thermal cycler (model: PrimeG/02, Prime
Techne, Stone, UK) with PCR cycling parameters as follows: initial denaturation at
94 °C for 2 mins, then 35 repeating cycles of 94 °C for 30 s, appropriate annealing
temperature for 30 s, and 72 °C for 1 min, followed by a final extension step at 72 °C
for 10 mins.

PCR products were then analysed using 1% (w/v) agarose (Fisher Scientific,
Loughborough, UK) gel electrophoresis with 5 pL Midori Green DNA stain (Geneflow,
Lichfield, UK) in 1x Tris-Acetate-EDTA (TAE) buffer diluted in dH-O from a stock
solution (50x stock solution was produced as follows: 2 M Tris-base (Fisher Scientific,
Loughborough, UK), 1 M acetic acid (Fisher Scientific, Loughborough, UK), and
50 mM EDTA (Fisher Scientific, Loughborough, UK) in dH-O). Each sample was
mixed with 5 pL Orange-G (Merck, Darmstadt, Germany) DNA-loading dye at a ratio
of 5:1 (sample to dye) before being added to the wells alongside a 1 kb DNA
hyperladder (Meridian Biosciences, Ohio, United States). Gels were run at 85 V for
45 minutes-1 hour then imaged using a G:Box Chemi HR 1.4 (Syngene, Cambridge,
UK) gel imaging system.
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Primer name Sequence (5’ - 3’) Melting Temperature (°C) Identification

SOL792 GCATACATTATACGAAGTTATGG 55.3 dFoxO-null (AV3) (Forward)

SOL8s7 GACGAGGTCTGGTGAAGACA 59.4 dFoxO-null (AV3) (Reverse)

SOL669 TGCACAACCGCTTTATGAGGGT 60.3 WT (Forward)

SOL670 CAGTTGATAGTTACCTGTGGAG 58.4 WT (Reverse)

SOL725 ATTGCTTACAAATCGTTACATCAG 55.9 dFoxO-V3 reinsertions (Forward)

SOL726 GCAAAAACCGAAATATATTGAATG 54.2 dFox0-V3 reinsertions (Reverse)

SOL883 GCAATGCGGCCGCTAGCATTTTGC 66.1 dFoxO-DBD (Forward)

SOL885 GTTGATAGTTACCTGTGGAGCGGA 62.7 dFoxO-DBD (Reverse)
dFoxO-V3F-F1 CAGCGTGGTGACCTCGCC 62.8 dFoxO-V3-3xFLAG (Forward)
dFoxO-V3F-R1 CAACAACGACGACTACCGGC 61.4 dFoxO-V3-3xFLAG (Reverse)

Table 2.1. Primer list used during stock verification.

These primers were used in PCRs during the verification of dFoxO mutant stocks.
Annealing temperatures are calculated to be 5°C below the lowest melting
temperature of the primer pair.

2.2.3 QIAQuICK PCR PURIFICATION AND ANALYSIS

PCR products for sequencing were first purified using the QlAquick PCR purification
Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. Buffer PB
was added to the PCR sample at a ratio of 5:1 (buffer PB to PCR sample). This was
then applied to a QlAquick column inserted in a 2 mL collection tube and centrifuged
for 30 s to enable DNA binding to the column. All centrifugation steps were performed
at 19,090 g using an Eppendorf 5415R refrigerated microcentrifuge (Eppendorf,
Stevenage, UK). The flow-through was discarded and the column was washed with
750 pL of buffer PE. After centrifugation the flow-through was again discarded and
the column dried by centrifugation as above for an additional 1 min. 50 pL of buffer
EB were applied directly to the centre of the QlAquick column to elute bound DNA,
this was then incubated at room temperature for 5 mins before being centrifuged for
1 min. To increase the DNA yield, the flow-through containing the eluted DNA was
reapplied to the column and the above step repeated. DNA concentration was

measured by UV spectrophotometry using a Nanodrop (Thermo Fisher Scientific,
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Loughborough, UK). DNA sequencing was performed by Eurofins Genomics
(Wolverhampton, UK) and sequence files were subsequently analysed using

SerialCloner 2.6 software (version 2.6.1) (Serial Basics).

2.3 VALIDATING DROSOPHILA FOXO MUTANT FUNCTION

2.3.1 WESTERN BLOT ANALYSIS

Western blot analysis was carried out to verify the presence, or lack thereof, of the
FLAG-tagged dFoxO protein in the appropriate dFoxO mutants and wild types. This
analysis was also used to assess the appropriate post-translational modification of
FLAG-tagged dFoxO proteins in the fully fed and starved state.

Protein extracts were produced by homogenising 5 7-day old adult male or female
flies in 100 uL of Laemmli Sodium Dodecyl! Sulfate (SDS) sample buffer (Alfa Aesar,
Loughborough, UK) containing 0.1 M dithiothreitol (DTT) (Thermo Fisher Scientific,
Loughborough, UK). Flies were homogenised in a 1.5 mL tube (Fisher Scientific,
Loughborough, UK) using a clean microtube pestle, after which the homogenate was
incubated at 85 °C for 10 mins and then centrifuged at 4 °C for 5 mins using an
Eppendorf 5415R refrigerated microcentrifuge (Eppendorf, Stevenage, UK).

Protein concentration was measured using the Pierce™ 660 nm Protein Assay
Reagent (Thermo Fisher Scientific, Loughborough, UK) containing ionic compatibility
detergent reagent (ICDR) (Thermo Fisher Scientific, Loughborough, UK) as per the
manufacturer’s instructions. Standards of Pierce™ bovine serum albumin protein
standard (Thermo Fisher Scientific, Loughborough, UK) from 0-1 ug/uL were also
prepared in Laemmli SDS sample buffer (Alfa Aesar, Loughborough, UK) containing
0.1 M DTT (Thermo Fisher Scientific, Loughborough, UK). Protein samples were
diluted 1:10 in sterile dH-O and then 5 pL of the standards or diluted samples were
added in duplicate to 150 uL of Pierce™ 660nm Protein Assay Reagent (Thermo
Fisher Scientific, Loughborough, UK) containing ICDR (Thermo Fisher Scientific,
Loughborough, UK) in a clear flat-bottomed 96-well plate (Corning, Massachusetts,
United States). The plate was then incubated for 5 mins at room temperature before
absorbances were read using a Multiskan GO (Thermo Fisher Scientific,
Loughborough, UK) plate reader at A660 nm. Protein samples were then frozen in

liquid nitrogen and stored at -80 °C.
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Proteins were resolved on 8% acrylamide:bis-acrylamide (33.5:0.3) (Fisher Scientific,
Loughborough, UK) gels in 1x SDS-PAGE running buffer pH 8.3 (produced as follows:
0.25 M Tris-base (Fisher Scientific, Loughborough, UK), 1.91 M glycine (Fisher
Scientific, Loughborough, UK), and 0.03 M SDS (Fisher Scientific, Loughborough,
UK)) at 80 V up to the resolving gel, then 120 V to end. 25 pg of protein were loaded
into each well alongside 5 pL PageRuler™ Plus Prestained Protein Ladder (Thermo
Scientific, Loughborough, UK).

In preparation for blotting, the gels were rinsed in sterile dH2O before being left in
Towbin buffer (produced as follows: 25 mM Tris-base (Fisher Scientific,
Loughborough, UK), 192 mM glycine (Fisher Scientific, Loughborough, UK), and 20%
(v/v) methanol (Fisher Scientific, Loughborough, UK)) for 15 mins to equilibrate.
Amersham™ Protran™ premium 0.45 uM nitrocellulose membrane (Cytiva, Chalfont
St Giles, UK) and 2 pieces of heavy-duty blotting paper (BioRad, Watford, UK) were

also soaked in Towbin buffer.

Blots were then assembled onto the electrode of a semi-dry transfer cell (TransBlot®
Turbo transfer system (BioRad, Watford, UK)) as follows: heavy duty blotting paper,
membrane, gel, heavy duty blotting paper. After removal of air bubbles, the cell was
then run at a constant 25 V for 30 mins.

Once transferred, membranes were rinsed 2x in tris buffered saline (TBS) (produced
as follows: 0.15 M Tris-HCI (Fisher Scientific, Loughborough, UK), 0.05 M Tris-base
(Fisher Scientific, Loughborough, UK), and 1.5M NaCl (Fisher Bioreagents,
Loughborough, UK)) containing 0.1% (v/v) Tween-20 (Fisher Bioreagents,
Loughborough, UK) pH 7.6 (TBST), before being incubated in blocking solution (5%
(w/v) skimmed milk (Merck, Darmstadt, Germany) in TBST (as above)) for at least
1 hour. All washes and incubations are carried out on a rocking platform.

Blots were then incubated overnight at 4 °C in either rabbit anti-tubulin (diluted
1:5000, Cell Signalling Technologies, London, UK), mouse anti-FLAG (diluted 1:2500,
Merck, Darmstadt, Germany), or rabbit anti-dFoxO (diluted 1:1000, Giannakou et al.
2007; received as a gift from Prof. Dame Linda Partridge) antibodies. Antibodies were
diluted in in 5% (w/v) skimmed milk (Merck, Darmstadt, Germany) in TBST (produced

as above).

After incubation, blots were rinsed 2x in TBST (as above) and then washed 5x in

TBST for 5 mins (25 mins total). Subsequently, blots were incubated in TBST for
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1 hour at room temperature with either goat anti-mouse (Abcam, Cambridge, UK)
antibodies for FLAG blots, or goat anti-rabbit (Abcam, Cambridge, UK) antibodies for
dFoxO and tubulin blots, where both antibodies were diluted 1:10,000 in 5% (w/v)
skimmed milk (Merck, Darmstadt, Germany).

A further 2x rinses and 5x 5 min washes in TBST were repeated after incubation with
the secondary antibody. The blots were then incubated in Luminata Forte Western
HRP substrate (Millipore, Croxley Park, UK) for 5 mins at room temperature. Excess
substrate was blotted from the back of the membrane which was then inserted into a
plastic wallet. Visualisation of blots was carried out using a G:Box Chemi HR 1.4

(Syngene, Cambridge, UK) imaging system.

2.3.2 CHROMATIN IMMUNOPRECIPITATION AND QUANTITATIVE PCR

Chromatin immunoprecipitation and subsequent quantitative PCR (qPCR) was
carried out to verify the DNA-binding activity, or lack thereof, of the various dFoxO
mutants. This was to ensure any DBD-independent phenotypes observed in the DBD

mutants were not caused by residual DNA-binding activity.

2.3.2.1 CHROMATIN EXTRACTION FROM ADULT FLIES

Chromatin was extracted from 100 fully fed 7-day old adult female flies per replicate
for the V3F, DBD1, and DBD2 genotypes. All buffers and sample tubes were kept on
ice as much as possible throughout to ensure optimum chromatin extraction. Glass
beads (Merck, Darmstadt, Germany) were added to a 2 mL screw cap tube (Fisher
Scientific, Loughborough, UK) to the 100 uL graduation marking. Flies were first
homogenised at 6 m/s for 40 s using the FastPrep-24 5G homogeniser (MP
Biomedicals, Eschwege, Germany) in 400 pL PBS (Fisher Scientific, Loughborough,
UK) containing Pierce protease and phosphatase inhibitor (EDTA-free) (Fisher
Scientific, Loughborough, UK) made to manufacturer’s instructions (100x solution)
and used as a 1x working solution. A further 600 uL PBS (Fisher Scientific,
Loughborough, UK)-Pierce protease and phosphatase inhibitor (EDTA-free) (Fisher
Scientific, Loughborough, UK) solution were added and homogenised again using the
same parameters.

After homogenisation, extra PBS (Fisher Scientific, Loughborough, UK)-Pierce

protease and phosphatase inhibitor (EDTA-free) (Fisher Scientific, Loughborough,
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UK) solution was added dropwise until the level of the liquid reached the 1.5 mL
graduation marking on the tube (~500 pL).

47 uL of 16% formaldehyde (Thermo Fisher Scientific, Loughborough, UK) (final
concentration 0.5%) were added and mixed thoroughly via nutation for exactly
10 mins at room temperature. To stop cross-linking, 300 pL of 2.5 M glycine (Fisher
Scientific, Loughborough, UK) were then added and tubes nutated for another

20 mins at room temperature.

The sample was then transferred to a fresh 2mL tube (Fisher Scientific,
Loughborough, UK) and centrifuged at 13,362 g for 20 mins at 4 °C. All centrifugation
steps were carried out using an Eppendorf 5415R refrigerated microcentrifuge
(Eppendorf, Stevenage, UK). The supernatant was discarded along with any floating
debris within the fly homogenate and the pellet was washed twice using 2 mL of a FA-
SDS-1 mM PMSF (Melford, Ipswich, UK) solution. The base FA-SDS buffer was
produced as follows: 50 nM HEPES (Fisher Scientific, Loughborough, UK)-KOH
(Melford, Ipswich, UK) pH 7.5, 150 nM NaCl (Fisher Bioreagents, Loughborough,
UK), 1mM EDTA (Fisher Bioreagents, Loughborough, UK), 0.1% (v/v) Na
deoxycholate (Fisher Scientific, Loughborough, UK), 0.1% (v/v) SDS (Fisher
Bioreagents, Loughborough, UK), and 1% (v/v) Triton-x100 (Merck, Darmstadt,
Germany)). PMSF (Melford, Ipswich, UK) was added from a 200 mM stock solution
prepared in isopropanol (Fisher Scientific, Loughborough, UK) on the day of the

experiment to give a final working concentration of 1 mM.

After washing, the pellet was then resuspended using 600 uL of the FA-SDS-PMSF
buffer and a clean glass rod, ensuring the white top layer was resuspended first. When
the pellet had been resuspended, 1 mL of the FA-SDS-PMSF solution was added and
the tubes nutated for 1 hour at 4 °C. The samples were then centrifuged at 13,362 g
for 20 mins at 4 °C. The supernatant was discarded, and the pellet was again
resuspended using 240 puL of the FA-SDS-PMSF solution with an extra 400 pL
subsequently added when the pellet had resuspended.

The chromatin was then fragmented by sonication on ice using a Bandelin Sonopuls
HD 2200 (Bandelin, Berlin, Germany) for 2, 3, or 4 mins using a pulse of 15s on /
45 s off at an amplitude of 50, 75 or 100%. Final parameters used after optimisation
were 3 mins of 15 s on / 45 s off at 100% amplitude. Subsequently, at a ratio of 1:4
(FA-SDS-PMSF solution to chromatin) more of the FA-SDS-PMSF solution was
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added. Tubes were nutated for 30 mins at 4 °C and centrifuged at 13,362 g for
20 mins at 4 °C.
The supernatant containing the chromatin was collected and separated into a 600 pL

and a 200 uL aliquot before being frozen in liquid nitrogen and stored at -80 °C.

2.3.2.2 CHROMATIN SAMPLE PREPARATION AND QUANTITATIVE PCR

For each sample used in chromatin immunoprecipitation (ChIP), 50 pL of Dynabeads
(Invitrogen, Loughborough, UK) were added into a 2 mL tube (Fisher Scientific,
Loughborough, UK) and washed twice using 2 mL of ice-cold PBS (Fisher Scientific,
Loughborough, UK)-0.5% (w/v) BSA (Fisher Scientific, Loughborough, UK) solution.
BSA solution was made using sterile dH20.

The Dynabeads (Invitrogen, Loughborough, UK) were then resuspended in 350 uL
PBS (Fisher Scientific, Loughborough, UK)-0.5% (w/v) BSA (Fisher Scientific,
Loughborough, UK). For the antibody IP (i.e., the pulldown of DNA associated with
the protein of interest), 1 pL of mouse anti-FLAG primary antibody (Merck, Darmstadt,
Germany) or mouse anti-RNA polymerase Il antibody (Merck, Darmstadt, Germany)
was added to each tube. Mock IPs (i.e., pulldown of DNA associated with no antibody)
were also produced in the same manner without the introduction of any antibody. All

tubes were left to incubate on a rocking platform overnight at 4 °C.

The supernatant was removed from the Dynabeads (Invitrogen, Loughborough, UK),
and the beads were washed twice as above. The Dynabeads (Invitrogen,
Loughborough, UK) were then resuspended in 30 uL PBS (Fisher Scientific,
Loughborough, UK)-0.5% (w/v) BSA (Fisher Scientific, Loughborough, UK).
Subsequently, 25 uL of 2% (w/v) BSA (Fisher Scientific, Loughborough, UK)
produced in PBS (Fisher Scientific, Loughborough, UK) were added. In conjunction,
chromatin samples were thawed on ice and centrifuged at 19,090 g for 15 mins at
4 °C using an Eppendorf 5415R refrigerated microcentrifuge (Eppendorf, Stevenage,
UK).

100 uL of chromatin sample were kept aside on ice as the input sample (i.e., all DNA
retrieved via sonication used as a positive control). The remaining chromatin was
divided in 2 so equal volumes of the chromatin sample were added to the tubes

containing the washed beads (i.e., 50% in the mock and 50% in the antibody IP).
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All samples containing beads were then incubated at room temperature on a rocking
platform for 2 hours, after which the supernatant was discarded. Dynabeads
(Invitrogen, Loughborough, UK) were washed using 2x 700 pL of FA-SDS (produced
as above) allowing for transfer into a 2 mL tube (Fisher Scientific, Loughborough, UK).
These tubes were then rocked at room temperature for 5 mins.

Multiple wash steps were then carried out as follows: 3x washes with 1.4 mL FA-SDS-
500 mM NaCl (Fisher Bioreagents, Loughborough, UK) (the FA-SDS was made as
above but subsequent addition of NaCl produced a final concentration of 500 mM
instead of 150 mM), 1x wash with 1.4 mL wash buffer (10 mM Tris-HCI pH 8 (Fisher
Bioreagents, Loughborough, UK), 250 mM LiCl (Melford, Ipswich, UK), 1 mM EDTA
(Fisher Bioreagents, Loughborough, UK), 1% (v/v) Nonidet-P40 (Melford, Ipswich,
UK), and 0.5% (v/v) Na deoxycholate (Fisher Bioreagents, Loughborough, UK)), and
1x wash with 1.4 mL TE buffer (10 mM Tris-HCI pH 8 (Fisher Bioreagents,
Loughborough, UK) and 1 mM EDTA pH 8 (Fisher Bioreagents, Loughborough, UK)).
After washing, 125 uL of 1x pronase buffer (diluted from 5x pronase buffer produced
with 125 mM Tris-HCI pH 8 (Fisher Bioreagents, Loughborough, UK), 25 mM EDTA
pH 8 (Fisher Bioreagents, Loughborough, UK), and 2.5% SDS (Fisher Bioreagents,
Loughborough, UK)) were added to the beads and then incubated at 65 °C for
20 mins. The supernatant was used as the ChIP sample (i.e., the DNA pulled down
via protein of interest). 25 uL of 5x pronase buffer were then added to the input sample
previously set aside. A further 6.25 pL (12,800 units) 1x pronase E from Streptomyces
griseus (Merck, Darmstadt, Germany) were added to all samples, which were then
incubated at 37 °C for 1 hour and then 65 °C overnight.

To each sample, 3.3 puL of 1mg/mL RNase A (Thermo Fisher Scientific,
Loughborough, UK) in PBS (Fisher Scientific, Loughborough, UK) were added and
then samples were incubated at 37 °C for 1 hour.

DNA was then purified using the QlAgen gel extraction kit (Qiagen, Hilden, Germany)
as follows: equal volumes of QG buffer and isopropanol (Fisher Bioreagents,
Loughborough, UK) were added to each sample. Samples were then applied to a spin
column in a collection tube. This was then centrifuged, and the flowthrough discarded.
All centrifugation steps were carried out at 15,682 g for 1 min using an Eppendorf
5415R refrigerated microcentrifuge (Eppendorf, Stevenage, UK). The spin column
was placed back in the collection tube and an additional 500 pL QG buffer added.
This was then centrifuged, and the resulting flowthrough discarded. 750 uL PE buffer
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were then added to the spin column and centrifuged, after which the flowthrough was
discarded, and the centrifugation step repeated to remove any residual buffer. The
spin column was then placed into a fresh 1.5mL tube (Fisher Scientific,
Loughborough, UK). 30 uL EB buffer were added to the centre of the membrane in
the column and left to stand for 5 mins at room temperature, before centrifuging. The
eluate was reapplied onto the column membrane, incubated for a further 5 mins at
room temperature and centrifuged for 1 min.

Chromatin was visualised on 1.5% (w/v) agarose (Fisher Scientific, Loughborough,
UK) gel electrophoresis with 5 pL Midori Green DNA stain (Geneflow, Lichfield, UK)
in Tris-Acetate-EDTA (TAE) buffer (produced as follows: 2 M Tris-base (Fisher
Scientific, Loughborough, UK), 1 M acetic acid (Fisher Scientific, Loughborough, UK),
and 50 mM EDTA (Fisher Scientific, Loughborough, UK)). 10 uL of each sample were
mixed with 5 uL Orange-G (Merck, Darmstadt, Germany) DNA-loading dye before
being added to the wells alongside a 1 kb DNA hyperladder (Meridian Biosciences,
Ohio, United States). Gels were run at 85 V for 45 mins-1 hour then imaged using a
G:Box Chemi HR 1.4 (Syngene, Cambridge, UK) gel imaging system.

Chromatin was also quantified using a Nanodrop (Thermo Fisher Scientific,
Loughborough, UK). Samples were then used for gPCR at a dilution of 1 in 50 and 1
in 5 for the input and ChIP samples respectively. Genes were chosen based on
previous research by Alic et al. (2011), which identified GATAd and phl (also known
as, Raf) as dFoxO-bound dFoxO targets, as well as the peaks associated with these
genes. Primers were designed using peak sequence information obtained using
Flybase (dos Santos et al. 2015), and the National Center for Biotechnology
Information (NCBI) primer BLAST tool (Ye et al. 2012). Details of the primers used for
gPCR can be found below in Section 2.10.3 (Table 2.3).

2.4 ASSESSING METABOLIC FUNCTION OF ADULT DROSOPHILA
The measurement of metabolic stores in adult Drosophila to assess the affects of
dFoxO mutation on metabolic phenotypes was carried out using protocols adapted

from Tennessen et al. (2014).

2.4.1 MEASUREMENT OF TRIGLYCERIDE (TAG) IN ADULT FLIES
TAG levels were measured in whole 7-day old adult fully fed male and female

Drosophila or those that had been starved for 0, 2, 4, 6, or 8 days as appropriate. 5
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flies per replicate sample were homogenised in 150 uL 0.05% (v/v) Tween-20 (Fisher
Bioreagents, Loughborough, UK) in dH20 in a Thermo Electron FastPrep FP120A cell
homogeniser (Thermo Electron Corporation, Loughborough, UK) at level 6.0 for 30 s.
Glycerol standards at concentrations ranging from 0-20 pg/uL were prepared by serial
dilution of a 2.5 mg/mL stock solution (Merck, Darmstadt, Germany) in 0.05% (v/v)
Tween-20 (Fisher Bioreagents, Loughborough, UK) in dH-O. Standards and samples
were incubated at 70 °C for 5 mins and then centrifuged at 2,320 g for 1 min using an
Eppendorf 5415R refrigerated microcentrifuge (Eppendorf, Stevenage, UK). Samples
were diluted 1:4 in 0.05% (v/v) Tween-20 (Fisher Bioreagents, Loughborough, UK) in
dH20 in fresh 1.5 mL microcentrifuge tubes (Fisher Scientific, Loughborough, UK).
5 pL of each standard or sample were then added to 150 pL of Infinity™ Triglycerides
reagent (Thermo Fisher Scientific, Loughborough, UK) (linear range: up to 10 mmol/L)
in the wells of a clear flat-bottomed 96-well plate (Corning, Massachusetts, United
States). Plates were incubated for 5 mins at 37 °C, then centrifuged at 164 g for 1 min
using an Eppendorf 5804R centrifuge (Eppendorf, Stevenage, UK). Absorbance was
read using a Multiskan GO (Thermo Fisher Scientific, Loughborough, UK) plate
reader at A574 nm.

Protein concentration was also measured for all samples as found in Section 2.4.5.

2.4.2 QUANTIFICATION OF FREE FATTY ACIDS (FFA) IN ADULT FLIES

The same fly homogenates prepared for TAG concentration measurements (as
described in Section 2.4.1) were also used to quantify free fatty acids using the Free
Fatty Acid Assay Kit (Abcam, Cambridge, UK) (sensitivity: > 2 uM) according to the
manufacturer’s instructions. Standards of concentrations 0-10 nmol/well were
produced using palmitic acid. Samples were diluted 1:5 in the free fatty acid assay
buffer. Subsequently 50 pL of standards or diluted samples were added to a clear
flat-bottomed 96-well plate (Corning, Massachusetts, United States). 2 pL of the ACS
reagent were added to each well and mixed thoroughly. The plate was then incubated
at 37 °C for 30 mins. After incubation, 50 uL of the Reaction Mixture containing: fatty
acid assay buffer, fatty acid probe, enzyme mix, and enhancer in a ratio of 22:1:1:1,
were added to each well. The plate was then incubated for a further 30 mins at 37 °C
protected from light. Absorbances were then measured using a Multiskan GO
(Thermo Fisher Scientific, Loughborough, UK) plate reader at A570 nm immediately

afterward.
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2.4.3 MEASUREMENT OF GLYCOGEN AND TREHALOSE IN ADULT FLIES

Glycogen and trehalose concentrations were measured in whole 7-day old adult fully
fed male and female Drosophila or those that had been starved for 0, 2, 4, or 6 days
as appropriate. 5 flies per replicate sample were homogenised in 50 pL 0.2 M NaxCO3
in a Thermo Electron FastPrep FP120A cell homogeniser (Thermo Electron
Corporation, Loughborough, UK) at level 6.0 for 30 s, before being centrifuged at 93 g
for 1 min. All centrifugation steps were carried out using an Eppendorf 5415R
refrigerated microcentrifuge (Eppendorf, Stevenage, UK). 2 puL of the homogenate
were set aside in 18 pL of 0.2 M Na>COsfor the measurement of protein concentration
in the homogenates. Glycogen standards were prepared in 0.2 M NaCO; at
concentrations of 0-2 ug/uL using glycogen from oyster (Merck, Darmstadt,
Germany). Trehalose standards were prepared in 0.2 M Na>CQOs at concentrations of
0-2 pg/uL using D-(+)-trehalose dihydrate (Merck, Darmstadt, Germany). Standards
and samples were incubated at 95 °C for 2 hours and then placed on ice for 2 mins
before centrifugation at 93 g for 1 min.

30 uL 1 M acetic acid (Fisher Bioreagents, Loughborough, UK) and 120 puL 0.2 M Na-
acetate (pH 5.2) were added to each tube. For glycogen standards and samples,
0.0096 units of amyloglucosidase from Aspergillus niger (Merck, Darmstadt,
Germany) were added to 50 uL of standard or homogenate and incubated at 57 °C
overnight. For trehalose standards and samples, 4.2 units of trehalase (Megazyme,
Bray, Ireland) were added to 50 pL of standard or homogenate and incubated at 37 °C
overnight. Liberated glucose was then measured by adding 5 pL of each standard or
sample to 150 uL of Infinity™ Glucose reagent (Thermo Fisher Scientific,
Loughborough, UK) (linear range: 0 — 45 mmol/L) in a clear flat-bottomed 96-well plate
(Corning, Massachusetts, United States). Plates were then incubated at room
temperature for 15 mins and absorbances read using a Multiskan GO (Thermo Fisher
Scientific, Loughborough, UK) plate reader at A340 nm.

Protein concentration was also measured for all samples as found in Section 2.4.5.

2.4.4 HAEMOLYMPH EXTRACTIONS AND BLOOD SUGAR MEASUREMENTS

To collect haemolymph from adult flies, 20 7-day old adult female flies per replicate
sample were beheaded and then placed in a 0.6 mL microcentrifuge tube (Fisher
Scientific, Loughborough, UK) with a hole pierced in the bottom by a 25-gauge needle
(BD, Vaud, Switzerland). Flies were 7-day old fully fed or starved for 48 hours. The
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0.6 mL tube (Fisher Scientific, Loughborough, UK) was then placed inside a 1.5 mL
microcentrifuge tube (Fisher Scientific, Loughborough, UK) with the inner lid closed.
Tubes were centrifuged at 2,320 g for 5 mins to collect the haemolymph using a
MiniSpin plus centrifuge (Eppendorf, Stevenage, UK). Haemolymph was immediately
frozen in liquid nitrogen to prevent evaporation or coagulation and subsequently
stored at -80 °C.

Glucose standards were prepared from D-(+)-glucose anhydrous (Fisher
Bioreagents, Loughborough, UK) at concentrations from 0-40 mM. Trehalose
standards were prepared from D-(+)-trehalose dihydrate (Merck, Darmstadt,
Germany) at concentrations from 0-80 mM. The haemolymph was then thawed on ice
before being centrifuged at 19,090 g for 5 mins at 4 °C using an Eppendorf 5415R
refrigerated microcentrifuge (Eppendorf, Stevenage, UK). To measure liberated
glucose, 1 uL of standards or haemolymph was added to 200 pL Infinity™ Glucose
reagent (Thermo Fisher Scientific, Loughborough, UK) (linear range: 0 — 45 mmol/L)
in a clear flat-bottomed 96-well plate (Corning, Massachusetts, United States). Plates
were incubated at room temperature for 15 mins and absorbances were measured at
A340 nm using a Multiskan GO (Thermo Fisher Scientific, Loughborough, UK) plate
reader.

To subsequently measure trehalose concentration in the same haemolymph sample,
4.2 units of trehalase suspension (Megazyme, Bray, Ireland) were added to each well
of the trehalose standards and samples. The plate was then sealed and incubated

overnight at 37 °C. Absorbance was then measured as before at A340 nm.

2.4.5 MEASUREMENT OF PROTEIN IN ADULT FLIES

Protein concentration was measured in fly homogenates (produced above in Sections
2.3.1, 2.4.1, and 2.4.3) using the Pierce™ 660 nm Protein Assay Reagent (Thermo
Fisher Scientific, Loughborough, UK). 150 pL Pierce™ Assay Reagent were added to
a clear flat-bottomed 96-well plate (Corning, Massachusetts, United States) with 5 pL
Pierce™ bovine serum albumin protein standard (Thermo Fisher Scientific,
Loughborough, UK) (at concentrations ranging from 0-2 pug/pL) or 5 pyL sample
(diluted 1:5 in appropriate homogenate buffer). Plates were incubated at room
temperature for 5 mins and centrifuged at 164 g for 1 min using an Eppendorf 5804R
centrifuge (Eppendorf, Stevenage, UK). Absorbance was read using a Multiskan GO

(Thermo Fisher Scientific, Loughborough, UK) plate reader at A660 nm.
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2.4.6 QUANTIFICATION OF LIPID SPECIES IN ADULT FLY EXTRACTS BY THIN LAYER
CHROMATOGRAPHY (TLC)

Thin layer chromatography (TLC) was carried out according to Reiff et al. (2015) and
Baumbach et al. (2014). 5 7-day old fully fed adult female flies per replicate sample
were homogenised in 285 pL of 10:5:4 methanol (Fisher Scientific, Loughborough,
UK), chloroform (Fisher Scientific, Loughborough, UK), and sterile dH-O using
Thermo Electron FastPrep FP120A cell homogeniser (Thermo Electron Corporation,
Loughborough, UK) at level 6.0 for 30 s. The fly homogenate was then incubated at
37 °C for 1 hour, after which 75 uL chloroform (Fisher Scientific, Loughborough, UK)
and 75 pL 1 mol/L KCI (Fisher Bioreagents, Loughborough, UK) were added. Phase
separation was achieved via centrifugation at 1,000 g for 2 mins using an Eppendorf
5415R refrigerated microcentrifuge (Eppendorf, Stevenage, UK). The chloroform
phase was transferred to a new tube and the solvent was evaporated using nitrogen

gas forming a desiccated lipid pellet.

Desiccated lipids were resuspended in 100 pL of 1:1 (v/v) methanol (Fisher Scientific,
Loughborough, UK) and chloroform (Fisher Scientific, Loughborough, UK). 20 pL of
the lipid suspension were applied to a cut to size polymeric silica gel 60 matrix thin
layer chromatography aluminium sheet (Merck, Darmstadt, Germany). Alongside
experimental samples, standard lipids were also applied to TLC plates. These include:
4 ug trioleoylglycerol (Merck, Darmstadt, Germany) and 4 ug oleic acid (Merck,
Darmstadt, Germany). For the mobile phase, plates were then submerged in ~1 cm
70:30:1 (v/v) hexane (Fisher Scientific, Loughborough, UK), diethyl ether (Fisher
Scientific, Loughborough, UK), and acetic acid (Fisher Scientific, Loughborough, UK)
before briefly air drying. Plates were then dipped in 8% (w/v) HzPOs-containing 10%
(w/v) copper (Il) sulphate pentahydrate (all reagents: Fisher Bioreagents,
Loughborough, UK) before being developed at 180 °C for 5 mins. Plates were imaged
using a G:Box Chemi HR 1.4 (Syngene, Cambridge, UK) imaging system and lipid
content was analysed using photodensitometry tools in ImageJ software (National
Institutes of Health (NIH) and the Laboratory for Optical and Computational
Instrumentation (LOCI)) (Schneider et al. 2012).
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2.5 STRESS ASSAYS
Various stress assays were carried out to assess responses to types of stress known
to be modulated by dFoxO activity to determine the method of dFoxO activity in these

phenotypes.

2.5.1 RESPONSES TO STARVATION STRESS

Adult flies of both sexes were separately maintained on standard SYA medium for 7
days, at which point they were transferred to 1% (w/v) agar (Merck, Darmstadt,
Germany). Deaths were scored at regularly timed intervals (every 4 hours for 12 hours

with a 12-hour break overnight) until all flies were dead.

2.5.2 RESPONSES TO OXIDATIVE STRESS

Adult flies of both sexes were separately maintained on standard SYA medium for 7
days, at which point they were transferred to sucrose-agar media consisting of 60 g/L
sucrose (Tate & Lyle, London, UK), 18 g/L agar (Merck, Darmstadt, Germany))
containing 6% (v/v) hydrogen peroxide (H20.) (Fisher Scientific, Loughborough, UK)
or standard SYA media containing 20 mM methyl viologen dichloride hydrate (also
known as, paraquat) (Merck, Darmstadt, Germany). Deaths were scored at regularly
timed intervals (every 4 hours for 12 hours with a 12-hour break overnight) until all

flies were dead.

2.5.3 RESPONSES TO XENOBIOTIC STRESS AND METABOLISM

Adult flies of both sexes were separately maintained on standard SYA medium for 7
days, at which point they were transferred to SYA medium containing 0.03% (w/v)
dichlorodiphenyltrichloroethane (DDT) (Merck, Darmstadt, Germany). Deaths were
scored at regularly timed intervals (every 4 hours for 12 hours with a 12-hour break

overnight) until all flies were dead.

2.6 ASSESSING DROSOPHILA GROWTH
Two phenotypes associated with Drosophila growth and dFoxO activity were assesed

to determine the method used by dFoxO to modulate these phenotypes.
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2.6.1 MEASUREMENT OF ADULT BODY MASS

Adult flies of both sexes were separately maintained on standard SYA medium for 10
days, at which point they were then flash-frozen in liquid nitrogen and stored at -80 °C.
Individual flies were weighed using an analytic balance MH-124 (FB73651, Fisher
Scientific, Loughborough, UK) to measure body mass. After weighing, individual flies
were placed in numbered 1.5 mL tubes (Fisher Scientific, Loughborough, UK) for wing

dissection (see Section 2.6.2).

2.6.2 MEASUREMENT OF ADULT WING AREA

To measure wing area, fly wings of the 10 flies per genotype used to measure body
mass (see Section 2.6.1) were dissected and placed on a microscope slide with 50%
(v/v) glycerol (Merck, Darmstadt, Germany) in ethanol (Fisher Scientific,
Loughborough, UK). The same wing was taken from each fly. Wings were then
imaged using an MZ10F stereo microscope (Leica Microsystems, Wetzlar, Germany)
and area between standardised points measured using Imaged software tools
(Schneider et al. 2012).

2.7 MEASUREMENT OF ADULT FEEDING BEHAVIOUR
Two phenotypes associated with Drosophila feeding behaviour and dFoxO activity
were assesed to determine the method used by dFoxO to modulate these

phenotypes.

2.7.1 CAPILLARY FEEDER (CAFE) ASSAY

To measure the volume of fly food media consumed in real time over a period of days,
individual adult 7-day old flies of both sexes were transferred to a 7 mL Sterilin™ bijou
(Sterilin, Newport, Wales) containing approximately 1 mL of 1% (w/v) agar (Merck,
Darmstadt, Germany). The top of each bijou was sealed with Parafim® (Merck,
Darmstadt, Germany). The Parafilm® was then pierced to create air holes and allow
for the insertion of a p200 pipette tip with the tip cut down to allow for the insertion of
a capillary. Ringcaps® graduated capillaries (Hirschmann Laborgerate, Eberstadt,
Germany) were filled with liquid fly food media (produced as follows: 5% (w/v) sucrose
(Tate & Lyle, London, UK), 2% (w/v) autolysed yeast (MP Biomedicals, Eschwege,
Germany), and Brilliant Blue dye (Fiorio Colori, Milan, Italy) at a ratio of 1:2000 (dye

to media)). A drop of mineral oil was added to the top of the capillary to prevent
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evaporation. The level of food within the capillary was marked and the capillary
inserted into the pipette tips in the bijoux.

Every 24 hours for 96 hours, a ruler was used to measure the distance between the
mark placed previously and where the media was now situated. Capillaries were
changed between each time point. Measurements were converted to pL from mm
(each measurement was divided by the distance between 2 markings (15 mm),

representing 1 pL on the graduated capillary).

2.7.2 PROBOSCIS EXTENSION (PE) AND BLUE ABSORBANCE ASSAY

For proboscis extension assays, 7-day old adult flies of both sexes were tipped into
vials containing standard SYA media with 25 g/L Brilliant Blue (Fiorio Colori, Milan,
Italy) at a density of 5 flies per vial. To reduce observer influence, vials were
randomised and numbered blind. Vials were lined up and left for 5 minutes for flies to
settle, the number of feeding events were noted by observing the number of flies
extending their proboscis into the food over the course of 1.5- or 3-min intervals over
a total of 30- or 60- mins for males and females respectively.

After monitoring proboscis extension, flies were immediately frozen in liquid nitrogen
and then homogenised in 250 pL of dH2O using glass beads (Merck, Darmstadt,
Germany) and a FastPrep FP120A cell homogeniser (Thermo Electron Corporation,
Loughborough, UK) at level 4.0 for 30 s. Samples were then centrifuged at 19,090 g
for 5 mins using an Eppendorf 5415R refrigerated microcentrifuge (Eppendorf,
Stevenage, UK). 50 uL of the homogenate were transferred to a clear flat-bottomed
96-well plate (Corning, Massachusetts, United States) and absorbance was read
using a Multiskan GO (Thermo Fisher Scientific, Loughborough, UK) plate reader at
A629 nm.

2.8 MEASUREMENT OF LIFESPAN

Assessment of lifespan was carried out to determine the method used by dFoxO to
modulate a phenotype known to be regulated by dFoxO activity.

For lifespan assays, newly eclosed male and female flies were sorted by sex into vials
after 24 hours at a density of 15 flies per vial and 10 vials per genotype. Flies were
transferred, without CO; anaesthesia, onto fresh SYA media 3 times per week. During
transfer any deaths or censors were recorded, flies are censored when the death is

considered unnatural (e.g., stuck to food or squashing) or flies have escaped.
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2.9 MEASUREMENT OF FECUNDITY

Assessment of Drosophila fecundity was carried out to determine the method used
by dFoxO to modulate a phenotype known to be regulated by dFoxO activity.

For measurements of female fecundity, fully fed 7-day old adult flies used in the
measurement of lifespan were transferred to fresh SYA vials. After 24 hours, the flies
were removed and the number of eggs laid on the surface of the food over the 24-

hour period were counted.

2.10 TRANSCRIPTOMICS

2.10.1 RNA EXTRACTION

RNA was isolated from 7-day old whole adult flies of both sexes of the AV3, V3F,
DBD2, and wPa" genotypes in both the fed (i.e., frozen straight from SYA medium)
and the starved (i.e., frozen after 72 hours on starvation medium) state. At 72 hours
starvation, 100% of female flies of all genotypes were still alive and 100% of male
flies of all genotypes were still alive, excepting the AV3 male flies of which only 95%
were still alive. However, this is the starting time point at which AV3 females begin to
die.

15 female or 30 male flies were added to a 2 mL screw cap tube containing glass
beads and 0.5 mL TRIzol™ (Fisher Scientific, Loughborough, UK) on ice. Flies were
then homogenised using a Thermo Electron FastPrep FP120A cell homogeniser
(Thermo Electron Corporation, Loughborough, UK) at speed 4.0 for 30 s.

Samples were then incubated at room temperature for 5 mins, before 100 pyL of
chloroform (Fisher Scientific, Loughborough, UK) were added. Tubes were vortexed
for 15 s and incubated at room temperature for 2 mins. After incubation, tubes were
centrifuged at 19,090 g for 5 mins at 4 °C. All centrifugation steps were carried out
using an Eppendorf 5415R refrigerated microcentrifuge (Eppendorf, Stevenage, UK).
Subsequently, 250 uL of the upper colourless phase containing the RNA were
transferred into a new 1.5 mL tube (Fisher Scientific, Loughborough, UK) and 250 uL
of 100% ethanol (Fisher Scientific, Loughborough, UK) were added. After mixing, all
of the sample (500 uL) was placed into a RNeasy spin column (RNeasy Kit, Qiagen,
Hilden, Germany) within a 2 mL collection tube. All centrifugation steps were carried

out at 9,279 g at room temperature. Columns were centrifuged for 30 s, after which
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the flow through was discarded. 350 pL of Buffer RW1 were then added to the column
and centrifuged for 15 s after which flow through was again discarded.

For on-column DNase-I digestions of gDNA, 10 pL of DNase-I stock solution (Qiagen,
Hilden, Germany) were added to 70 pL of Buffer RDD (Qiagen, Hilden, Germany) and
gently mixed by inverting the tube. 80 pL of this solution were then added directly to
the centre of the membrane of each spin column. This was then incubated at room
temperature for 15 mins.

350 uL of Buffer RW1 were again added to the spin column, centrifuged for 15 s, and
the flow through discarded. 500 uL of Buffer RPE were added to the column,
centrifuged for 30 s, and the flow through discarded. This step was repeated with a
2 min centrifugation. The column was centrifuged for an additional 1 min to dry. The
column was then transferred to a new 1.5 mL Axygen™ MaxyClear Snaplock
microtube (Corning, Massachusetts, United States) and 30 puL of RNase-free water
(RNeasy Kit, Qiagen, Hilden Germany) were added directly to the column membrane
to elute the RNA.

Columns were incubated at room temperature for 5 mins, before centrifugation for
1 min. The eluate was reapplied onto the column membrane, incubated for a further
5 mins at room temperature and centrifuged for 1 min.

RNA concentration and purity was assessed by UV absorbance using a Nanodrop

(Thermo Fisher Scientific, Loughborough, UK).

2.10.2 RNA-SEQUENCING AND ANALYSIS

RNA-sequencing analysis was carried out to identify changes in gene expression in
the different dFoxO mutants, in an attempt to elucidate the changes at the gene level
that could be affecting the assayed phenotypes.

Total RNA was prepared as described above. Library preparations and paired-end
(75 bp) RNA sequencing were performed by Novogene Co. Ltd UK (Cambridge, UK)
using 4 biological replicates per genotype (V3F, AV3, DBD2) and condition (fed or
starved).

Raw data files were uploaded to Galaxy Europe (usegalaxy.eu) (Afgan et al. 2018)
and analysed using the online software. Paired-end reads were first assessed for
quality using the FastQC (Andrews, 2010) and MultiQC (Ewels et al. 2016) tools. The
quality of sequences was ensured by using the Cutadapt tool (Martin, 2011) to filter
and trim the poorer quality ends from the sequences to allow for more accurate

downstream analysis and prevent bias. Cutadapt parameters filtered sequences less
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than 20bp and/or with a lower quality Phred score of 20 (i.e., when the precision of
the base call is less than 99% accurate). These analyses were carried on forward and
reverse reads simultaneously, to ensure pairs were removed and not just single

reads.

Subsequently reads were aligned to the Berkeley Drosophila Genome Project
assembly release 6, dm6 (dos Santos et al. 2015) using RNA STAR (Dobin et al.
2012). The length of the genomic sequence around annotated junctions was 149bp
(the length of the reads minus 1). Quality of the mapping was then examined using
MutliQC (Ewels et al. 2016) as above, and the Integrated Genome Viewer (IGV)
(Robinson et al. 2011).

Further quality determination was carried out using MarkDuplicates from the Picard
suite (Broad Institute, n.d.) to analyse duplication levels, Samtools idxstats from the
SAMtools suite (Li et al. 2009) to review the number of reads mapped to each
chromosome, Gene Body Coverage from the RSeQC tool suite (Wang et al. 2012b)
to ensure even coverage and no 5’ or 3’ end bias, and Read Distribution also from the
RSeQC tool suite (Wang et al. 2012b) to identify the position of the reads on gene

features to ensure no DNA contamination.

Strandedness of the library was determined using the Infer Experiment tool from the
RSeQC tool suite (Wang et al. 2012b). Subsequently, the number of reads per gene
were counted using featureCounts (Liao et al. 2014) and the mapped.bam file outputs
from RNA STAR. Parameters set for featurecounts ensured that reads did not
contribute to multiple features and that the minimum mapping quality score per read
(i.e., the probability that a read is misplaced) was 10 (i.e., when the precision of the
read placement is less than 90% accurate).

Differential expression was then analysed using a generalised linear model in the
DESeq2 tool (Love et al. 2014), allowing for normalisation in library composition. Fold-
changes in expression were calculated by the internal DESeqg2 functions.
Differentially expressed genes were extracted and annotated with the parameters p-
adjusted value < 0.05. There were no extra normalisation steps taken as DESeq2
provides its own internal normalisation (median of ratios), which is ideal for differential
expression analysis. Transcript size bias correction was not necessary as counts

were compared between samples for the same genes.
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Differentially expressed genes were visualised using the Volcano Plot (Intergalactic
Utilities Commission, n.d.a) and the heatmap2 (Intergalactic Utilities Commission,
n.d.b) tools. The overlap between the differentially expressed gene lists of different
conditions were visualised using proportional Venn diagrams using BioVenn (Hulsen
et al. 2008) and analysed using hypergeometric analysis in Excel (version 16.61)
(Microsoft Corporation, Washington, United States) based on a modified Fisher Exact
p-value test called the Expression Analysis Systematic Explorer (EASE) from
Database for Annotation, Visualization and Integrated Discovery (DAVID)
bioinformatics resources. Heatmaps were produced in Excel (version 16.61)
(Microsoft Corporation, Washington, United States).

Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis were carried out using the goseq tool (version 1.44.0)
(Young et al. 2010). Supplementary GO analysis was also carried out using ShinyGO
(version 0.66) (Ge et al. 2020).

Transcription factor enrichment analysis on the differentially expressed gene lists was
carried out using i-cisTarget (Herrmann et al. 2012; Imrichova et al. 2015), a web-

based genomics tools to predict regulatory and cis-regulatory features and modules.

To find supporting evidence to the assertion that Hp1b and Sin3a are potential FoxO
binding partners, this process was repeated for previously published data for Hp1b
mutant 39 instar larvae produced via imprecise excision (Mills et al. 2018), and Sin3a
knockdown Drosophila S2 cells produced via interference RNA (RNAI) (Gajan et al.

2016). NCBI accession numbers are found in Table 2.2.

2.10.3 CHROMATIN IMMUNOPRECIPITATION-SEQUENCING AND ANALYSIS

As well as analysing previously published RNA-seq datasets, chromatin
immunoprecipitation-sequencing analysis was carried out to find supporting evidence
to the assertion that Hp1b and Sin3a are potential FoxO binding partners and could
possibly co-regulate metabolic phenotypes.

Data from previously published datasets (Hp1b: Schoelz et al. (2021), Sin3a: Das et
al. (2012)) was imported into Galaxy Europe (usegalaxy.eu) (Afgan et al. 2018) and
analysed using the online software. Quality control was carried out as above for the
RNA-sequencing data. Subsequently reads were mapped to the dm6 reference
genome used above using the Map with BWA tool (Li & Durbin, 2010) and post-
processed using the Filter SAM or BAM files (Li et al. 2009) removing any non-
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uniquely mapped reads. ChIP quality was then assessed, firstly by checking sample
correlation using the multiBamSummary and plotCorrelation tools (Ramirez et al.
2016), and then subsequently by assessing signal strength using signal extraction
scaling (SES) and the plotFingerprint tool (Ramirez et al. 2016).

To call ChIP peaks genome-wide, the MACS2 predictd tool (Zhang et al. 2008; Feng
et al. 2012) was first used to find optimal parameters for running the subsequent
MACS?2 callpeak tool (Zhang et al. 2008; Feng et al. 2012). Sequence motifs present
within these called peaks were identified by first converting underlying sequences
using the MEME-ChIP tool (Machanick & Bailey, 2011). Conserved motifs in the ChIP
peaks were also identified with the MACS2 output BED file using i-cisTarget
(Herrmann et al. 2012; Imrichova et al. 2015) as above. The list of genes associated
with Hp1b or Sin3a binding was produced using ChlPseeker (Yu et al. 2015).

Accession numbers and reference material are shown (Table 2.2).

Factor name  Accession number  Sequencing Drosophila stage or cell type Source
Hp1b GSE120841 RNA 3rd instar larvae Mills et al. 2018
Hp1b GSE47243 ChiP 3rd instar larvae Schoelz et al. 2021
Sin3a GSE68775 RNA Embryo Gajan et al. 2016
Sin3a GSE23122 ChiP S2 cells Das et al. 2012

Table 2.2. Accession numbers for the raw sequence files for previously
published RNA-sequencing and chromatin immunoprecipitation-sequencing
data.

Accession numbers for the raw sequence files for both previously published Hp1b and
Sin3a RNA-sequencing and chromatin immunoprecipitation (ChlP)-sequencing data
are shown.

2.10.4 QUANTITATIVE REVERSE TRANSCRIPTION PCR (QRT-PCR)
Quantitative reverse transcription PCR (qRT-PCR) was carried out to verify the results
found in the RNA-sequencing analysis. This was to ensure any statements made

based on the RNA-sequencing were accurate.

2.10.4.1 COMPLEMENTARY DNA SYNTHESIS
Complementary DNA (cDNA) for quantitative reverse transcription PCR (QRT-PCR)

was synthesised in a RNase-free environment as follows: 2 ug of total RNA taken
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from the same extracts used for RNA-seq (prepared as described above in Section
2.10.1) were mixed with 1 uL of oligo(dT) at concentration of 0.5 ug/uL (Invitrogen,
Loughborough, UK), and 1 pL of 10 mM dNTP mix (Invitrogen, Loughborough, UK),
dH>0 was also added to make a total reaction volume of 12 pL.

Samples were incubated at 65 °C for 5 mins and then immediately placed on ice for
5 mins. Allincubation steps were carried out using a 5PrimeG Thermal Cycler (model:
PrimeG/02, Prime Techne, Stone, UK). Subsequently, 4 pL of 5x first-strand buffer
(Invitrogen, Loughborough, UK), 2 uL 0.1 M DTT (Invitrogen, Loughborough, UK),
and 1 pL RNase-OUT RNase inhibitor (Invitrogen, Loughborough, UK) were added.
Samples were then mixed and centrifuged briefly. Samples were incubated at 42 °C
for 1 min, before 1 pL of Superscript-Il RT enzyme (Invitrogen, Loughborough, UK)
was added whilst keeping the tubes at 42 °C as much as possible. A further 50-minute
incubation at 42 °C was carried out. The reaction was then inactivated by incubating

at 70 °C for 15 mins. Samples were subsequently stored at -20 °C.

2.10.4.2 QRT-PCR
gRT-PCR was carried out using the LightCycler® 480 instrument Il (Roche Life
Science, Penzberg, Germany) with bright-white real-time PCR 96-well plates (Primer
Design, Eastleigh, UK) sealed using StarSeal Advanced Polyolefin film (Star Lab,
Milton Keynes, UK).

Each 20 pL reaction contained: 10 pL 2x PrecisionPLUS gPCR Master Mix with
SYBRgreen (containing 2x reaction buffer, 0.025 U/uL Taq Polymerase, 5 mM MgCla,
100 uM dNTP mix (containing 200 uM of each dNTP)) (Primer Design, Eastleigh,
UK), 1 pL of each forward and reverse primer (diluted from a 6 uM stock to give a
final concentration of 300 nM) (Eurofins Genomics, Wolverhampton, UK), 6 uL of
sterile dH20O, and 2 uL of template. For RNA-seq verification cDNA (diluted 1:10 in
sterile dH>O) produced using the same extracts used for RNA-seq was added. For
ChIP-gPCR either input DNA (diluted 1:50 in sterile dH20) or IP DNA (dilute 1:5 in
sterile dH20) was added. All reactions were performed in duplicate. A negative control

was also run for each primer set, where sterile dH>O was used instead of the template.
For RNA-seq verification, relative quantities of transcripts were determined using a
relative standard curve made from a pool of cDNA generated from RNA isolated from

wbah flies. Standards were also used to check for non-specific amplification and the
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presence of primer-dimers. Relative expression of genes of interest were calculated
relative to the expression of the reference gene, endoplasmic reticulum membrane
protein complex subunit 10 (EMC10). This gene was identified via analysis of

reference gene stability using Normfinder in R (Andersen et al. 2004).

Reference gene primer sequences (Table 2.3), RNA-seq gene verification primer

sequences (Table 2.4), and ChIP-qgPCR primer sequences (Table 2.5) are shown.

Identification
Primer name Sequence (5’ - 3’) Source
for [gene]

EMC10-F AATGTGACGATTCCCAGTCTCA EMC10 DRSC/TRIP Functional Genomics Resources

EMC10-R CAGTTTCTTCAGCAAGTCCAGAT EMC10 DRSC/TRIP Functional Genomics Resources

Cog-6-F CTCGACGCAGGAAAAACCG Cogé DRSC/TRIP Functional Genomics Resources
Cog-6-R TCCAATGTGTCCTTGTCCGAC Cog6 DRSC/TRIP Functional Genomics Resources
gzl-F GGTTTACCGGAAAGCAACCAG gzl DRSC/TRIP Functional Genomics Resources
gz-R GGCAGATTGGGACCGAATTGA gzl DRSC/TRIP Functional Genomics Resources

Table 2.3. Primers used for reference gene identification in quantitative reverse
transcriptase PCR (qRT-PCR).

Primer sets for candidate housekeeping genes for validation of previous RNA-
sequencing (RNA-seq) analysis results are shown. Non-significant (p > 0.05) genes
were chosen from the RNA-seq analysis with primers identified via the Drosophila
RNAi Screening Center (DRSC) FlyPrimerbank (Hu et al. 2013).
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Identification for

Primer name Sequence (5'—3’) Source
[gene]
FoxO-Fwd1 TCTCGCCGAACTCAGTAAC FoxO Molaei et al. 2019
FoxO-Rev1 CCTCCAGGCATTGTCCTATC FoxO Molaei et al. 2019
tps1-Fwd1 CGTGTGACATCGTCGGATATT tps1 Miyamoto & Amrein, 2019
tps1-Rev1 AGTGTCGTTCCACCCATTTC tps1 Miyamoto & Amrein, 2019
Rel-Fwd1 CATCAGGAGACAGAGCGTGA Relish Molaei et al. 2019
Rel-Rev1 CCGACTTGCGGTTATTGATT Relish Molaei et al. 2019
P‘ggg‘;‘# CTCGGCGCACAATTCAGAC bigmax DRSC/TRIP Functional Genomics Resources
X CGCTCCTTGTAACTCAGCGT bigmax DRSC/TRIP Functional Genomics Resources
PPZ"Z‘;'Z 4f  GTCTCCTCTGCGATTTGCCAT bmm DRSC/TRIP Functional Genomics Resources
PPbQ’;‘;“‘; 4R CTGAAGGGACCCAGGGAGTA bmm DRSC/TRIP Functional Genomics Resources
dILP3-F AGAGAACTTTGGACCCCGTGA dILP3 Hur et al. 2013
dILP3-R TGAACCGAACTQPACTCAACAGT dILP3 Hur et al. 2013
PPZZE%E%-F CATGGGGAAATCTATCCTATGCG FoxO DRSC/TRIiP Functional Genomics Resources
Ppgz)écs)é-R ACTCAGTGTCAATCGTTTGTCG FoxO DRSC/TRIP Functional Genomics Resources

Table 2.4. Primers used in the verification of RNA-sequencing (RNA-seq) results
using quantitative reverse transcriptase PCR (qRT-PCR).

Primers were used in verification of RNA-sequencing (RNA-seq) analysis results.
Genes were chosen based on their log fold change (logFC), their roles in metabolism,
and their previous associations with dFoxO in the literature. Primers were produced
either from previous studies as indicated or via the Drosophila RNAi Screening Center
(DRSC) FlyPrimerbank (Hu et al. 2013).
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Primer name Sequence (5’ - 3’) Identification for [gene] Source

GATAd-F1 AGGAACTGCATATGTGGGTGT GATAd NCBI primer BLAST
GATAd-R1 ACAAAACATCGGAGAGCCCG GATAd NCBI primer BLAST
phl-F3 GATTCCCCGACTGGAATGTG phl (aka Raf) NCBI primer BLAST
phl-R3 CCCAGTTGGTCAAGTCTTCC phl (aka Raf) NCBI primer BLAST

Table 2.5. Primers used in chromatin immunoprecipitation (ChlP)- quantitative
PCR (gqPCR).

Primers were used in chromatin immunoprecipitation (ChlP)-quantitative PCR
(gPCR) to verify loss of DNA-binding in the dFoxO DNA-binding domain (DBD)
mutants compared to the V3-3xFLAG control. Genes were chosen based on previous
research (Alic et al. 2011), which identified GATAd and phl (also known as, Raf) as
dFoxO-bound dFoxO targets, as well as the peaks associated with these genes.
Primers were designed using peak sequence information obtained using Flybase (dos
Santos et al. 2015) and the National Center for Biotechnology Information (NCBI)
primer BLAST tool (Ye et al. 2012).

2.11 STATISTICAL ANALYSIS

Statistical analysis was carried out on the results obtained using R (version 1.4.1103)
(RStudio, Massachusetts, United States), JMP 14 (JMP Statistical Discovery LLC,
Washington, United States), GraphPad (version 9.3.0) (GraphPad Software,
California, United States), and Excel (version 16.61) (Microsoft Corporation,
Washington, United States). Tests for normalcy (Q-Q plots and Shapiro-Wilk),
variance (F-test for equality of variances), and outliers (Grubbs) were performed on

various datasets using R, Excel, and GraphPad respectively.

On normal data, one-way analysis of variance (ANOVA) or general linear models
were carried out using R depending on the number of treatment variables. Where
significance was observed, Welch’s t-tests were used in Excel for post-hoc analysis
on datasets showing unequal variance. When equal variance was observed standard
t-tests were carried out in Excel.

For non-normal data, Mood’s median tests in Excel or generalised linear models in R
were carried out depending on the number of treatment variables. Where significance

was observed individual Mood’s median tests were carried out in Excel.
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Where significance was not observed but expected based on data visualisation or
other data, power analysis in Excel was carried out.

All survival data was analysed using a Log Rank test in Excel.
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Chapter 3

FoxO mutant verification and
phenotypic assessment
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3. FOXO MUTANT VERIFICATION AND PHENOTYPIC ASSESSMENT

3.1 INTRODUCTION

As a transcription factor, FoxO is able to interact with consensus sequences within
the DNA via a specific DNA-binding domain known as the winged-helix or ‘forkhead’
domain (Wang et al. 2014). These interactions result in the ability of FoxO to regulate
target gene expression. FoxO proteins also contain polyglutamine, or ‘polyQ’, regions
within their transactivation domain (Gemayel et al. 2010). These regions are strings
of glutamine repeats that are well known for their structural instability as atypical,
expanded regions are observed in a variety of genetic diseases (Totzeck et al. 2017).
However, they also carry out roles within normal physiology, including the mediation
of protein-protein interactions, and recruitment of other proteins containing these

polyQ regions (Schaefer et al. 2012; Atanesyan et al. 2012).

Recent evidence has suggested that several of the transcriptional changes initiated
by FoxO activity may occur indirectly through FoxO’s interactions with other proteins.
For example, gene expression profiling of cultured cells expressing a mammalian
FoxO1 DNA-binding domain mutant identified differential expression of a separate set
of genes compared to cells expressing the native protein (Ramaswamy et al. 2002;
Rudd et al. 2007). Furthermore, introduction of this mutation into mice showed that
FoxO1 controls glucose metabolism solely as a DNA-bound transcription factor but
can alter lipid metabolism via both DNA-binding dependent and independent activities
(Cook et al. 2015).

To investigate the role of dFoxO activity on metabolic homeostasis, the use of several
dFoxO mutants produced via genomic engineering were employed in this project.
Genomic engineering produced a knock-out founder line with a dFoxO-null mutant
phenotype (dFoxO-AV3) by removing a 3 kb region arbitrarily named ‘V3’, which
codes for amino acids 146-613 and overlaps with a portion of the forkhead domain.
This knock-out was then used to generate distinct mutant alleles by reinsertion of
modified sequences. These include reinsertion of the unmodified V3 region (dFoxO-
V3), reinsertion of the unmodified V3 region including FLAG epitopes (dFoxO-V3-
3xFLAG) for use in localisation and precipitation assays, and two DNA-binding
domain mutants (dFoxO-V3-DBD1-3xFLAG and dFoxO-V3-DBD2-3xFLAG).

These DNA-binding domain mutants, hereafter dFoxO-DBD1 and dFoxO-DBD2,

have alterations in amino acid residues within the DNA-binding domain. Both mutants
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share the same point mutation that changes the histidine (H) amino acid residue in
position 150 to an alanine (A) residue (H150A), however dFoxO-DBD2 has an
additional point mutation converting the asparagine (N) residue in position 146 to an
alanine residue (N146A) (Drosophila residues H150 and N146 are analogous to
human H215 and N211) (Figure 3.1).
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Figure 3.1. Schematic of the wild-type Drosophila FoxO (dFox0O) and mutant
dFoxO gene locus.

Schematic of the Drosophila FoxO (dFoxO) gene locus for (a) wild-type (WT), and (b)
null-mutant (AV3) and reinsertion lines. Untranslated regions, coding sequences, and
genomic engineering artefacts are represented by dark blue, burgundy, and orange
boxes respectively. Green boxes represent amino acids 97-145, and 146-179 that
make up part of the forkhead DNA-binding domain (amino acids 95-201 total), with
the mutated amino acids N146A and H150A highlighted. 3xFLAG tag sequence is
represented by an aqua box. Schematic created using SnapGene and sequence
information from Flybase.
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These residues were altered to create the DBD mutants are major residues that come
into direct contact with the DNA, forming bonds and water-mediated interactions.
Therefore, mutating these residues and changing their polarity inhibited the
production of these interactions, meaning these mutants no longer bound to DNA.
This confered loss of the classic transcription factor activity of FoxO but retained the
ability to act as a co-activator or repressor. The alteration of these specific amino
acids has already been shown by previous studies to significantly alter mammalian
FoxO activity, by causing the loss of transcriptional activity but maintaining its DNA-
independent interactions and effects (Ramaswamy et al. 2002; Tang et al. 1999). For
example, a mammalian study comparing an over-active FoxO1 protein with complete
functionality (FoxOA3) to an over-active DBD mutant FoxO1 protein with a H215
mutation, showed that the FoxOAS3 protein had some functional activities similar to
and others distinct from those of the DBD mutant (Rudd et al. 2007).

3.2 AIMS AND OBJECTIVES

In this section, the main aim was to verify aspects of each dFoxO mutant line,
including identity, DNA-binding acitivty, and post-translational modification, and then
assess their effects on different dFoxO-associated physiological functions in
Drosophila.

Firstly, the hypothesis stated that the novel dFoxO mutants used were the appropriate
genotype, lacked DNA-binding activity where appropriate, and correctly underwent
post-translational modification particularly during starvation. Secondly, the hypothesis
stated that some dFoxO-dependent phenotypes showed DNA-binding independent

roles for dFoxO’s activity.

To achieve this, PCR and subsequent sequencing was used to molecularly verify
insertions or deletions within the V3 region, western blotting allowed for the
determination of protein expression and post-translational modifications, and whole
fly chromatin immunoprecipitation (ChlP) followed by qPCR was used to determine
the effects of mutating the DNA-binding domain and the ability of the dFoxO proteins
to bind to DNA. After verification was carried out, these mutants were then used to
study the effects of these different mutations on phenotypes already known to require

dFoxO activity.
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This would help to fulfil the overall aim of the project by ensuring the mutants used
are fit for purpose and allow for the identification of specific dFoxO-dependent DNA-

binding independent phenotypes.
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3.3 RESULTS
3.3.1 DROSOPHILA FOXO MUTANT VALIDATION

3.3.1.1 VERIFICATION OF FOXO MUTANT STOCKS

To verify the different dFoxO mutant lines procured for this study, PCR was used to
amplify the appropriate regions within the various mutants to allow for their individual
identification using primers specific to that reinsertion (Figure 3.2). Additional DNA

sequencing of both DBD-mutants was carried out to accurately identify each mutant.

22,0001 24,0001 26,0001
\

N146A, H150A
O 3XFLAG

dFox0 mutant V3

Figure 3.2. Schematic of the Drosophila FoxO (dFoxO) gene locus and
placement of primers.

Schematic of the V3 region of the Drosophila FoxO (dFoxO) mutant gene locus for
null-mutant (AV3) and reinsertion lines. Untranslated regions, coding sequences, and
genomic engineering artefacts are represented by dark blue, burgundy, and orange
boxes respectively. The green box represents amino acids 146-179 that make up part
of the forkhead DNA-binding domain (amino acids 95-201 total), with the mutated
amino acids N146A and H150A highlighted. The 3xFLAG tag sequence is
represented by an aqua box. Primer placement is labelled in purple and coloured dots
represent primer pairs. Primers SOL669-670 identify a wild-type, SOL792-887 the
null, SOL725-726 and SOL883-885 any reinsertion, and V3F-F1-V3F-R1 the mutants
with a 3xFLAG tag. Schematic created using SnapGene and sequence information
from Flybase.
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The results for this verification process are shown below (Figure 3.3).

a b b
-
-
~170bp ~300bp
~100bp
C
~450bp

d  ¢Fox0-DEDL 53 ATATATGITICTCTCTCGTTCTCGITACAGAACTCCATACGIGCCAATCTGTCGCTGCAC 111
FECEEETEREE e T e e e et e e e e e e e e v e e et ber ety

dFox0 481 atatatgtttctctctcogttctegttacagAACTCCATACGTCACAATCTGTCGCTGCAC 539

dFox0-DBD2 53 ATATATGTTTCTCTCTCGTTCTCGTTACAG-GCCTCCATACGTGCCAATCTGTCGCTGCA 111
FEEEEEREEREEEEr e e e e Ler el et

dFox0 481 atatatgtttctctctcogttctogttacaghri-CTCCATACGTCACAATCTGTCGCTGCA 539

Figure 3.3. Verification of dFoxO-mutant stock identity using PCR.

Agarose gel electrophoresis of PCR products amplified from genomic DNA isolated
from the indicated fly stocks using the primers described in Figure 3.2. Each gel shows
mutant samples of the indicated genotypes and (-) negative controls. Gels include:
(a) dFoxO-V3 (V3) and dFoxO-V3-3xFLAG (VF), (b) dFoxO-AV3 (AV3), and (c)
dFoxO-DBD1-3xFLAG (D1) and dFoxO-DBD2-3xFLAG (D2) (n = 5 or 6 PCRs of
single fly genomic DNA preps). As products for DBD-mutants cannot be differentiated
based on PCR alone, DNA sequencing of the PCR products was carried out and the
sequences compared to the wild-type dFoxO gene sequence to identify mutations in
the DNA sequences (d).
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All PCR produced bands of the expected sizes for the particular deletions or
reinsertions for each of the single fly genomic DNA preparations produced. These
results were able to verify the identity of the stocks received, therefore any phenotypic
differences observed between these different lines were accurately ascribed to the

differences in the FoxO protein expressed.

3.3.1.2 VALIDATING MUTANT FOXO ACTIVITY

3.3.1.2.1 VERIFYING FOXO PROTEIN PRODUCTION

Altering the amino acid sequence of the dFoxO protein may not only affect its ability
to bind to DNA, but also its overall stability. In addition, these mutants have had 3x
FLAG tags (DYKDDDDK) introduced in to the dFoxO protein sequence that may also

affect stability of the resulting protein.
Therefore, western blotting using an antibody that specifically recognises the FLAG

epitope was used to confirm expression of FLAG-tagged dFoxO proteins in the
dFoxO-V3-3xFLAG (hereafter, V3F), DBD1 and DBD2 mutants (Figure 3.4).
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Figure 3.4. Western blot analysis of FLAG-dFoxO protein expression.

Analysis of protein extracts from whole 7-day old adult female Drosophila of the
indicated genotypes to enable detection of FLAG-dFoxO protein expression. Blots
were probed with an anti-FLAG antibody to identify FLAG-dFoxO protein expression,
as well as an anti-tubulin antibody as a loading control. Image shown is representative
of 3 individual western blots. Numbers represent where a protein of an approximate
molecular weight (kDa) would lie to aid in identification of proteins found within the
sample.

As expected, two bands were observed in the V3F and both DBD mutants
representing proteins of ~130 kDa in size, which is expected for FLAG-dFoxO
proteins. There were also bands present in these three mutants at lower molecular
weights (~100 and 70 kDa), indicating the presence of non-specific binding when

using this antibody.

The presence of two bands is characteristic for dFoxO, which is heavily modified by
post translational modifications (PTM). No corresponding bands were observed in
protein extracts from wPa" or dFoxO nulls, which do not express tagged or dFoxO

proteins respectively.
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Therefore, these results confirm the expression of FLAG-tagged proteins of the
corresponding size for FLAG-dFoxO in the different genotypes indicating mutations

do not seemingly affect protein structure or stability.

3.3.1.2.2 VERIFYING FOXO POST-TRANSLATIONAL MODIFICATION

In the creation of the mutants there are several modifications that could affect PTM in
response to a physiological change (such as, starvation). These modifications include
the alteration of the amino acid sequence of the dFoxO DBD mutant proteins, the
introduction of 3x FLAG tags (DYKDDDDK), as well as the presence of remnant
sequences, namely loxP and attR, that are left within the genome during sequence
reinsertion. These modifications could affect protein modification by masking Akt

phosphorylation sites.

During feeding, Akt deactivates the dFoxO protein through phosphorylation of three
highly conserved serine/threonine residues (namely, T44, S190, and S259) (Bridge
et al. 2010). However, under starvation conditions these residues are
dephosphorylated due to loss of insulin dependent Akt activation. Such changes in
Akt activity have previously been shown to induce a FoxO band-shift on western blots
(Yu et al. 2014). Therefore, it would also be expected that during starvation a band
shift would be observable in the dFoxO protein extracted from the dFoxO mutants.

To assess the ability of each of the FLAG-tagged dFoxO mutants to undergo PTM
and subsequent removal in response to dFoxO activation, protein PTM was observed
using western blotting after flies were starved for 24 hours (i.e., a loss of dFoxO

phosphorylation) (Figure 3.5).
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Figure 3.5. Western blot analysis of FLAG-dFoxO post-translational
modification.

(a) Representative image of 3 individual western blots made using protein extracts
taken from whole 7-day old adult female Drosophila of the indicated genotypes that
were either fully fed (F) or starved for 24 hrs (S). Blots were probed with anti-FLAG
antibody to detect FLAG-tagged dFoxO proteins and anti-tubulin antibody as a
loading control. Numbers represent where a protein of an approximate molecular
weight (kDa) would lie to aid in identification of proteins found within the sample.

(b) Quantification of FoxO band density normalised to tubulin for both upper and lower
bands for both fed and starved flies of the various dFoxO mutants. (c) Average (mean)
difference in the band density of the upper and lower bands for each genotype (n =3
protein extracts using 5 flies per replicate; two-way ANOVA with post-hoc Welch'’s t-
test).

L. R. McDonagh, PhD thesis, Aston University 2022 106



Two bands were observed at the expected size of ~130 kDa for the FLAG-dFoxO
proteins expressed within the V3F and two DBD mutant lines in both fully fed and

starved conditions.

In the starved state there were no differences observed in the densities of the two
bands between the genotypes. However, the DBD1 mutant showed a significantly
lower (p = 0.0001 between the DBD1 and V3F, and p = 0.001 between the DBD1 and
DBD2) band density than both the V3F and the DBD2 mutants in the fed state,

indicating less overall dFoxO protein present in these extracts.

Statistical analysis showed there was a significant effect (p = 0.02) of starvation but
not genotype on band density shift. There was also no significant interaction effect
(i.e., the effect of one variable did not depend on the value of the other).

In the fully fed state, the average difference in density between the upper and lower
bands was close to 0 for all genotypes (i.e., there was little difference between the
density of the upper and lower bands) (0.05 +/- 0.2 for the V3F, 0.04 +/- 0.1 for the
DBD1, and 0.15 +/- 0.4 for the DBD2).

However, after 24 hours of starvation a band-shift was observed showing a significant
increase (p = 0.02) in the average difference between the density of the lower
molecular weight band compared to the higher molecular weight band for all
genotypes (0.72 +/- 0.6 for the V3F, 0.96 +/- 1 for the DBD1, and 1.64 +/- 1.5 for the
DBD2). However, post-hoc analysis showed individually these differences did not
reach statistical significance. Although, power analysis indicated sample sizes of 9,

12, and 11 would likely reach significance for the V3F, DBD1, and DBD2 respectively.

Overall, these results are indicative of a loss of dFoxO PTM during starvation and

appropriate dFoxO activation for all genotypes.

3.3.1.2.3 VALIDATION OF DISRUPTION TO DNA-BINDING ACTIVITY IN DBD MUTANTS
The mutations introduced into the DNA-binding domain of the dFoxO gene in the
DBD1 and DBD2 mutants are predicted to disrupt the binding of the resulting proteins
to the DNA.
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Chromatin immunoprecipitation followed by quantitative PCR (ChIP-gPCR) at well-
characterised dFoxO genomic binding sites was therefore performed to confirm the

loss of DNA-binding activity of these dFoxO DBD-mutants.

To ensure that ChIP-gPCR technical procedures were appropriate optimisation was
carried out using wild type wPa"flies and an anti-RNA polymerase Il antibody (Figure
3.6). It was expected that DNA sequences for the chosen genes would increase when
immunoprecipitated alongside RNA polymerase Il, as they are known to be regulated

by this enzyme.
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Figure 3.6. Optimisation of chromatin immunoprecipitation (ChIP) using w?Pah
and an anti-RNA polymerase Il antibody.

1.5% (w/v) agarose gel with 1 kb DNA ladder to visualise sheered chromatin from 2-
day old whole adult female wPa" after (a) different sonication durations (2 minutes, 3
minutes, and 4 minutes) at 50% amplitude, and (b) different sonication amplitudes
(50%, 75% and 100%) for a duration of 3 minutes. (c) Quantification of the abundance
of DNA associated with the Lk6, Lnk, and 4EBP genes in the immunoprecipitated
material as a percentage of input comparing a ChlP using an anti-RNA polymerase Il
antibody and a mock IP (i.e., no antibody IP) control. Box and whisker plots show the
minimum and maximum value (bars), upper and lower quartiles (box), median (line
within box), and mean (x). (d) the fold enrichment for each gene over a mock IP (n =
3 whPah chromatin extracts using 100 female flies each, p < 0.05 *, p < 0.00001 *****,
Welch'’s t-test).

Sonication to sheer the chromatin was performed for different times and amplitudes,
to ensure that the chromatin produced was of an appropriate size (200-1000 bp) for
subsequent immunoprecipitation.

Sonication time showed no effect on chromatin fragment size when sheered
chromatin was analysed by agarose gel electrophoresis. However, sonication
amplitude showed that at 100% amplitude most chromatin fragments were between
200-1000 bp.
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Therefore, ideal sonication conditions of 3 minutes and 100% amplitude were chosen

for future experiments.

gPCR was then performed against genomic regions of the Lk6, Lnk, and 4EBP gene
loci to determine the abundance of these DNA sequences after immunoprecipitation
using an antibody against RNA polymerase Il. These gene loci were used as they are
already known to be regulated by RNA polymerase Il and have verified primer
sequences for ChIP-qPCR (Slack et al. 2010). This was carried out to confirm that the
chromatin extracts prepared using these ideal conditions were suitable for ChIP-
gPCR.

gPCR for the Lnk (p = 0.02) and 4EBP (p = 0.00001) genomic regions showed a
significant enrichment for these DNA sequences after ChIP using an anti-RNA
polymerase Il antibody compared to mock ChIP controls, with fold-change increases
of 4.8 and 26.8, respectively. The qPCR for the Lk6 genomic region did not show a
significant enrichment after ChlP, however a fold change increase of 8.7 was
observed indicating a high level of enrichment that power analysis showed would

reach significance with a sample size of 9.

Therefore, ChIP-qPCR using chromatin prepared by this method was able to detect

enriched genomic sequences after immunoprecipitation.

Chromatin was therefore extracted from V3F and both DBD mutant flies using the
optimised sonication conditions determined above. This was used to assess the DNA-
binding activity or lack thereof of these different mutants, where it was expected that
the quantity of DNA associated with the DBD mutant ChIP experiments would be
decreased from the V3F control. After chromatin was prepared, ChIP was performed
using an anti-FLAG antibody to immunoprecipitate dFoxO proteins and their

associated genomic DNA sequences (Figure 3.7).
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Figure 3.7. Chromatin immunoprecipitation (ChlIP) of dFoxO DNA-binding
domain mutants.

ChIP-gPCR data for genes immunoprecipitated with an anti-FLAG antibody from
extracts of 7-day old adult female dFoxO-V3-3xFLAG (V3F), dFoxO-V3-DBD1
(DBD1), and dFoxO-V3-DBD2 (DBD2) mutant Drosophila. Data shows quantification
for the abundance of DNA of known dFoxO target genes, GATAd and phl associated
with the immunoprecipitated material as a % of input chromatin isolated after ChIP
normalised to a mock IP (i.e., no antibody IP) control. Box and whisker plots show the
minimum and maximum value (bars), upper and lower quartiles (box), median (line
within box), and mean (x) (n = 2 chromatin extracts per genotype using 100 flies each,
ANOVA with post-hoc Welch'’s t-test).

Analysis of variance showed quantification of the chromatin immunoprecipitations for
the V3F, DBD1, and DBD2 showed a significant effect of genotype on the abundance
of GATAd (p = 0.01) and phl (p = 0.02) DNA.

Decreases were observed in both the DBD mutants compared to the V3F, with the
DBD2 mutant showing a greater decrease for both the GATAd (DBD1: - 50%
compared to V3F, DBD2: -97% compared to V3F) and ph/ (DBD1: -61% compared to
V3F, DBD2: - 98% compared to V3F) genes.

However, post-hoc analysis showed these decreases did not reach statistical

significance, but power analysis indicated sample sizes of 7 for the DBD1 and 6 for

the DBD2 would likely reach significance.
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Taken together, these data show that the dFoxO V3F and DBD mutants express
stable proteins. It also shows the DBD mutants show similar band-shifts to the wild-
type dFoxO protein, indicative of appropriate changes in PTMs in response to
starvation. In addition, the DBD mutants also show loss of DNA-binding at known
dFoxO loci, however the DBD1 mutants do not show as great a loss in associated
DNA as the DBD2 mutants.

3.3.2 PHENOTYPES ASSOCIATED WITH DROSOPHILA FOXO ACTIVITY

After molecular verification of the mutant strains and confirmation that the DBD
mutants express stable proteins, the effects of mutating the dFoxO DBD on protein
function were assessed by phenotypic analysis, concentrating on phenotypic outputs

that have already been associated with dFoxO activity.

For all experiments, wild-type wPa" flies were included as controls to ensure that in the
dFox0O-V3 (V3) and dFoxO-V3-3xFLAG (V3F) lines the expressed dFoxO proteins
reconstituted the wild-type phenotype.

For each of these experiments, as these phenotypes seem to be dFoxO-dependent
processes, no changes for the V3 and V3F and significant decreases for the null
dFox0O-AV3 (AV3) would be expected compared to the wPa" control. However, effects

of the DBD mutations on any of these phenotypes was unknown.

3.3.2.1 DROSOPHILA FOXO DNA-BINDING DEPENDENT PHENOTYPES

3.3.2.1.1 LIFESPAN AND FECUNDITY

Adult lifespan is widely known to be regulated by dFoxO with other dFoxO-null
mutants showing a significant reduction in Drosophila lifespan compared with controls
(Slack et al. 2011; Martins et al. 2016). Lifespan was therefore assayed for the

different dFoxO mutant strains (Figure 3.8).
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Figure 3.8. Comparing lifespan of various dFoxO mutant lines.

Survival analysis of (a) female and (b) male flies of the indicated genotypes. Results
are plotted as proportion of survivors as a function of time (in days). Median survival
times of female flies were: 66 days for V3 (n=149), 38 days for AV3 (n=149), 55 days
for DBD1 (n=156), 29 days for DBD2 (n=136), 62 days for wPa" (n=134) and 64 days
for V3F (n=141). Median survival times for male flies were: 52 days for V3 (n=132),
27 days for AV3 (n=141), 43 days for DBD1 (n=158), 30 days for DBD2 (n=138), 52
days for wPa" (n=146) and 50 days for V3F (n=131) (p < 0.0001 ****, Log rank test
compared to V3F for females and V3 for males).
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For females, no significant difference in lifespan was observed between the wPa" and
V3F flies, but the V3 mutants were slightly longer lived than wPa" controls (+7%
median lifespan, p = 0.01).

For males, no significant difference in lifespan was observed between the wPa" and
V3 flies, but V3F mutants were slightly shorter lived than wP2" controls (-4% median
lifespan, p = 0.02).

There were no significant differences between the V3 and V3F flies for either males

or females.

Together, this shows that reinsertion of the endogenous V3 region with or without the
FLAG tag epitope in to the dFoxO locus during genomic engineering does not
drastically impact lifespan in either males or females.

However, as some significant differences were observed in relation to the wPa" for the
V3 and V3F, the mutant which was not significantly different from the wPa" was used
as a control for comparisons with the null and DBD mutants (i.e., V3F for females and

V3 for males).

A significant reduction in lifespan was observed for the AV3 mutants when compared
to the V3F controls for female (-41% median lifespan, p = 3.86E-41) and V3 controls
for male (-48% median lifespan, p = 1.76E-27) flies.

Similarly, both DBD1 and DBD2 mutants showed a significant reduction in lifespan
when compared to the V3F controls for female (DBD1: -14% median lifespan, p =
6.30E-13; DBD2: -54% median lifespan, p = 3.91E-43) and the V3 controls for male
(DBD1:-17% median lifespan, p = 6.67E-10; DBD2: -44% median lifespan, p = 3.66E-
31) flies.

Interestingly, DBD1 mutants did not show as great a reduction in lifespan as AV3
mutants for either females (+31% median lifespan for DBD1, p = 3.19E-24) or males
(+37% median lifespan for DBD1, p = 7.17E-16). And in female flies, the DBD2
mutants were even shorter-lived than the AV3 mutants (-24% for the DBD2, p =
0.001).

Together, these data suggest that the presence of a functional DNA-binding domain

in dFoxO is necessary for normal Drosophila lifespan.
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Female egg-laying as a measure of fecundity has also been shown to be significantly
affected by dFoxO mutation (Slack et al. 2011) and so egg-laying in the different

dFoxO mutant strains was therefore examined (Figure 3.9).
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Figure 3.9. Assessment of fecundity of the different dFoxO mutants over 24
hours.

The fecundity of 7-day old adult female Drosophila of varying genotypes kept under
standard conditions on SYA was assessed. Results are shown as number of eggs
laid per female over 24 hours. Box and whisker plots show the minimum and
maximum value (bars), upper and lower quartiles (box), median (line within box), and
mean (x) (n = 15 vials of 15 flies per vial p <0.0001 ****, ANOVA with post-hoc Welch’s
t-test).

No significant differences were observed in the number of eggs laid per female over
24 hours between the V3 and wPa" lines, indicating that reinsertion of the V3 region
during genomic engineering does not negatively impact female fecundity. Therefore,

the V3 mutants were used for comparisons to other mutants.
Compared to the V3 controls, there were similar significant reductions in egg-laying
observed for the AV3 (p = 2.80E-14), DBD1 (p = 1.30E-14), and DBD2 (p = 4.80E-

12) mutants, with no apparent differences observed between these three mutants.

This indicates that the modulation of normal female fecundity is not only dependent

on dFoxO but also the presence of a functional DNA-binding domain.
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3.3.2.1.2 FEEDING BEHAVIOUR

Previously, it has been shown that FoxO activity is required for normal feeding
behaviour (Hong et al. 2012; Ma et al. 2015). As normal food intake would be
imperative to maintain metabolic homeostasis, feeding behaviour was examined in

the different dFoxO mutant strains.

Two methods for assessing this phenotype were used: the capillary feeder (CAFE)
assay that measures food consumption over time (Figure 3.10.1), and the proboscis
extension (PE) assay, which measures food consumption alongside feeding
behaviour (Figure 3.10.2).
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Figure 3.10.1. Measurement of food consumption of different dFoxO mutants
over 96 hours.

Food consumption in 7-day old adult female (a) and male (b) Drosophila of the
indicated genotypes was assessed using the capillary feeder (CAFE) assay. Results
are shown as total volume of liquid fly food consumed over 96 hours (n = 10
individually housed flies per genotype p <0.05 * p <0.01 ** p <0.001 ***, generalised
linear model with post-hoc Mood’s median test).

Statistical analysis showed that there was a significant effect of genotype (p =2.17E-
4 for females and p = 0.02 for males) and time (p = 3.50E-4 for females, and p =
4.23E-4 for males) on the volume of food consumed during the CAFE assay.
However, there was also no significant interaction effect (i.e., the effect of one variable

did not depend on the value of the other).
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Post-hoc analysis showed no significant differences in the total volume of food
consumed over 96 hours were observed between the V3 or wPa" flies for either male
or female flies, indicating that the V3 flies behave as wild-type flies with regards to
their feeding behaviour. Therefore, the V3 mutants were used for comparisons to

other mutants.

No significant differences were observed between any of the genotypes after 24 hours
of capillary feeding. However, significant reduction in the volume of food consumed
over the total 96 hours was observed for AV3 mutants when compared to the V3
controls (p = 0.03 for females and p = 0.004 for males). Similarly, both DBD1 and
DBD2 mutants consumed significantly less food over the same period than V3 flies
(DBD1: p = 0.02 for females and p = 0.002 for males, DBD2: p = 7.97E-5 for females
and p = 0.02 for males) but showed no significant differences when compared to the
AV3 mutants.

At the 24, 48, and 72-hour time points there was no significant difference observed

between genotypes, suggesting a cumulative effect on feeding behaviour that only

becomes observable after several days.
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Figure 3.10.2. Assessing short-term feeding behaviour of different dFoxO
mutants.

Food intake and meal frequency using 7-day old adult Drosophila were assessed
using measures of proportion of flies feeding at a specific time for (a) female and (c)
male Drosophila of the indicated genotypes, and blue dye absorbance for (b) female
and (d) male Drosophila of the indicated genotypes. Box and whisker plots show the
minimum and maximum value (bars), upper and lower quartiles (box), median (line
within box), and mean (x) (n = 4 or 5 flies per replicate with 10 replicates per genotype
p <0.01 **, one-way ANOVA with post-hoc Welch'’s t-test).

The PE assay determines food consumption measured via the absorbance of a blue
dye and the proportion of time the flies spent feeding, to assay differences in meal

size and frequency.

There was no significant difference between genotypes for either sex for either
measurement, except for blue dye absorbance in the DBD1 females which showed
significantly (p = 0.002) lower blue dye absorbance compared to all other genotypes

except the AV3 flies.

Taken together, these results indicated that loss of dFoxO activity had no effect on
the size and frequency of meals on solid food when measured over a short-term
assay.

The difference in the DBD1 blue dye absorbance is unlikely to be caused by the DBD1

mutation itself, as it is not significantly different from the AV3 flies, which are not
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significantly different from the other genotypes. Therefore, this variation is likely
caused by variations within the assay itself. However, over a longer-term assay the
presence of dFoxO with a functional DNA-binding domain seems necessary to

maintain liquid food consumption.

3.3.2.1.3. XENOBIOTIC METABOLISM

FoxO proteins are also known ‘xenosensors’, responding to xenobiotic factors to
mediate downstream responses to allow for xenobiotic excretion thereby avoiding
deleterious effects to the organism (Klotz & Steinbrenner, 2017). Previous research
has indicated a requirement for dFoxO in regulating xenobiotic stress and that
removal of dFoxO makes flies more sensitive to xenobiotic challenge (Slack et al.
2011).

To examine the response to xenobiotic stress, the survival of flies in the presence of
the xenobiotic toxin dichlorodiphenyltrichloroethane (DDT) was measured (Figure
3.11).
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Figure 3.11. Survival of dFoxO mutants in the presence of
dichlorodiphenyltrichloroethane (DDT).

The survival of 7-day old adult (a) female and (b) male Drosophila was assessed in
the presence of 0.03% (w/v) DDT. Results are plotted as proportion of survivors as a
function of time (in days). Median survival times of female flies were: 2.87 days for V3
(n=98) and wPa" (n=101), 2.08 days for AV3 (n=87), and 2.21 days for both DBD1
(n=98) and DBD2 (n=98). Median survival times of male flies were: 1.62 days for V3
(n=112) and wPa" (n=101), 1.11 days for AV3 (n=104), DBD1 (n=97), and DBD2
(n=99) mutants (p < 0.0001 ****, Log rank test compared to V3 flies).
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No significant differences in survival were observed between V3 and wP2" flies for
either females or males, indicating that the V3 flies behaved as wild-type flies with
regards to their response to DDT toxicity. Therefore, V3 flies were used as controls

for comparisons with other mutants.

A significant reduction in survival was observed for AV3 mutants compared to V3
controls for both females (-28% median lifespan, p = 5.94E-10) and males (-31%

median lifespan, p = 2.92E-7).

Further, both DBD1 and DBD2 mutants showed a significant reduction in lifespan
when compared to the V3 controls for both female (DBD1: -23% median lifespan, p =
9.23E-6; DBD2: -23% median lifespan, p = 9.75E-7) and male (DBD1: -31% median
lifespan, p = 2.61E-5; DBD2: -31% median lifespan, p = 6.98E-5) flies.

However, no significant differences in survival were observed between the DBD

mutants and AV3 flies for either sex.

All together these data indicate that survival in response to xenobiotic challenge by
DTT was not only dependent on dFoxO but also the presence of a functional DNA-

binding domain.

3.3.2.1.4. OXIDATIVE STRESS RESISTANCE

Survival under oxidative stress conditions is also a known phenotype that is regulated
by FoxO activity, and loss of dFoxO has been shown to impact on fly survival in the
presence of oxidative stressors, such as hydrogen peroxide and paraquat, an
herbicide and neurotoxicant (Kops et al. 2002). Therefore, survival was monitored for
all mutant lines when exposed to either hydrogen peroxide (H20.) (Figure 3.12) or

paraquat (Figure 3.13).
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Figure 3.12. Survival of dFoxO mutants exposed to hydrogen peroxide (H20.).

Survival of (a) female and (b) male 7-day old adult Drosophila of the indicated
genotypes when exposed to 6% (v/v) H202 was assessed. Results are plotted as
proportion of survivors as a function of time (in days). Median survival times of female
flies were: 3.51 days for V3 (n=96) and wPa" (n=97), 2.08 days for AV3 (n=91) and
DBD1 (n=92), and 1.92 days for DBD2 (n=99). Median survival times of male flies
were: 4.17 days for V3 (n=98), 1.97 days for AV3 (n=100), 1.90 days for DBD1
(n=102) and DBD2 (n=94), and 4.07 days for wP2" (n=97) mutants (p < 0.0001 ****,
Log rank test compared to V3 flies).
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No significant differences in survival were observed between V3 and wP2" flies when
exposed to hydrogen peroxide for either females or males, indicating that the V3 flies
behaved as wild-type flies with regards to their response to oxidative stress induced
by hydrogen peroxide. Therefore, V3 flies were used as controls for comparisons with

other mutants.

A significant reduction in survival was observed for AV3 mutants compared to V3
controls for both females (-41% median lifespan, p = 1.99E-39) and males (-53%

median lifespan, p = 2.77E-45).

Both DBD1 and DBD2 mutants showed a significant reduction in lifespan when
compared to the V3 controls for both female (DBD1: -41% median lifespan, p = 2.23E-
45; DBD2: -45% median lifespan, p = 3.11E-45) and male (DBD1: -54% median
lifespan, p = 2.23E-45; DBD2: -54% median lifespan, p = 3.11E-45) flies.

However, no significant differences in survival were observed between the DBD

mutants and AV3 flies for either male or female flies.
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Figure 3.13. Survival of dFoxO mutants when exposed to paraquat.

Survival of (a) female and (b) male 7-day old adult Drosophila of the indicated
genotypes when exposed to 20 mM paraquat was assessed. Results are plotted as
proportion of survivors as a function of time (in days). Median survival times of female
flies were: 2.26 days for V3 (n=97) and wPa" (n=94), and 1.61 days for AV3 (n=108),
DBD1 (n=105), and DBD2 (n=105). Median survival times of male flies were: 2.26
days for V3 (n=93), 1.61 days for AV3 (n=100), DBD1 (n=114) and DBD2 (n=96), and
2.61 days for wPa" (n=98) mutants (p < 0.0001 ****, Log rank test compared to V3
flies).
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Again, no significant differences in survival were observed between V3 and wPa" flies
when exposed to 20 mM paraquat, indicating that the V3 flies behaved as wild-type
flies with regards to their response to oxidative stress induced by paraquat. Therefore,

V3 flies were used as controls for comparisons with other mutants.

A significant reduction in survival was observed for AV3 mutants compared to V3
controls for both females (-29% median lifespan, p = 1.99E-15) and males (-29%

median lifespan, p = 8.39E-11).

Similarly, both DBD1 and DBD2 mutants showed a significant reduction in lifespan
when compared to the V3 controls for both female (DBD1: -29% median lifespan, p =
6.6E-13;DBD2: -29% median lifespan, p = 3.34E-13) and male (DBD1: -29% median
lifespan, p = 2.70E-7; DBD2: -29% median lifespan, p 7.48E-11) flies.

However, no significant differences in survival were observed between the DBD

mutants and AV3 flies for either sex.

Together, this indicated that survival in response to oxidative stress induced by
hydrogen peroxide or paraquat was not only dependent on dFoxO, but also on the

presence of a functional DNA-binding domain.

3.3.2.2 DROSOPHILA FOXO DNA-BINDING INDEPENDENT ACTIVITY

3.3.2.2.1 GROWTH

Organismal growth during development is regulated by metabolism, in particular
through the 1IS pathway due to its effects in regulating both cell size and number, and
its roles in assessing loss of nutrients and metabolic stores during development
(Kramer et al. 2003).

This is especially important for Drosophila, as the adult body size is directly influenced
by developmental growth and metabolism. For example, it has been demonstrated
that the insulin receptor, and therefore insulin signalling, is critical in determining final
adult body size during the stages of ‘critical size’ (i.e., the point at which larvae commit

to metamorphosis and no longer feed) to pupariation (Shingleton et al. 2005). This
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effect of insulin receptor activity and insulin signalling on cell size and cell number is

also reflected in wing size (Shingleton et al. 2005).
To determine if mutation of the dFoxO DBD was associated with effects on growth

during development, body mass and wing area of individual adult flies of the different

dFoxO mutants were measured as a read-out for developmental growth (Figure 3.14).
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Figure 3.14. Measurement of body mass and wing area of dFoxO mutants to
evaluate the role of dFoxO in organismal growth.

Measurements of (a) body mass and (b) wing area for 10-day old adult female and
male Drosophila of the indicated genotypes. Box and whisker plots show the minimum
and maximum value (bars), upper and lower quartiles (box), median (line within box),
and mean (x) (n = 10 individual flies p < 0.0001 ****, ANOVA with post-hoc Welch’s t-
test).

No significant differences were observed in either body mass or wing area between

V3 and wPahlines for males or females, indicating that the dFoxO-V3 lines show a
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consistent wild-type growth phenotype. Therefore, V3 flies were used as controls for

comparisons with other mutants.

Significant differences were observed for both males and females between the AV3
flies and V3 control mutants for both body mass (p = 1.6E-15 for females and p =

2.5E-7) and wing area (p = 4.1E-6 for females and p = 3.1E-8 for males).

Interestingly, both DBD1 and DBD2 mutants showed no significant differences in

either body mass or wing area when compared to V3 control mutants.

These data suggest that the modulation of normal growth during development occurs

in a dFoxO-dependent manner but does not require a functional DNA-binding domain.

3.3.2.2.2 STARVATION RESISTANCE

Survival under starvation is controlled by several different factors, including
developmental timing, sleep, and importantly metabolic regulation (Brown et al. 2019).
Previous studies have shown that dFoxO is activated in response to starvation
(Mattila et al. 2009; Hwangbo et al. 2004) and that dFoxO activity is required for
normal survival responses to starvation (Mattila et al. 2009; Kramer et al. 2008; Slack
et al. 2011). Therefore, survival during starvation was measured for the different

dFoxO mutant lines (Figure 3.15).
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Figure 3.15. Survival during starvation of dFoxO mutants.

Survival of 7-day old adult (a) female and (b) male Drosophila of the indicated
genotypes under starvation. Results are plotted as proportion of survivors as a
function of time (in days). Median survival times of female flies were: 8.10 days for V3
(n=97), 7.06 days for AV3 (n=103), 7.91 days for both DBD1 (n=96) and DBD2 (n=96),
and 7.91 days for wP2" (n=100). Median survival times of male flies were: 6.62 days
for V3 (n=94) and wP2" (n=98), 5.63 days for AV3 (n=98), and 6.62 days for both DBD1
(n=95) and DBD2 (n=92) mutants (p < 0.001 ***, p < 0.0001 ****, Log rank test
compared to V3 flies).
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No significant differences in survival under starvation were observed between the V3
and wPahcontrols for females or males, indicating that the V3 flies behave as wild-type
flies in their response to starvation. Therefore, V3 flies were used as controls for

comparisons with other mutants.
A significant reduction in survival was observed for AV3 mutants compared to V3
controls for both females (-13% median lifespan, p = 0.0001) and males (-15% median

lifespan, p = 3.3E-13).

However, no significant differences for either sex were observed for both DBD1 and

DBD2 mutants when compared to the V3 control mutants.

Therefore, this suggests that although normal survival under starvation was dFoxO-

dependent it did not require the presence of a functional DNA-binding domain.
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3.4 DISCUSSION

The main aim of this chapter was to validate genomically engineered dFoxO mutant
lines to ensure their identity and function, as well as assess their different
physiological functions in Drosophila. In this way, the precise role of dFoxO
transcriptional activity, and the requirement of the DNA-binding domain (DBD), on
various phenotypes associated with dFoxO activity could be determined.

The hypothesis stated that the novel dFoxO mutants used were the appropriate
genotype, lacked DNA-binding activity where appropriate, correctly underwent post-
translational modification particularly during starvation, and could be used to
characterise a range of dFoxO-dependent phenotypes and identify DNA-binding

independent roles for dFoxQO’s activity.

3.4.1 VERIFICATION OF MUTANT STOCKS

Using a variety of molecular techniques, results have confirmed the appropriate
identity, modification, and localisation of the proteins produced by these novel dFoxO
mutants. Western blot analysis showed the presence of FLAG-dFoxO proteins in all
genotypes, bar the null mutants, indicating that they all expressed a protein of the
predicted size. An appropriate shift in protein size, indicative of changes in post-
translational modification, was also observed after starvation. The lack of effect of the
FLAG tags on these phenotypes was expected as the sequence of the 3x FLAG tag
epitopes are already short (i.e., 8 amino acid residues, DYKDDDDK, or 24 bp) and
they are inserted at the end of the coding sequence ensuring they are near to the
surface and do not interfere with protein folding after translation (Zhao et al. 2013).
Chromatin immunoprecipitation (ChlP) gPCR also showed a loss in the abundance
of DNA of known dFoxO target genes, GATAd and phl, in both DBD mutants
compared to the V3F. This observation supports the need for direct DNA binding by
dFoxO to regulate the expression of these genes, both of which were identified as
being bound by dFoxO in previous research (Alic et al. 2011). Interestingly, the DBD2
mutant showed a much larger decrease in the abundance of DNA compared to the
V3F for both genes tested, compared to the DBD1. Therefore, indicating that the
DBD1 may still have some residual DNA-binding activity.

Taken together, these data demonstrate that the introduction of the FLAG epitope
and mutation of the DNA-binding domain did not affect expression or stability of the

encoded proteins or their ability to undergo appropriate post-translational
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modification. However, the introduction of mutations into the DBD did disrupt

association of the dFoxO proteins with specific target sequences in the DNA.

3.4.2 DROSOPHILA FOXO DNA-BINDING DEPENDENT PHENOTYPES

Subsequent research then focussed on examining the effects of these different
dFoxO mutants on several of dFoxO’s known physiological roles, including lifespan,
fecundity, survival under xenobiotic challenge and oxidative stress, feeding

behaviour, growth, and starvation survival.

Initial comparisons focused on the phenotypic responses of the dFoxO-V3 flies
compared to wPa" controls. Genomic engineering introduces exogenous sequences
that could impact on gene expression from that locus. However, no significant
differences were observed between the V3 and wPa" flies in any of the phenotypic
assays undertaken indicating that the dFoxO protein produced by the V3 behaves
similarly to that produced in a wild-type fly in these contexts. This is most likely
because the use of minimal attP (attP-50), attB (attB-53), and loxP sites during the
genomic engineering process prevents the resulting sequences from being
unnecessarily long, thereby reducing its potential to influence or interrupt gene

expression of the final allele (Huang et al. 2009; Bouabe & Okkenhaug, 2013).

Normal lifespan, female fertility, xenobiotic metabolism, oxidative stress resistance,
and feeding behaviour were all found to be dFoxO-dependent phenotypes that were
also dependent on the presence of a functional DBD. This, therefore, implies that
dFoxO is directly regulating the expression of target genes that encode for proteins,

which directly modulate these processes.

The reduction in overall lifespan that is present in both the dFoxO-null and DBD-
mutants, when compared to wild-type phenotypes, is not unexpected. The role of
FoxO in this process has been well studied, whereby regulating DNA repair,
apoptosis, gluconeogenesis, reactive oxygen species (ROS) breakdown, stem cell
homeostasis, and immune system modulation, mammalian FoxOs are able to protect
against age-related disorders including type Il diabetes, cancer, and cardiovascular
diseases to confer longevity (Morris et al. 2015). Specifically in Drosophila, it has been
shown that insulin/insulin-like growth factor (IGF)-1 signalling (lIS) inhibition, and

therefore FoxO activation, is able to extend lifespan (Martins et al. 2016; Fontana et
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al. 2010). Furthermore, deletion of dFoxO also decreased the expression of factors
involved in gene repression, such as CCCTC-binding factor, introducing the idea that
dFoxO is critical in the maintenance of chromatin states (Alic et al. 2011), a process
which dominates the functional decline associated with old age (Booth & Brunet,
2016).

In addition, ChlP-seq analysis of female Drosophila has shown that during normal
ageing the number of dFoxO-bound genes drastically decreases by ~90%, possibly
due to splice variant composition changes as dFoxO expression does not decrease,
altering the expression of genes such as the lipase bmm, a kinase involved with
neuronal differentiation dig7, and a transcription factor involved with dendrite
morphogenesis jim (Birnbaum et al. 2019). This indicates that increasing dFoxO
activity later in life may ensure longevity by maintaining advantageous gene
transcription, and therefore by removing dFoxO transcriptional activity this longevity
control is removed leading to a reduction in lifespan.

There were differences in lifespan, however, that were observed between the DBD
mutants and AV3 flies, where the reduction in lifespan seen in the DBD1 mutants was
not as pronounced compared to the AV3 and the DBD2 counterpart. This could be
due to residual DNA-binding of this mutant as possibly identified in the ChIP-gPCR
verification, which affects lifespan but may not affect genes that regulate other
phenotypes. This is even more likely as the genes used in the ChIP-gPCR, GATAd
and phl, have functions related to the regulation of Drosophila lifespan.

Furthermore, there were small differences observed in the lifespan of the three control
lines in both males and females. As well as a small difference in the lifespan of the
AV3 and DBD2 female flies. This is possibly due to the genetic background affecting
the genotype, as these flies were at least 15 generations post-backcrossing, which
could lead to natural deviations in the genetic background that occur from generation
to generation and then have knock-on effects in highly sensitive survival phenotypes
(such as, lifespan) (Mackay, 2010; Burnett et al. 2011). However, it is important to
note that these differences, whilst significant, are drastically smaller statistically than
between the genotypes where differences were expected, and in every other assay
performed the control lines behaved identically as did the AV3 and DBD2 flies where
similar phenotypes were observed. This is possibly due to lifespan being a
quantitative trait (i.e., variation in natural populations can be attributed to a number of
different loci) affected by multiple trait loci (Mackay, 2002), making mutations in trait-

specifc loci that affect the overall phenotype more likely. Therefore, it is unlikely that
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genetic background is playing any decisive role in these phenotypes and lifespan is
just a phenotype that is more sensitive to the differences between even similar

genotypes.

Reductions in egg production as the result of the effects of a dFoxO-null have
previously been shown by Slack et al. (2011), where dFoxO4% null mutants laid
significantly fewer eggs compared to wPa" controls. This indicates a role for dFoxO in
maintaining normal fecundity. Little direct information regarding the role of dFoxO in
maintaining normal Drosophila fecundity, or the mechanisms involved in egg
production, was found. However, FoxO1 in mice prevents anovulation by repressing
the expression of the luteinising hormone B-subunit, a subunit of the glycoprotein
luteinising hormone that is responsible for regulating steroidogenesis and ovulation
(Arriola et al. 2012). Whilst FoxO1 was found not to bind to the gene promoter, a
functional DNA-binding domain was necessary for this regulation (Arriola et al. 2012).
This is important to note as there is some conservation with the hormones involved
with mammalian reproduction in Drosophila. For example, there are Drosophila
homologues for the luteinising hormone-activated G protein-coupled receptor, LGR1,
as well as a glycoprotein hormone that can activate this receptor (Sellami et al. 2011;
Eriksen et al. 2000). This potential conservation and regulation could help to explain

why reduced fecundity is also exhibited in the DBD mutants.

For feeding behaviour, the significant reduction in volume of food consumed over time
for the dFoxO-null and DBD-mutants may represent defects in the ability of FoxO
signalling to regulate many genes involved with the modulation of feeding behaviour
(Hong et al. 2012; Ma et al. 2015). The fact that altered dFoxO activity is seemingly
affecting feeding over time could possibly be caused by both a loss of dFoxO-induced
orexigenic peptide expression reducing food intake, as well as a loss of inhibition by
FoxO on leptin signalling (Yang et al. 2009a). This loss of inhibition will therefore
increase the effects of leptin (Drosophila homologue unpaired1), which has shown
through intracerebroventricular leptin treatment to reduce food intake cumulatively in
rats (Kanoski et al. 2014). An improvement on the analysis of feeding behaviour would
be to utilise the flyPAD (fly Proboscis and Activity Detector) system as a more
accurate, reliable, and quantitave analysis on feeding (ltskov et al. 2014). This would
potentially improve reproducibility for this phenotype, as the assays used in this

project could be less accurate (i.e., the ruler measurements from a graduated capillary
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in the CAFE assay) or more subjective (i.e., the observations of feeding events in the
PE assay). However, as the results here are quite drastic and the 24-hour CAFE
assay results reconcile with the PE assay, for the purposes of this project the assays

used were adequate.

Data here shows that the dFoxO-null and DBD-mutant flies were also sensitive to
both oxidative and xenobiotic stress. This is in line with other research as for instance,
mammalian FoxO has shown to have an important role in regulating oxidative stress
through upregulation of antioxidant enzymes, such as MnSOD and catalase, by
binding directly to the promoter regions of these genes (Huang & Tindall, 2007; Kops
et al. 2002). The presence of the Drosophila homologues Sod2 and Cat identify a
possible conservation of this protection, particularly as it has been found that there is
an increase in expression of both dFoxO target genes Sod2 and Cat upon exposure
to H20,, as well as a significant reduction in lifespan under normal conditions in Sod2
mutants due to the inability to convert ROS, such as H-0,, to oxygen and H»O for
excretion (Subedi et al. 2017; Celotto et al. 2012). Therefore, due to the nature of
these two genes as dFoxO targets, it would be expected that the increased
expression and therefore protection afforded by these genes in the presence of H20»
would be abolished, or at least diminished, in dFoxO-null and DBD-mutants explaining

the sensitivity to oxidative stress in these mutants.

The role of FoxO in efficient biotransformation, particularly in detoxifying xenobiotics,
has also been previously identified. By using IS mutants that increased FoxO activity,
xenobiotic metabolism was increased by causing the direct upregulation of
antioxidants such as glutathione, where conjugation of this tripeptide to xenobiotics
enhances their ability to be excreted and diminishes their susceptibility to this form of
stress (Piper et al. 2008; Wang et al. 2014; Sipes et al. 1986). Therefore, by removing
dFoxO activity either completely as with the nulls or by removing a functional DBD,
these genes will not be upregulated during these types of stress leading to sensitivity

and a reduction in survival time.

By comparing this data to that found in the literature, it is not surprising that without a

functional dFoxO protein or DBD that these phenotypes occur.
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3.4.3 DROSOPHILA FOXO DNA-BINDING INDEPENDENT PHENOTYPES
Interestingly, growth and survival under starvation, while dependent on dFoxO, did
not require a functional DBD, potentially identifying DNA-binding independent roles

for dFoxO in these processes.

Previous studies have shown that dFoxO is required for normal growth in Drosophila
(Slack et al. 2011), and the data presented here shows that this function of dFoxO is
not dependent on the DBD.

The size of the adult fly is determined during the developmental stages. During
pupation, metabolic cues allow for the mobilisation of nutrients to developing cells to
initiate normal growth. However, in the absence of dFoxO this is unable to occur
leading to a reduced size of the resulting adults (Shingleton et al. 2005). Further
research into the IIS pathway during growth using a temperature sensitive mutation
for the insulin receptor (InR) has shown that the critical period for the influence of

insulin signalling on growth is during mid-pupation (Shingleton et al. 2005).

Previous studies have also shown the various roles for FoxO in preventing starvation
sensitivity and subsequent death (Tettweiler et al. 2005; Yuan Tang et al. 2011). It is
well-reported that increasing metabolic stores, particularly lipids, and ensuring their
mobilisation when needed increases starvation resistance (Brown et al. 2019). Sirt1
has also been identified as a possible target for these alterations that confer starvation
resistance, as mutations here often lead to dysregulated lipid storage, abnormal lipid
droplet size, starvation resistance, and insulin sensitivity (Hardy et al. 2018). This is
interesting as FoxO is known to be closely associated with Sirt1 activity, where not
only is Sirt1 able to activate FoxO via deacetylation, but FoxO is able to alleviate p53
suppression on Sirt1 via direct FoxO-p53 interactions (Wang et al. 2011; Zhang et al.
2011). Therefore, this latter process could possibly give an explanation why these
effects on starvation resistance are independent of FoxO'’s ability to bind to DNA.

That these two phenotypes show similar responses is not out of line with previous
research, as it is known that the same genes regulate growth and metabolism in

Drosophila (however, this is not conserved into mammals) (Nayak & Mishra, 2021).
Overall, it is clear from the data presented that several dFoxO-associated phenotypes

such as lifespan, fecundity, oxidative and xenobiotic stress survival, and feeding

behaviour were not only reliant on dFoxO activity but also its ability to bind to DNA.

L. R. McDonagh, PhD thesis, Aston University 2022 138



Removal of dFoxO completely conferred both sensitivity to starvation and inhibition
of normal growth, asserting that these phenotypes are also dependent on dFoxO
activity. However, the differential effects of dFoxO null mutation and mutation of the
DBD on these phenotypes suggest that the presence of a functional DNA-binding
domain for their normal regulation is dispensable. As both starvation survival and
growth are highly energy dependent processes with a tight association to metabolism,
further analysis into specific metabolic phenotypes were explored to shed more light

on the underlying metabolic perturbations affecting these phenotypes.
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4. ASSESSMENT OF THE ASSOCIATION BETWEEN FOXO ACTIVITY AND METABOLIC
PHENOTYPES IN DROSOPHILA MELANOGASTER

4.1 INTRODUCTION

The role of FoxO in regulating metabolic processes is well-known, where FoxO
modulates a wide variety of actions in various metabolic organs to maintain
appropriate metabolic homeostasis (Lu & Huang, 2011). This is possible due to the
nutrient-dependent nature of FoxO regulation through the insulin signalling pathway
(I1S), where FoxO activity is repressed in the presence of insulin during the post-
prandial state (Eijkelenboom & Burgering, 2013).

For example, FoxO is already known to directly regulate the expression of
gluconeogenic genes such as phosphoenolpyruvate carboxykinase (Pepck) and
glucose-6-phosphatase (G6pc), as well as the atrophic muscle-specific atrogin-1
which leads to muscle breakdown for the production of energy (Tanaka et al. 2010;
Wang et al. 2016b). In addition, FoxO is also known as a regulator of pathways
associated with lipid metabolism, where FoxO can modulate the expression of the
adipokine adiponectin by binding directly to its promoter leading to reduction of lipid
accumulation and fatty acid oxidation (Qiao & Shao, 2006; Yanai & Yoshida, 2019).
Interestingly, FoxO also maintains the size and number of lipid storage vesicles called
lipid droplets (LD) in adipocytes via the regulation of the autophagic fat-specific
protein 27 effecting adipocyte differentiation and growth (Bielka & Przezak, 2021).
Furthermore, FoxO is key in the maintenance and differentiation of pancreatic 3 cells,
where loss of FoxO is often associated with increased oxidative stress and de-
differentiation of 8 cells (Bielka & Przezak, 2021). Therefore, there are many ways in
which metabolic phenotypes can be affected by aberrant FoxO activity.

The use of Drosophila to study these metabolic phenotypes is ideal as there are many
similarities between Drosophila and other organisms, particularly when discussing
metabolism. For example, as with mammals, carbohydrates are used as the primary
energy source in Drosophila (Klepsatel et al. 2016). Therefore, dietary carbohydrates
must be stored for utilisation during periods of stress or fasting. These dietary
carbohydrates are broken down and transferred to the fat body where they are either
converted into and stored as the branched polysaccharide, glycogen, or transformed
into the disaccharide of glucose, trehalose, which is then released into the
haemolymph for rapid deployment in various tissues (particularly flight muscles)
(Hibshman et al. 2017; Chatterjee & Perrimon, 2021). Then, once carbohydrate stores

are low, energy utilisation is switched to the most calorie dense form of metabolite
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storage, the lipid triglyceride (TAG) enabling reservation of carbohydrate energy for
obligate glucose utilisers (Cheng & White, 2011; Mergenthaler et al. 2013). Therefore,
due to the intricate balance needed to maintain energy homeostasis and the critical
nature of maintaining appropriate energy stores for different tissues, metabolic
dysregulation can have a variety of unwanted effects in other phenotypes including

growth and starvation survival.

4.2 AIMS AND OBJECTIVES

In this section, the main aim was to assess the different metabolic functions of adult
Drosophila to determine the method of Drosophila FoxO (dFoxQO) transcriptional
activity on various metabolic phenotypes, to elucidate whether the DNA-binding
independent phenotypes observed could be caused by affects in the metabolism. The
hypothesis was that there would be dFoxO-dependent DNA-binding independent
effects in the modulation of metabolism, which could help explain the DNA-binding
independent phenotypes observed earlier in the project.

To achieve this, coupled colorimetric metabolic assays and thin layer chromatography
(TLC) were used to quantify the effects of dFoxO activity, or lack thereof, on the
production or mobilisation and utilisation of key metabolic stores, namely glycogen,
trehalose, and TAG.

This set of experiments helps to fulfil the overall aim of the project by determining the
potential affects of dFoxO in metabolism and whether those effects can adequately
explain the dFoxO-dependent DNA-binding independent processes observed in the

previous chapter.
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4.3 RESULTS

4.3.1 DROSOPHILA FOXO IN METABOLIC STORAGE

Metabolic dysregulation could potentially have knock-on effects in various other
processes, particularly those known to be extremely energy demanding (for example,
development). This metabolic dysregulation could manifest as differences in the
ability to produce or maintain metabolic stores within the fly, or as differences in the
ability of the fly to mobilise these stored nutrients appropriately and efficiently when
required (Harshman & Schmid, 1997).

Quantitative measurements of metabolic storage molecules were therefore performed
for the different dFoxO mutants to identify whether perturbations in dFoxO activity
could lead to metabolic dysregulation and the ability to produce or mobilise the three

core metabolic stores found in Drosophila: glycogen, trehalose, and TAG.

Carbohydrate storage was assessed by measuring the total amounts of glycogen and

trehalose stores using simple coupled colorimetric assays (Figure 4.1).
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Figure 4.1. Measurements of glycogen and trehalose within different dFoxO
mutants under fully fed conditions.

Fully fed 10-day old adult (a) female and (b) male Drosophila of the indicated
genotypes were homogenised, and the concentrations of different macromolecules
were assessed. The results are shown as pg glycogen or trehalose per ug of protein
for each genotype. Box and whisker plots show the minimum and maximum value
(bars), upper and lower quartiles (box), median (line within box), and mean (x) (n =
10 replicates per genotype of 5 pooled flies each, glycogen data: Mood’s Median and
trehalose data: ANOVA with post-hoc Welch’s t-test).
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No significant differences were observed in the amounts of stored glycogen between
any of the dFoxO mutant lines compared to control flies under fully fed conditions for

either males or females.

No significant differences in the amounts of stored trehalose were observed between

dFoxO mutants for female flies.

A significant difference in trehalose was observed (p = 0.01) between genotypes of
male flies. However, post-hoc analysis showed that when considering unequal
variance there were no significant differences in trehalose concentration compared to

the V3 control for any of the other genotypes.

Therefore, this suggests that the storage of both glycogen and trehalose is
independent of dFoxO activity, or can be rescued by other pathways, as even the null

mutants were unaffected.

Similar to other organisms, including mammals, Drosophila store their lipids in the
form of TAG. Previous research has shown that the presence of eye pigments, which
were present in the dFoxO mutants but not wPa" controls, may interfere with
absorbance readings in the simple coupled colorimetric assays (Tennessen et al.
2014; Al-Anzi & Zinn, 2010). However, these simple coupled colorimetric assays are
made more robust and reliable in quantifying Drosophila metabolic TAG stores when
used in comparison and conjunction with TLC (Hildebrandt et al. 2011). Therefore,
TLC was also carried out as a secondary assessment of lipid storage presence in the

dFoxO mutants.

To assess how dFoxO activity affects lipid storage, total TAG levels were measured
using simple coupled colorimetric assays and TLC (Figure 4.2). Oleic acid was also
measured using the TLC method as it is a free unsaturated fatty acid that can produce
a triglyceride called triolein after esterification with glycerol (Dolatabadi & Omidi,
2016). As such, as a component of a type of TAG, differences in oleic acid should be

observed alongside differences in TAG giving another point of verification.

L. R. McDonagh, PhD thesis, Aston University 2022 145



[+ ]
=
=

*okx

mVv3
mwDah

-

h BAV3
: mDBD1
T mDBD2

Female Male

Sex

N W R 1 OO N 0 W

Triglyceride concentration (ug
of triglyceride/ug of protein)

(= N

' C

1.2
®
(7]
£ Q
g T o0s mv3
£3 mwDah
= £ 06
2 g aAV3
§ Q 04 mDBD1
T 02 mpBD2
@

0

Oleic acid TAG
Genotype

Figure 4.2. Triglyceride (TAG) concentration and thin layer chromatography
(TLC) assessment of various lipids in dFoxO mutants.

(a) Fully fed 10-day old adult female and male Drosophila of the indicated genotypes
were homogenised, and the TAG concentrations measured by coupled colorimetric
assay. Concentration of TAG in the homogenate is expressed as ng TAG per pg of
protein (n =10 replicates of 5 pooled flies each, p <0.01 **, p <0.001 ***, ANOVA and
post-hoc Welch’s t-test compared to wPa"). (b) Representative image of a thin layer
chromatography (TLC) plate with oleic acid (O) and TAG (T) standards, alongside
extracted lipids from fully fed 10-day old adult female Drosophila. (c) quantification of
identified lipid species in TLC using densitometry. Box and whisker plots show the
minimum and maximum value (bars), upper and lower quartiles (box), median (line
within box), and mean (x) (n = 4 replicates per genotype of 5 pooled flies except n =
3 replicates per genotype of 5 pooled flies for TAG in TLC), one-way ANOVA with
post-hoc Welch'’s t-test).
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No significant differences were observed in the amounts of stored TAG between any
of the different dFoxO mutants under fully fed conditions for females using simple
coupled colorimetric assays.

A significant difference was observed in the TAG concentration for male flies (p =
0.001). Post-hoc analysis showed the V3 and DBD1 flies compared to the wP2" male
flies in the fully fed state (p = 0.0003 for the V3 and p = 0.002 for the DBD1). However,
there was no significant difference between the AV3 and DBD2 mutants compared to
the wbah,

In the TLC analysis of the female flies, the same bands were present for each
genotype indicating the presence of the same lipid species. No significant differences

were observed in the amounts of TAG or oleic acid in any of the dFoxO mutants.

Taken together, these data indicate that the storage of TAG is independent of dFoxO
activity, or can be rescued by other pathways, as even the null mutants were

unaffected when using two different methodologies.

4.3.2 UTILISATION OF METABOLIC STORES DURING STARVATION

Due to being unable to identify significant differences in the formation of the metabolic
stores caused by the different dFoxO mutants under fully fed conditions, the next step
was to assess macromolecule mobilisation and efficiency of utilisation during

metabolic challenge.

Therefore, quantities of these same macromolecules were assessed in fly
homogenates at different time points during starvation. Flies were collected after 0, 2,
and 4 days of starvation for males with an additional 6-day time point for females.
Trehalose (Figure 4.3) and glycogen (Figure 4.4) stores were then measured as

before.
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Figure 4.3. Measurements of trehalose stores within different dFoxO mutants
under starvation conditions.

The trehalose stores of 7-day old adult (a) female and (b) male Drosophila of the
indicated genotypes were measured. Flies were collected at 0, 2, and 4 days after
starvation, with an additional 6-day time point for the females. Results are shown as
ug trehalose per pg of protein for each genotype. Box and whisker plots show the
minimum and maximum value (bars), upper and lower quartiles (box), median (line
within box), and mean (x) (n = 10 replicates per genotype of 5 pooled flies each,
generalised linear model).
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Figure 4.4. Measurements of glycogen stores within different dFoxO mutants
under starvation conditions.

The glycogen stores of 7-day old adult (a) female and (b) male Drosophila of the
indicated genotypes were measured. Flies were collected at 0, 2, and 4 days after
starvation, with an additional 6-day time point for the females. The results are shown
as ug glycogen per ug of protein for each genotype. Box and whisker plots show the
minimum and maximum value (bars), upper and lower quartiles (box), median (line
within box), and mean (x) (n = 10 replicates per genotype of 5 pooled flies each p <
0.001 *** for females, p < 0.0001 **** for males, general linear model with post-hoc
ANOVA and Welch’s t-test).

Trehalose stores showed a similar decrease across all genotypes over the course of
the starvation period in both males and females. Statistical analysis showed no

significant effect of genotype or time for females or males. There was also no
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significant interaction effect (i.e., the effect of one variable did not depend on the value
of the other) for either males or females.

With average differences between the 0-day and 6-day time points of -0.16 pg/pL +/-
cumulative standard deviation 1.5, 2.2 pg/uL +/- 2.8, 0.71 pg/uL +/- 2.5, 1.6 pg/pL +/-
2.5, and -0.65 pg/pL +/- 6.3 for the V3, wPah, AV3, DBD1, and DBD2 female flies
respectively. There were also average differences between the 0-day and 4-day time
points of 0.74 pg/uL +/- 1.4, -0.59 pg/pL +/- 1.4, -0.35 pug/uL +/- 1.5, 0.11 pg/pL +/-
1.3, and -1.02 pg/uL +/- 1.4 for the V3, wPah AV3, DBD1, and DBD2 male flies

respectively.

Glycogen stores also showed a similar decrease across all genotypes in response to
starvation with a significant effect of starvation time (females: p = 4.52E-5; males: p =
1.2E-4) but no effect of genotype. There was also no significant interaction effect (i.e.,
the effect of one variable did not depend on the value of the other) for either males or
females.

With average differences between the 0-day and 6-day time points of 10.76 pg/pL +/-
7.6, 16.5 pg/pL +/- 19.6, 19.14 pg/pL +/- 13.56, 27.22 pg/pL +/- 18.6, and 10.4 pg/uL
+/- 13.8 for the V3, wPah AV3, DBD1, and DBD2 female flies respectively. There were
also average differences between the 0-day and 4-day time points of 3.72 pg/uL +/-
2.2,2.44 ng/uL +/- 1.3, 6.18 pg/pL +/- 3.6, 2.68 pg/uL +/- 1.8, and 2.91 pg/pL +/- 2.2
for the V3, wPah, AV3, DBD1, and DBD2 male flies respectively.

Due to the appearance of the data, separate statistical analysis of the fully fed
glycogen concentration was carried out. It was found unlike in previous experiments
carried out in this project, male AV3 mutant flies showed significantly higher levels of
glycogen than other genotypes when fully fed (i.e., at the 0-day starvation time point)
(p =0.01).

Taken together, these data suggest that during starvation, glycogen but not trehalose
stores are mobilised for energy usage in both female and male flies. Therefore, these
actions on trehalose and glycogen mobilisation are not dependent on dFoxO activity

or can be rescued by other pathways.
Over longer periods of stress or fasting, organisms switch from carbohydrate usage

to lipid stores as a source of energy to allow for the remaining glucose stores to be

used by obligate glucose utilisers (Mergenthaler et al. 2013).
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Therefore, to determine whether dFoxO activity is required for that later mobilisation
of TAG stores for energy usage, TAG concentration was measured during starvation
(Figure 4.5).
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Figure 4.5. Triglyceride (TAG) concentration in different dFoxO mutants under
starvation conditions.

Triglyceride (TAG) concentration of 7-day old adult (a) female and (b) male Drosophila
of the indicated genotypes were measured. Flies were collected at 0, 2, 4, and 6 days
during starvation. Results are shown as pg TAG per ug of protein for each genotype.
Box and whisker plots show the minimum and maximum value (bars), upper and lower
quartiles (box), median (line within box), and mean (x) (n = 10 replicates per genotype
of 5 pooled flies each p < 0.01 **, p < 0.001 ***, p < 0.0001 ****, generalised linear
model with post-hoc Mood’s median test).

For female flies, starvation time was found to be significant (p = 9.7E-9), as was
observed with carbohydrate stores. In contrast however, for TAG concentration
genotype was also significant (p = 0.02). However, there was no significant interaction

effect (i.e., the effect of one variable did not seem to depend on the value of the other).
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Post-hoc analysis showed that there was a significant decrease in TAG concentration
between day 0 and day 6 times points for all genotypes (average difference between
time points of 1.0 ug/uL +/- 0.8 (p = 0.005) for the V3, average difference between
time points of 1.6 pg/uL +/- 1.1 (p = 1.3E-4) for the wPah, average difference between
time points of 1.4 pug/pL +/- 1.3 (p = 0.01) for the DBD1, and an average difference
between time points of 1.9 ug/uL +/- 1.2 (p = 5.4E-5) for the DBD2), expect the AV3
that was not significant (average difference between time points of 0.85 pug/pL +/- 1.1
(p =0.29)).

For male flies, both starvation time (p = 2.2E-16) and genotype (p = 0.0003) had
significant effects on TAG concentrations during starvation. However, there was no
significant interaction effect (i.e., the effect of one variable did not depend on the value
of the other).

Post-hoc analysis showed significant decreases at both time points for the V3 (after
2 days p = 7.7E-6 (average difference between time points of 3.4 ug/pL +/- 1.9); after
4 days p = 7.7E-6 (average difference between time points of 1.2 ug/uL +/- 0.9)), wPah
(after 2 days p = 0.04 (average difference between time points of 2.3 ug/uL +/- 1.5);
after 4 days p = 1.3E-5 (average difference between time points of 1.0 ug/uL +/- 0.8)),
DBD1 (after 2 days p = 0.0003 (average difference between time points of 1.6 ug/uL
+/- 1.2); after 4 days p = 7.7E-6 (average difference between time points of 1.6 pug/uL
+/- 0.9)), and DBD2 (after 2 days p = 0.01 (average difference between time points of
1.4 pg/plL +/- 1.6); after 4 days p = 7.7E-6 (average difference between time points of
2.0 ug/uL +/- 1.1)) genotypes. However, for the AV3 mutants, there was no significant
difference between the 0- and 2-day time points (average difference between time
points of 2.1 pug/uL +/- 2.3 (p = 0.37)), but a significant effect after 4 days starvation p
= 0.0003 (average difference between time points of 2.1 pug/uL +/- 1.2)).

Moreover, AV3 male mutants showed significantly higher TAG levels after 2- and 4
days of starvation compared to all other genotypes (after 2 days of starvation: p =

0.04; after 4 days of starvation: p = 0.004).

As the male AV3 flies showed an eventual significant reduction in TAG, the females

were investigated further by exposing them to an even more prolonged starvation of
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8 days, to see if this same eventual significant reduction in TAG was observed or if

TAG stores remained the same throughout starvation (Figure 4.6).
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Figure 4.6. Triglyceride (TAG) concentrations after prolonged starvation in
dFoxO mutant females.

Triglyceride (TAG) concentration of 7-day old adult female Drosophila of the indicated
genotypes was measured. Flies were collected after 0- and 8-days of starvation,
where 0 days reflects the fully fed condition. The results are shown as ug TAG per ug
of protein. Box and whisker plots show the minimum and maximum value (bars),
upper and lower quartiles (box), median (line within box), and mean (x) (n = 10
replicates per genotype of 5 pooled flies each, p < 0.0001 ****, generalised linear
model with post-hoc Mood’s median tests).

Statistical analysis showed a significant effect of time (p = 3.8E-12) but not genotype
for TAG concentration during long term starvation in female flies. There was also no
significant interaction effect (i.e., the effect of one variable did not depend on the value
of the other).

There was even a significant decrease in TAG levels in AV3 female mutants after this
longer-term starvation (p = 0.01).

With average differences between the 0-day and 8-day time points of 0.73 pg/pL +/-
0.7, 0.74 pg/pL +/- 0.6, 0.49 pg/uL +/- 0.7, 0.87 pg/uL +/- 0.6, and 0.97 ug/pL +/- 0.6
for the V3, wPah, AV3, DBD1, and DBD2 female flies respectively.

Free fatty acid (FFA) quantification was also observed using these simple coupled

colorimetric assays as another way of assessing TAG mobilisation, as during TAG
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breakdown FFA are liberated and therefore a change in TAG concentration should

also show a concomitant change in FFA concentration (Figure 4.7).
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Figure 4.7. Free fatty acid (FFA) concentrations after prolonged starvation in
dFoxO mutants.

Free fatty acid (FFA) concentrations of 7-day old adult (a) female and (b) male
Drosophila of the indicated genotypes were measured. Flies were collected at 0- and
8-days post-starvation for the females and 0- and 4-days post-starvation for the
males. 0 days starvation reflects the fully fed condition. The results are shown as pg
FFA per ng of protein for each genotype. Box and whisker plots show the minimum
and maximum value (bars), upper and lower quartiles (box), median (line within box),
and mean (x) (n = 10 replicates per genotype of 5 pooled flies each p <0.01 **, p <
0.0001 ****, general linear model).

For females, statistical analysis showed there was a significant effect of 8-day
starvation time (p = 0.004) but not genotype on FFA concentration as was observed

with for TAG concentration under longer term starvation conditions. There was also
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no significant interaction effect (i.e., the effect of one variable did not depend on the
value of the other).

With average differences between the 0-day and 8-day time points of 4.07 pg/uL +/-
2.1, 3 pg/pl +/- 2.6, 5.05 pg/pl +/- 4.7, 2.49 pg/ul +/- 2.1, and 3.72 ug/plL +/- 2.6 for
the V3, wPah, AV3, DBD1, and DBD2 female flies respectively.

Similarly, for males, a significant effect (p = 4.1E-5) was observed for time but not
genotype. There was also no significant interaction effect (i.e., the effect of one
variable did not depend on the value of the other).

There were also average differences between the 0-day and 4-day time points of
43.48 pg/uL +/- 30.9, 55.07 pg/uL +/- 31.3, 43.78 pg/pL +/- 27.9, 43.92 pg/uL +/-
22.8, and 31.79 ug/pL +/- 24 for the V3, wPah AV3, DBD1, and DBD2 male flies

respectively.

Taken together, these results suggest that there was a significant reduction in the
breakdown of TAG stores within all mutants except the AV3 flies, at least during the
first 2 or 6 days of starvation for males and females respectively. However, TAG
concentration in the AV3 flies does eventually significantly decrease by days 4 and 8
of starvation for males and females respectively. Interestingly, a similar effect of delay

in TAG mobilisation was not observed in the DBD mutants.

4.3.3 MODULATION OF CIRCULATING SUGARS

Drosophila contain two forms of circulating sugars within their haemolymph, glucose
similarly to mammals, but also trehalose, the non-reducing sugar made up of two
glucose monomers (Graham & Pick, 2017). These sugars, in conjunction with the
above metabolic stores, are important in ensuring normal metabolic regulation, stress

protection, and overall organism homeostasis.

In addition to the importance of these sugars during normal conditions, circulating
sugars have also been implicated in the ability to survive starvation and ensure normal
growth, and that the process of maintaining these sugars during metabolic challenge
is dependent on DAF-16 (FoxO homologue in Caenorhabditis elegans)/FoxO activity
(Hibshman et al. 2017; Matsushita & Nishimura, 2020). Due to this, and the lack of

response seen on trehalose concentration using whole fly extracts, the concentrations
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of these two blood sugars were therefore compared across the different dFoxO

mutants in both fully fed and starved conditions (Figure 4.8).
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Figure 4.8. Measurement of circulating haemolymph sugars in dFoxO mutants.
The circulating sugars of 7-day old fully fed or starved (using a 48-hour starvation
period) adult female Drosophila were analysed. Results are shown as (a) ug of
glucose or (b) trehalose per uL of haemolymph for each genotype and feeding
condition. Box and whisker plots show the minimum and maximum value (bars), upper
and lower quartiles (box), median (line within box), and mean (x) (n = 10 replicates
per genotype of 20 beheaded flies each p < 0.01 **, p < 0.0001 ****, general linear
model).
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Statistcal analysis showed a significant effect of time (p = 1.0E-4) but not genotype
on circulating haemolymph glucose for female flies. There was also no significant
interaction effect (i.e., the effect of one variable did not depend on the value of the
other) for either males or females.

With average differences between the time points of 19.81 pg/pL +/- 23.2, 23.22
pHg/pL +/- 28.1, 34.32 pg/uL +/- 67.4 16.56 pg/uL +/- 15, 20.49 pg/pL +/- 28.6, and
22.42 pg/uL +/- 31.2 for the V3, V3F, wPah, AV3, DBD1, and DBD2 female flies

respectively.

Statistcal analysis showed a significant effect of time (p = 0.004) but not genotype on
circulating haemolymph trehalose for female flies. There was also no significant
interaction effect (i.e., the effect of one variable did not depend on the value of the
other) for either males or females.

There were also average differences between the time points of 9.03 pg/uL +/- 7.2,
19.13 pg/pL +/- 18.8, 13.6 pg/uL +/- 14.8, 4.37 pg/pL +/- 12.91, 10.59 ug/pL +/- 9.3,
and 9.66 ug/uL +/- 14.1 for the V3, V3F, wPa" AV3, DBD1, and DBD2 male flies

respectively.
This data suggests that there is no effect of dFoxO activity on haemolymph glucose

or trehalose concentration in either the fully fed or starved state, indicating this

process can be regulated independently of dFoxO.
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4.4 DISCUSSION

The main aim of this chapter was to assess specific metabolic phenotypes that could
determine specific functions of dFoxO activity in regulating the storage of key
metabolic macromolecules and/or the subsequent mobilisation and utilisation of those
energy stores, and the requirement of the dFoxO DNA-binding domain (DBD) in
modulating these various phenotypes associated with metabolism. The hypothesis
stated that there would be dFoxO-dependent DNA-binding independent effects in the
modulation of metabolism, which would explain the DNA-binding independent

phenotypes observed earlier in the project.

4.4.1 DROSOPHILA FOXO IN MODULATING METABOLIC PHENOTYPES

Some of the results found here were relatively unsurprising, for example there was
seemingly no effect of dFoxO on glycogen production. This is unsurprising as this is
a process that takes place during the fed or post-prandial state when FoxO is already
inactivated by increased insulin signalling. For example, glycogen synthesis mostly
occurs through regulation of protein phosphorylase-1 (PP1) independent of FoxO,
where insulin initiates its activation allowing for the subsequent dephosphorylation
and activation of glycogen synthase, and the production of glycogen stores (Berg et
al. 2002). Furthermore, the transcription factor, Mef2, is also a significant element to
glycogen synthesis in the Drosophila adult, as it is able to upregulate key glycogenic
genes, such as fat body Hexokinase-C (Hex-C), Glycogen Synthase (GlyS), and
Tret1-1, a sugar transporter found in the fat body (Clark et al. 2013). A point of note
however, is during the glycogen utilisation assay the 0-hour (i.e., fully fed) time point
showed the AV3 males as having significantly more glycogen than other mutants,
however as this was not observed previously and when all 20 fully fed replicates (i.e.,
from the separate fully fed and O-hour time lapse analysis) are analysed together
there is no significant difference observed. Furthermore, the Pierce™ 660nm Protein
Assay reagent shows a realtively high level of protein-to-protein variation of 37%
when compared to asays such as the bicinchoninic acid (BCA)-based protein assays
that have a variation of 14.7% (Thermo Scientific, 2010). Therefore, this variability
seen in the metabolic data is more likely due to variance within the protein assay or

to a lesser extent in the fly population and is likely not caused by the mutation.
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However, glycogen mobilisation was also seemingly regulated independently of
dFoxO and as glycogenolysis is a catabolic process associated with the fasted state,
it should logically be influenced in some way by FoxO activity. In fact, FoxO is well
known to directly bind to and modulate expression of G6pc, which encodes the
enzyme responsible for catalysing the terminal step in glycogen breakdown into
glucose (Salih & Brunet, 2008). But there was seemingly no effect of loss of dFoxO
activity on glycogen mobilisation during starvation, possibly due to the fact that other
factors are able to compensate. For example, glycogenolysis is also regulated by the
presence of glucagon and the subsequent initiation of CAMP/PKA signalling leading
to the inactivation of PP1 increasing the rate of glycogen breakdown, including
through the regulation of the G6pc gene, all of which occurs independently of FoxO
(Janah et al. 2019; Wu et al. 2018).

Trehalose homeostasis and metabolism is important for regulating starvation survival
and growth due to its protective nature and potential as an energy source (Hibshman
et al. 2017; Matsushita & Nishimura, 2020). FoxO is known to modulate the
expression of trehalose synthesis genes, tps-1 and trehalose phosphatase (CG5177),
as well as trehalase, the enzyme responsible for trehalose breakdown (Hibshman et
al. 2017). Therefore, differences in the dFoxO mutants with regards to trehalose
production and breakdown would be expected. However, the results shown here
reveal this not to be the case. Initially, no change in trehalose concentration was
observed for any dFoxO mutants however, by using whole fly extracts for the
trehalose assay when most trehalose is found in the haemolymph, smaller changes
that are likely to occur with this macromolecule may be masked or altered. This
“masking” was also observed when circulating sugar levels were analysed in whole
body extracts from Akh mutant Drosophila, but alterations were more easily captured
when only haemolymph was used (Gélikova et al. 2015). Therefore, a subsequent
haemolymph blood sugar assay was conducted, ultimately showing a significant
decrease in blood glucose and trehalose during starvation but no difference between
genotypes.

As with the other metabolic processes, there is also the possibility that trehalose
metabolism is in part modulated independently of FoxO explaining the phenotypes
observed here. For example, hormones such as, the juvenile hormone (JH) and 20-
hydroxyecdysone (20E) have been implicated in the control of trehalose metabolic

genes, particularly during development (Shukla et al. 2015). In addition, JH has been
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implicated in regulating trehalase to maintain proper starvation survival in the red flour
beetle, Tribolium castaneum, where reducing JH decreases trehalase in the fat body,
decreasing carbohydrate metabolism and increasing starvation resistance (Xu et al.
2013).

That blood glucose concentrations significantly change regardless of genotype is not
unsurprising as there are many ways in which glucose can be utilised and decreasing
blood glucose during starvation is well documented (Berg et al. 2002; Watford, 2015).
During the fed state, glucose is removed from the haemolymph due to insulin action
upregulating the insulin-responsive glucose transporter GLUT4 expression
(independently of FoxO due to its inactivation) leading to some glucose being
removed from the circulation and either stored or utilised in the tissues for energy
(Soeters et al. 2012). This process continues even in the starved state, where despite
being drastically reduced at around 44%-50% of what is seen during the fed state,
there is still glucose uptake that occurs from the circulation during starvation through
remaining GLUT4 transporters that are not sequestered in storage vesicles (Soeters
et al. 2012; Leto & Saltiel, 2012). However, the amount of GLUT4 proteins that are
lost during starvation is controversial, from some studies finding no difference even
after 72 hrs starvation to studies that show a loss of up to 50% (Vendelbo et al. 2012;
Leto & Saltiel, 2012). Regardless, as GLUT4 expression is regulated independently
of FoxO activity, this could therefore explain why all genotypes show the same

response here.

Results of the lipid assays show that there are seemingly no differences in lipid
storage between the different genotypes for female flies, but a significant difference
between various genotypes for the males. This could either be a sexually dimorphic
response or, as the AV3 and wP2" are not significantly different from each other and
the V3, DBD1, and DBD2 are not significantly different from each other could be due
to the leftover reinsertion sequences that the AV3 and wPa"do not possess. However,
these are both unlikely as the DBD2 is also not significantly different from the AV3 or
wPahindicating that the artefact sequences are likely not having an effect, and because
this strange variety in significance level was not observed in the later TAG
mobilisation assay. Where, similarly to glycogen above, when analysing all 20 fully
fed replicates (i.e., from the separate fully fed and 0-hour time lapse analysis) together
there is no significant difference observed, therefore this variability is likely due to

variance within the assay or fly population and is not caused by the mutation.
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Under normal conditions, FoxO has a role in modulating lipogenesis by disrupting the
formation of transcriptional complexes to inhibit the actions of the sterol regulatory
element-binding proteins 1c (SREBP1c), which are known to upregulate lipogenic
genes such as fatty acid synthase (FASN) (Deng et al. 2012; Sekiya et al. 2007).
Consequently, it could be assumed that a loss of FoxO could possibly lead to
increased storage of lipids, something that is not replicated in the results shown here.
However, insulin signalling is not the only pathway implicated in modulating
lipogenesis. The Mondo-Mix signalling pathway, a key glucose-sensing pathway, can
also induce lipogenesis and TAG storage in Drosophila through the activation of the
transcription factor Sugarbabe, which in turn activates the genes FASN and Acetyl-
CoA Carboxylase (ACC), both key drivers of lipogenesis (Mattila et al. 2015). In
support of this, it has been shown in liver-specific knock outs of FoxO1 (L-FoxO1) and
FoxO1-DBD in mice that there is no change in ACC transcription levels compared to
controls (Cook et al. 2015). Furthermore, the glycogenic transcription factor Mef2
(mentioned above) also has lipogenic capabilities, wherein it can regulate both FASN
and ACC, as well as the diacylglycerol transferase, midway (mdy) (Clark et al. 2013).
Therefore, it is likely that these pathways are able to rescue any aberrations in
FoxOl/insulin signalling, allowing for the normal production of lipid stores observed

here.

Results also show that for both males and females there is a possible delay during
starvation in the mobilisation of lipids within the AV3 mutants that does not occur in
the DBD mutants. This delay in TAG mobilisation in the AV3 mutants (observed at
day 2 for the males and 6 for the females) seemed to correct itself by day 4 or day 8
of the starvation time-course for males and females respectively. However, by this
time-point in the starvation assay ~80% of the null flies are already dead. Therefore,
maintaining efficient macromolecule utilisation during the later stages of starvation
may be most critical in ensuring normal starvation survival.

However, that lipids are mobilised at all during starvation in the AV3 is slightly
unexpected as it is well known that FoxO is a main promoter of the carbohydrate-to-
lipid switch and lipolysis. Therefore, it would be anticipated that flies lacking dFoxO
activity would be unable to make this switch and subsequently lipid stores would
remain unused during starvation (Cheng & White 2011).

FoxO is a major modulator of lipolysis and the release of insulin-mediated

suppression on FoxO enables fat mobilisation (Vihervaara & Puig, 2008; Kiuhnlein,

L. R. McDonagh, PhD thesis, Aston University 2022 164



2012). This FoxO-dependent modulation results in the upregulation of several lipases
including brummer (bmm) (the Drosophila homologue to mammalian adipose
triglyceride lipase (ATGL)) and dLip4 (Vihervaara & Puig, 2008; Chakrabarti &
Kandror, 2009; Kang et al. 2017). FoxO-dependent upregulation of bmm, one of the
major lipases involved in lipid storage mobilisation, is dependent on DNA-binding due
to the presence of FoxO-binding sites within the bmm gene promoter (Chakrabarti &
Kandror, 2009). As such, it would be expected that flies without either dFoxO in its
entirety or just its functional DBD, would be unable to catabolise TAG for energy.
However, similarly to the other processes, lipolysis can also be influenced by other
pathways. For example, other transcription factors can modulate key Drosophila
lipolytic genes. One such transcription factor is Ci, initiated by the Hedgehog
signalling pathway in the Drosophila fat body, Ci binds directly to and promotes the
upregulation of the bmm gene, initiating lipolysis independently of dFoxO (Zhang et
al. 2020b). This rescuing of or the presence of more essential long term metabolic
modulators controlling DBD-dependent facets of this lipid mobilisation process
therefore could explain why lipid mobilisation can eventually occur even in the AV3
mutants.

Interestingly, this is also shown by Cook et al. (2015) who describe how chow-reared
FoxO1 DNA-binding deficient mice are able to modulate hepatic lipid metabolism on
multiple levels, including through gene transcription or as a DBD-independent co-
regulator. Where, similar to results shown here, during the fasted state liver TAG of
the L-FoxO1 (liver-null) mice was higher and showed a smaller decrease between the
fed and fasted state compared to the FoxO1-DBD, however this was not statistically
significant due to interindividual variation (Cook et al. 2015). Despite the lack of
statistical significance, this could support the identification of the initial stages of TAG
mobilisation as a possible area of DBD-independent modulation and as results
reconcile with those found here, it also provides a good indication that the effects in
lipid mobilisation seen in this project with Drosophila could be evolutionarily
conserved. However, the mechanism of the modulation of DBD-independent TAG
mobilisation in Drosophila or mammals has yet to be elucidated.

Altogether, this previous research highlights both DBD-dependent and DBD-
independent modulation for TAG mobilisation by FoxO. Therefore, it could be that
whilst the DBD-dependent portions of this process can be rescued by other pathways,
the DBD-independent initial stages of TAG mobilisation cannot with dFoxO seemingly

essential for proper modulation of this area of metabolism.
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An important note is that this response is seen for both males and females, however
it does seem to be more easily observed using these assays in the male mutant flies.
This may be due to females having a more complicated lipid biology than the males
as reproduction (i.e., egg production and laying) would need to be considered. For
instance, the nutritional status of Drosophila females (such as the onset of starvation)
effects the development of the egg chamber leading to apoptosis and the reabsorption
of macromolecules, like lipids, from the lipid droplets within these egg chambers into
other tissues for use as energy (Terashima & Bownes, 2006; Welte, 2015).
Furthermore, there is the potential for the sex peptide (a seminal fluid protein key for
regulating female fecundity that is present within mated females) to alter their lipid
metabolism by altering gene expression (e.g., upregulation of the bmm gene) to
ensure the metabolic demands of reproduction are met, or by increasing reproduction
altogether (White et al. 2021).

A way of correcting for this could possibly be to use either virgin females or females
reared under a controlled-mated environment. The ideal scenario would be to use
more robust techniques, such as mass spectrometry to identify exact species and
quantities of lipids present or, as in Mills et al. (2018), use quantitative magnetic
resonance (QMR) to estimate fat and lean body mass. However, as whether the
potential differences in these lipids was unknown when the experimental design was
produced, it made more economical sense in both time and money to use a simpler
technique for the preliminary findings and then employ these techniques if more in-

depth analysis is required.

To ensure a robust analysis with regards to lipid metabolism, TLC was carried out in
conjunction with simple coupled colorimetric assays. TLC was used as a secondary
assessment of the presence and quantity of various lipid species in these dFoxO
mutants. Previous research has shown that the presence of eye pigments, which are
present in the dFoxO mutants but not wPa" may interfere with absorbance readings,
with pigments potentially accounting for up to half of recorded absorbance
measurements (Tennessen et al. 2014; Al-Anzi & Zinn, 2010). Therefore, the coupled
colorimetric assays are made more robust and reliable in quantifying Drosophila
metabolic stores when used in comparison and conjunction with the TLC method
(Hildebrandt et al. 2011).
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Despite these advantages, there were bands present within the TLC that remained
unidentified due to lack of lipid standards and information regarding the Rf values of
Drosophila lipids. However, other examples of TLC in various organisms (such as,
green microalgae, bacteria (e.g., Rhodococcus and Williamsia), and Drosophila)
identify these lower bands as the TAG precursor diacylglycerol (DAG) in one or both
of its possible forms (1,2 DAG or 1,3 DAG), or DAG in conjunction with either
monoacylglycerols (MAG) or sterols (Pal-Nath et al. 2017; Baumbach et al. 2014;
Nahar et al. 2020). Based on the TLC plates produced using extracted Drosophila
lipids and how close together these two bands appeatr, it is highly likely these smaller
unidentified bands are the two forms of DAG (Baumbach et al. 2014).

Overall, it is clear from the data presented that the role of dFoxO in metabolism, or
lack thereof, was varied. dFoxO activity was not associated with the production of
carbohydrate or lipid stores and while the mobilisation and usage of carbohydrate
stores was comparable between dFoxO mutants and controls, possibly indicating that
for these processes there was a potential rescuing of these phenotypes in a dFoxO-
independent manner or that FoxO is not an essential short-term metabolic modulator.
However, differences were observed in AV3 mutants in the mobilisation of lipid stores
indicating a possible effect of dFoxO-dependent DNA-binding independent
modulation in this area of metabolism. Any differential phenotypic effects between the
AV3 and the DBD-binding mutants are likely to represent differences in the activation
of gene expression. Therefore, further analysis of gene expression within these
mutants may reveal the underlying mechanisms causing these effects on TAG

mobilisation.
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5. TRANSCRIPTOMICS SHOWING THE EFFECTS OF DIFFERENT FOXO MUTATIONS

5.1 INTRODUCTION

The ability for FoxO to bind to other co-factors and use this activity to modulate various
processes has been identified and reviewed in several studies (van der Vos & Coffer,
2008; Cook et al. 2015; Huang & Tindall, 2007; Rudd et al. 2007). However, more in-
depth analysis into how these interactions affect gene expression and the knock-on
effects these changes in gene expression cause phenotypically (particularly in

metabolism) are few and far between.

Some clear examples have been put forward in recent years, such as the usage of
FoxQO’s polyQ domain to produce coiled-coil to coiled-coil interactions with the
spinocerebellar ataxia type 3 protein (SCA-3) to regulate gene expression (Kwon et
al. 2018). This interaction allows for SCA-3 proteins with an expanded polyQ region
to localise to the nucleus of Drosophila neurons and create abnormal dendritic
phenotypes often associated with neurodegeneration, such as terminal dendrite
defects and poor locomotion (Kwon et al. 2018).

Regarding metabolism, activity caused by FoxO protein-protein interactions has been
reported alongside the juvenile hormone (JH) signalling pathway transcription factor,
Kruppel-like homologue-1 (Kr-h1) (Kang et al. 2017). This interaction showed
evidence of crosstalk between JH signalling and insulin signalling, where Kr-h1 binds
to the transactivation domain (TAD) of the FoxO protein causing a downregulation of
the FoxO target bmm (Kang et al. 2017). This interaction allows for lipolysis to be
tightly regulated during development by the juvenile hormone (JH) signalling pathway.
Furthermore, Cook et al. (2015) used a previously defined mammalian FoxO1 DNA-
binding domain (DBD) mutant (i.e., N208A, H212R) with an additional mutation
(K219R) in mice to identify whether the modulation of carbohydrate and lipid
metabolism occurred independently of FoxO’s ability to bind to DNA. As has been
shown previously with the FoxO mutants used in this project, these mutants were
unable to drive luciferase activity in connection with the insulin responsive element
(Cook et al. 2015). Subsequently, these mutants were used to identify that many
processes were required DNA-binding activity such as glucose production, where an
approximate 30% decrease in both basal and cAMP/dex-stimulated glucose
production was observed in the FoxO1-DBD and FoxO1-null compared to controls
with associated decreases in gluconeogenic genes, such as Gpc and Pck1 which
showed reduction of >80% and ~40% respectively (Cook et al. 2015). Another DNA-
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binding dependent process identified was the inhibition of lipogenesis which ultimately
led to hepatic steatosis and an almost 50% increase in liver triglyceride (TAG) levels
potentially due to increases in the mRNA of lipogenic regulators Fasn, Gck, and Scd1
(Cook et al. 2015). Alongisde these DBD-dependent discoveries however, one of the
key findings of this study showed TAG liver content could potentially be modulated
via FoxO-dependent DNA-binding independent processes, where after fasting liver
specific FoxO1-null mice do not show as great a decrease in liver TAG levels
compared to their fed state as the FoxO1-DBD or control mice (Cook et al. 2015).
However, unfortunately there was no gene expression analysis carried out that could
explain this phenotype or the mechanisms by which it is controlled by FoxO-protein

binding interactions.

These examples, therefore, whilst interesting, still leave gaps within the literature as
these either identify FoxO as the protein being affected rather than the effector, or do
not provide in-depth analysis regarding FoxO’s DNA-binding independent functions
in metabolism. Therefore, considering the future applications of identifying the targets
of FoxO to treat metabolic disorder, it is important to realise and analyse the different

aspects of this form of FoxO modulation.

One way of assessing dFoxO transcriptional activity in an in-depth manner is to use
RNA-sequencing (RNA-seq). The transcriptome consists of all of the gene transcripts
in a cell or organism and the quantity of the transcripts that are present at any given
point (Wang et al. 2009b). RNA-seq technology takes extracted RNA and converts it
to its complementary DNA (cDNA), which is subsequently sequenced using a high
throughput process from both ends in a process called paired-end sequencing
creating forward and reverse reads (i.e., small sequence fragments) of around 30-
400bp (Wang et al. 2009b). Paired-end sequencing offers advantages over single-
end sequencing, as it more likely ensures accurate mapping to a reference genome
(Risca & Greenleaf, 2015). These reads are then aligned and mapped to a reference
genome (in this case, Drosophila dm6) from which counts of each read can be
produced allowing for the analysis of differential gene expression between variables.
The use of RNA-seq in this project opposed to other methods is key, as due to low
levels of FoxO proteins within the cell and the extremely transient interactions they
produce, a suitably sensitive method is needed (Perkins et al. 2010). Therefore, more

common sequencing techniques may not be able to achieve this high level of
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sensitivity, as techniques such as microarrays have more stringent limits on
quantification levels where the dynamic range in which transcripts can be identified
can be up to 100-fold smaller than for RNA-seq (Wang et al. 2009b). Another key
advantage of this technique over microarrays is the lack of background signal that
may be produced, as all reads are mapped to unique sequences within the genome

making RNA-seq data highly reproducible across replicates (Wang et al. 2009b).

5.2 AIMS AND OBJECTIVES

In this chapter, the main aim was to assess the effects of the different dFoxO mutants
on gene expression under both fully fed and starved conditions. This would determine
if the genes found to be differentially expressed between conditions could be used to
identify potential mechanisms for how FoxO modulates these metabolic processes.
The hypothesis was that there was a difference in gene expression in these dFoxO
mutants during starvation, that could be leading to the observed differences in dFoxO
activity, particularly with regard to metabolic phenotypes.

To achieve this, RNA was extracted from 7-day old adult female dFoxO homozygous
mutant flies that were either fully fed or subjected to starvation conditions for 72 hours.
The mutants chosen were the phenotypically wild-type dFoxO-V3-3xFLAG (V3F), the
dFoxO-null dFoxO-AV3 (AV3), and the DBD mutant with two amino acid alterations
dFoxO-DBD2-3xFLAG (DBD2). Females were chosen as standard to allow for
comparisons between other datasets, which also used female flies. RNA-seq was
then performed to analyse differences in gene expression. Quantitative reverse
transcription polymerase chain reaction (QRT-PCR) and comparisons to previously
published microarray data were also used to validate the gene expression changes
identified by RNA-seq analysis.

This set of experiments helps to fulfil the overall aim of the project by determining

potential mechanisms for dFoxO in modulating metabolic phenotypes.
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5.3 RESULTS

5.3.1 RNA-SEQUENCING OF DROSOPHILA FOXO MUTANTS
RNA-seq of the different dFoxO mutants was carried out to investigate the changes
in gene expression that occur during starvation and classify those changes in relation

to dFoxO’s transcriptional activity.

Of the dFoxO mutant lines the V3F was chosen over the dFoxO-V3 as the DBD
mutants also contain 3x FLAG tags therefore, using the wild-type dFoxO mutant with
the FLAG tags ensures any effects of the FLAG tag on gene expression (however
unlikely) are accounted for. Of the two DBD mutants the DBD2 was chosen as
although there was unlikely to be much of a difference between the two, the DBD2
has 2 amino-acid alterations in its DBD making it a more robust choice in the event
that the DBD1 possesses some residual DNA-binding, which seemed to be the case

during the ChIP assay.

Adult female flies of the indicated genotypes were either fully fed or subjected to 72-
hours under starvation conditions. Previous research has suggested that for
Drosophila 12 hours starvation would be considered a ‘short-term’ starvation period
at the gene level and over 36 hours a ‘long-term’ starvation period (Sudhakar et al.
2020). Therefore, by using a ‘long-term’ starvation period this will more likely
encompass any changes in lipid metabolism that could be affecting the metabolic

phenotypes observed previously.

5.3.1.1 QUALITY CONTROL OF THE RNA-SEQUENCING DATA

The first step for analysing the RNA-seq data produced from the various adult female
dFoxO mutants under different nutritional conditions was quality control. Carrying out
quality control checks on the raw data allows for any errors introduced during
sequencing (i.e., calling of incorrect nucleotides) to be identified, avoiding

misinterpretation and bias that could arise due to misalignment or loss of reads.
Quality control provides a simple overview of the quality of the raw sequence data

and was carried out for all the mutants in either the fed or the starved state (Figure
5.1).
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Figure 5.1. Basic raw sequence quality control for dFoxO mutants.

Mean quality sequence scores (a) and overall sequence statistics (b) for all dFoxO
mutant raw sequencing data in both the fed and the starved states. Mean quality
scores show Phred scores across the sequence length, where green areas indicate
sequence quality reaches the ‘pass’ threshold and yellow/red indicate different levels
of ‘failure’. Overall sequence data shows the average duplication levels, GC content,
and total amount of sequences (millions) for each condition.

Mean quality scores showed that all sequences were above the quality threshold

score of 28. The Phred score measures the quality of the identification of the
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nucleobases at each position. All sequences also maintained a consistent high Phred
score between 35.06 and 36.57 across the sequence length. Together, this indicated

that the raw RNA-seq reads were of good quality along their entire length.

Overall, sample data showed on average approximately 61-65% duplication of
sequences, which is somewhat expected for RNA-seq data due to the presence of
high abundance transcripts.

GC content was also consistent across the sequences with an average of 50-51%
GC, indicating a relatively normal distribution of the sequences GC content
suggesting there was likely no contamination or unwanted bias in the library.

Finally, M Segs data showed that there were on average approximately 22-25 million
sequences present for each condition, indicating a representatively sized data set that
has not seemingly been affected by degradation of the RNA, allowing for a

representative and more accurate downstream analysis.

Taken together, quality control shows seemingly no contamination, bias, or
degradation in the library and overall high-quality reads. Therefore, analysis could
continue without concerns as to the accuracy or representativity of the downstream

analysis.

5.3.1.2 MAPPING AND ALIGNMENT OF THE RNA-SEQUENCING DATA

After the quality of the sequencing data was assessed, the sequences were mapped
and aligned to the Drosophila reference genome, using the Drosophila melanogaster
Release 6, dm6, produced by the Berkeley Drosophila Genome Project in 2014 (dos
Santos et al. 2015) and the RNA Star tool (Dobin et al. 2012).

The quality of the mapping was subsequently assessed by analysing gene body
coverage to show the gene regions to which the reads were aligned and read
distribution, which shows the distribution of reads across the chromosomes. This was

carried out for all mutants as above (Figures 5.2).
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Figure 5.2. Quality assessment of the mapping of paired-end reads for dFoxO
mutants.

Assessment of the mapping for all dFoxO mutants in both fed and starved conditions
showing (a) the total number of reads successfully assigned to genes in each replicate
for each condition, (b) the overall average alignment statistics showing % of uniquely
mapped genes and % of reads aligned to the coding DNA sequence (CDS) of exons,
(c) the coverage of the reads across the gene body, (d) the number of reads that are
mapped to each chromosome as a fraction of the total read count, and (e) the total
number of genes found in all samples, as well as the number of genes with at least 1
assigned read in all, fed only, and starved only replicates.

All replicates of every condition showed a high number of assigned read counts. This
included 19,017,712, 25,252,191, 17,868,318, and 22,767,349 assigned reads for the
V3F fed replicates and 18,018,030, 22,876,904, 21,684,774, and 18,140,682

assigned reads for the V3F starved replicates.
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There were also 25,605,127, 21,635,100, 22,656,850, 18,229,425 assigned reads for
the AV3 fed replicates, 21,044,697, 17,588,551, 19,624,682, and 19,045,712

assigned reads for the AV3 starved replicates.

Mapping also assigned 18,320,563, 21,905,456, 21,674,264, and 19,103,682
assigned reads for the DBD2 fed replicates, and 20,630,312, 18,997,020, 24,655,460,
and 17,064,585 assigned reads for the DBD2 starved replicates.

STAR alignment scores for all samples showed that 94-96% of reads were uniquely
mapped, with the remaining ~4-6% unmapped due to length or mapped to multiple
loci. Of the uniquely mapped reads, between ~78-80% were mapped to coding DNA
sequence (CDS) exons with the remaining mapped to untranslated regions, or introns

and other intergenic regions.

Gene body coverage assessed the location of the mapped reads across genes and
for all samples and conditions showed an even coverage of reads across the length

of the gene with no bias.

Most of the reads were mapped on to the 2n, 34, and X chromosomes. No transcripts
were mapped to the Y chromosome, as the RNA was isolated from female flies.
ChrUn represents ‘unknown’ sequences not yet mapped to one of the existing

chromosomes.

Taken together, this analysis indicates mapping was successful with high levels of
uniquely mapped genes to CDS exons across the gene length. Therefore, as with
assessment of quality control, analysis could continue without concerns as to the

accuracy or representativity of the downstream analysis.

5.3.1.3 ANALYSIS OF DIFFERENTIAL GENE EXPRESSION

Changes in gene expression between conditions were analysed using read counts
for each gene normalised using the tool DESeg2. DESeq2 has a strong statistical
power, due to its high sensitivity, precision, and ability to correct any variability within
the measurements to give a better estimate of significance between the different

conditions (Love et al. 2014).
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Principal component analysis (PCA) of transformed RNA-seq count data was

performed (Figure 5.3).
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Figure 5.3. Principal component analysis (PCA) for all dFoxO mutants in both
the fed and the starved state.

Scatter plot of Principal component analysis (PCA) of transformed count data from
DESeq2 of (a) all mutants and (b) the AV3 and DBD2 mutants. Samples are clustered
according to their nutritional state (fed or starved) (PC1) and genotype (PC2) (n = 4
independent biological replicates).
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PCA revealed that 72% of the total variance amongst the 6 groups was represented
by two principal components. Samples were separated along the first principal
component showing 53% of the variation between samples was explained by their
nutritional state. Samples were also separated along the second principal component,
with 19% of the variation between samples being caused by their genotype.

In particular, the V3F samples were more distinguished from the other two genotypes,
with the AV3 and DBD2 samples showing more similarity. Although, when only
comparing the AV3 and DBD2 samples separation was also observed with a variation

of 23%, indicating these datasets do have some observable differences.
For each genotype, genes that showed significant differential expression between fed

and starved conditions were identified alongside their fold change in expression
(Figure 5.4).
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Figure 5.4. Visualisation of differentially expressed genes for each dFoxO
mutant under different nutritional conditions.

Volcano plots comparing the (a) V3F fed and starved, (b) AV3 fed and starved, and
(c) DBD2 fed and starved RNA-seq data sets. Plots show the -log10(pvalue) for each
gene plotted against log2 fold change (logFC). Significantly upregulated genes (logFC
> 0) are highlighted in red and downregulated genes (logFC < 0) in blue (p < 0.05).
Genes that show no significant differences in expression are in grey.

A large number of genes were significantly (p < 0.05) differentially regulated in all
dFoxO mutants when comparing the fed and the starved state, where a similar
number of genes were differentially expressed during starvation for all mutants with
2,934, 3,886, and 3,376 genes present in the V3F, AV3, and DBD2 respectively.
This reflects the preliminary analysis carried out by Novogene, who found 2894, 3869,
and 3332 differentially expressed genes during starvation for the V3F, AV3, and
DBD2 respectively.
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Of these genes, similar numbers of genes were also up- and down-regulated for all
mutants. With 1,288 upregulated and 1,646 downregulated in the V3F, 1,884 and
upregulated and 2,002 downregulated in the AV3, and 1,558 upregulated and 1,818
downregulated in the DBD2.

To identify genes that respond differently to starvation in the DBD mutants compared
to the AV3 mutants, and those that could therefore possibly be modulated in a dFoxO-
dependent DNA-binding independent manner, the differentially expressed gene
(DEG) lists produced from the analysis comparing the fed and starved states of each

genotype were then compared and visualised using a Venn diagram (Figure 5.5).
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Figure 5.5. Comparisons of the differentially expressed genes of the dFoxO
mutants during starvation.

Proportional Venn diagram comparing the differentially expressed gene lists of the
different dFoxO mutants when comparing the difference between fully fed and starved
conditions. Overlaps indicate the genes were represented in both or all datasets,
where numbers indicate the number of genes in each section of the diagram and the
red arrow represents the dataset corresponding to the genes modulated in dFoxO-
dependent DNA-binding independent manner during starvation.

An overlap of approximately one third of all three datasets (1193 genes) was
observed, indicating that a large number of genes were differentially expressed in

response to starvation conditions but were regulated independently of dFoxO activity.

There were also 723 genes that only showed differential expression in the V3F during
starvation, indicating 24.6% of genes in this DEG list were possibly modulated in a

dFoxO-dependent DNA-binding dependent manner during starvation.
The overlap between the V3F and DBD2 represents the number of genes present in

both datasets but not the AV3. Therefore, as the DBD2 shows the same as the V3F

and is seemingly able to rescue the phenotype observed in the AV3, these genes
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seem to require the presence of dFoxO but not a functional DBD to be regulated
appropriately.

There were 445 genes in this overlap that were therefore potentially modulated in a
dFoxO-dependent DNA-binding independent manner during starvation, making up
15% and 13% of the V3F and DBD2 DEG lists respectively.

A number of genes were also found to only change in the AV3 (1,360) or the DBD2

(978). Gene ontology (GO) analysis was carried out on these individual gene lists in

an attempt to assess their function (Table 5.1).
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Fold Enrichment

Genotype enrichment FDR Functional category

V3F 13.4 2.4E-2 Heparin metabolic process

V3F 4.5 1.4E-2 Synaptic target recognition

V3F 25 2.5E-2 Tissue migration

V3F 1.8 3.0E-2 Positive regulation of signal transduction
V3F 1.7 2.5E-2 Neuron development

AV3 3.2 1.8E-6 Toll signalling pathway

AV3 2.7 3.8E-13 Synapse organization

AV3 2.3 3.5E-6 Photoreceptor cell differentiation
AV3 1.9 2.8E-7 Cell-cell signalling

AV3 1.8 1.3E-7 Neuron development
DBD2 1.4 2.7E-12 Macromolecule metabolic process
DBD2 1.5 1.9E-11 Cellular nitrogen compound metabolic process
DBD2 1.5 1.3E-10 Gene expression
DBD2 1.5 1.1E-9 Cellular biosynthetic process
DBD2 1.9 1.8E-8 Cell cycle

Table 5.1. Gene ontology (GO) analysis of the genes differentially expressed
only in one mutant.

Gene ontology (GO) analysis of the genes found to only be differentially expressed
during starvation in the individual genotypes alone. Each enriched GO term shows
the enrichment score based on hypergeometric analysis (i.e., the degree to which the
genes in a gene list fall into that specific category) and false discovery rate (FDR)
correction (i.e., the significance of the enrichment score taking into account false
positives) with a cut off of 0.05, and the functional category (i.e., biological process)
for which the genes likely fall into. This list is not exhaustive and only shows the most
over-represented category for a specific process.

Enriched GO terms for the V3F include those involved with neurological processes
such as synapse target recognition and neuron development, as well as tissue

migration and positive regulation of signal transduction.

Similar enriched GO terms are seen for the genes only found to be differentially
expressed during starvation in the AV3, these include synapse organisation, cell-cell

signalling, and neuron development.
Different GO terms are seemingly enriched in the genes only differentially expressed

in the DBD mutant, including macromolecule metabolic process, gene expression,

cellular biosynthetic process, and cell cycle.
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Therefore, due to the stark difference in the DBD2 mutant specific genes of interest

related to metabolic function in the DBD2 only gene list were identified (Figure 5.6).

L. R. McDonagh, PhD thesis, Aston University 2022 185



\

to
starvation

~ < Response
to IS \‘ﬁ
Response @

Lipid
~ < metabolism

TOR
_ -7\ signalling \@
@ Growth
TAG HASSFB
mobilisation
and storage

Figure 5.6. Differentially expressed genes modulated during starvation in only
dFoxO-DBD2 mutants.

Cluster map showing the different metabolism-related genes found to be significantly
differentially expressed (p < 0.05) in only the DBD2 mutants during starvation. Genes
are grouped based on their biological process given by Flybase indicated by solid
lines. Related processes are connected via dashed lines. Red outlined circles indicate
upregulated genes (logFC > 0), and blue outlined circles indicate downregulated
genes (logFC < 0). No logFC exceeds 2 or falls below -2. FA: fatty acid, IIS:
insulin/insulin-like growth factor signalling, TAG: triglyceride, TOR: target of
rapamycin, UPR: unfolded protein response.

Genes of interest in this DBD only gene list include those involved with general lipid
metabolism (CG13282, CG31272, and CG18302), lipid storage and mobilisation (Hsl,
Ubc2, and snz), carbohydrate metabolism (tps1, Treh, Idgf5, fdl, AGBE, and Su(var)3-
7), the unfolded protein response (Herp and CG4880), response to starvation (Axn,
crc, and mthl9), regulation of the IIS (wdb, poly, and CG15399), the Kreb’s cycle and
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glycolysis (Mdh1, Irp-1B, Gapdh1, and Eno), and growth (Tcs5, scyl, Trc8, and
RASSFS).

After analysing genes only found in the gene lists of the AV3 and DBD2 mutants,
genes identified as dFoxO-independent (all mutants), dFoxO-dependent DNA-binding
dependent (V3F only), and dFoxO-dependent DNA-binding independent (V3F and
DBD2 only) were analysed in more depth.

Several genes related to metabolic function present in the dFoxO-independent list

were identified (Figure 5.7).
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Figure 5.7. Differential expression of genes modulated during starvation in
dFoxO mutants.

Heatmap showing the differential expression (log2 fold change (logFC)) of genes
modulated in a dFoxO-independent manner during starvation in dFoxO mutants of
the indicated genotypes. Expression of all indicated genes are significantly different
between the fed and starved state of all mutants (p < 0.05). Red indicates upregulated
genes (logFC > 0), and blue indicates downregulated genes (logFC < 0). No logFC
exceeds 3 or falls below -3. Genes are grouped based on their biological processes
given by Flybase.

A number of metabolic genes showed a significant differential expression in all dFoxO

mutants (p < 0.05). These genes included those involved with carbohydrate
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metabolism particularly glycogen metabolism and glycolysis (PyK, HexC, GFAT2, Pgi,
AdipoR, MalA-1, 2, 3, 4, 6, 7, 8, and Pgm), lipid metabolism (bmm, dob, mino, Lip4,
sug, PTEN, and mdy), both carbohydrate and lipid metabolism (Akh), and signalling
pathways (Tor, spo, sad, sro, Ptth, G9a, and ftz-1).

Genes found to only be modulated during starvation in V3F mutants (i.e., genes
thought to be modulated in a dFoxO-dependent DNA-binding dependent manner), as
well as associated with phenotypes modulated in a dFoxO-dependent DNA-binding
dependent manner were also identified from the RNA-seq data (Table 5.2). These
genes were thought to be involved with the modulation of DNA-binding dependent
processes or at least require a functional DNA-binding domain, as otherwise they
would also be in the list of differentially expressed genes from the DBD2 mutants as

well).
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Gene LogFC Biological process

Aig3 -0.37 Autophagy
daw -0.46 Autophagy / regulation of adult lifespan
Fs 0.61 Regulation of BMP and activin signalling
Mys -0.30 Regulation of adult lifespan
RagA-B -0.28 Autophagy / regulation of TORC1
Samtor 0.27 Negative regulation of TORCH1
EcR -0.30 Oogenesis / autophagy
egh -0.33 Regulation of oviposition and oocyte development
HLH106 -0.30 Fatty acid synthesis / autophagy
diLP3 -1.31 IIS / mating behaviour
diLP4 -0.61 IIS / feeding behaviour
bigmax 0.38 Feeding behaviour / regulation of transcription
Pdk1 -0.16 Apoptosis
diLP6 -0.33 Regulation of 1I1S
Jheht -1.06 JH catabolism / epoxide metabolism
Jheh2 -0.20 JH catabolism / epoxide metabolism
NLaz 0.43 Response to oxidative stress / regulation of adult lifespan
cue -0.22 TAG homeostasis
Nrg )28 Female courtship behaviour
GstD9 -0.31 Glutathione metabolic process
Lkr 0.65 Regulation of feeding behaviour
PEK -0.30 Autophagy / unfolded protein response
Obp28a 0.81 Sensory perception of chemical stimulus
Obp83b 0.70 Sensory perception of chemical stimulus
lush 0.74 Olfactory behaviour / courtship behaviour

Table 5.2. Differential expression of genes modulated during starvation only in
V3F mutants.

The differential expression of genes modulated in a dFoxO-dependent DNA-binding
dependent manner during starvation (i.e., only in V3F mutants). Expression of all
indicated genes are significantly different between the fed and starved state (p <
0.05). Log2 fold change (logFC) and associated biological process given by Flybase
for each gene is shown, where upregulated genes have a logFC > 0 and
downregulated a logFC < 0.
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A number of genes associated with the phenotypes thought to be modulated in a
dFoxO-dependent DNA-binding dependent manner showed a significant differential

expression in only V3F mutants (p < 0.05).

These genes included those associated with the regulation of lifespan (Fs, daw, Atg3,
RagA-B, Mys, and Samtor), fecundity (cue, egh, Nrg, dILP6, EcR, and HLH106),
feeding behaviour (dILP3, dILP4, bigmax, Pdk1, Obp28a and 83b, lush, and Lkr), and
responses to stress (Jheh-1, Jheh-2, PEK, Gst9D, and NLaz).

Of the 445 genes seemingly modulated in a DNA-binding independent manner by
dFoxO (i.e., genes only differentially expressed in the V3F and DBD2 during
starvation), several related to the dFoxO-related phenotypes that seem to also be
modulated in a dFoxO-dependent DNA-binding independent manner were identified
(Figure. 5.8).
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Figure 5.8. Differential expression of genes modulated during starvation in V3F
and DBD2 mutants.

Heatmap showing the differential expression (log2 fold change (logFC)) of genes
modulated in a dFoxO-dependent DNA-binding independent manner during
starvation in dFoxO mutants of the indicated genotypes. Expression of all indicated
genes are significantly different between the fed and starved state of both mutants
but not the AV3 (p < 0.05). Red indicates upregulated genes (logFC > 0), and blue
indicates downregulated genes (logFC < 0). No logFC exceeds 2 or falls below -2.
Genes are grouped based on their biological processes given by Flybase.

Genes in this dFoxO-dependent DNA-binding independent DEG list included UDP-
glycosyltransferases (Ugt37D1, Ugt37C2, Ugt316A1, Ugt36Ba and Ugt49B1), those
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involved with histone modification (HDAC1, Atac1, Kdm4, and E(z)), lipid metabolism
(mat, wal, DGAT2, scu, Kr-h1, and GPAT4), carbohydrate metabolism (PCB), and the
Kreb’s cycle (Idh and Men-b).

There were also many genes involved with various signalling pathways present in this
list including ecdysone signalling (shd, phm, and Npc1a), mTOR signalling (path, mio,
Sin1, Wdr24, and gig), Ras protein signalling (RalA), insulin signalling (Ptp61F, sdr,
Orct2, and dILP8), and G-protein coupled receptor signalling (loco). Other genes of
interest include those involved transmembrane transport (Egip4).

Additionally, 16% (71) of genes in this list were found to have an unknown function or

identity.

GO analysis was used to identify biological functions or processes attributed to the
genes potentially modulated in a dFoxO-dependent DNA-binding independent
manner, to possibly uncover potential mechanisms of dFoxO activity that do not

require a functional DBD.

GO analysis revealed several enriched terms within this dFoxO-dependent DNA-
binding independent DEG list (Table 5.3).
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Fold enrichment Enrichment FDR Functional category

11.7 2.6E-2 UDP-glucose metabolic process

9.8 1.9E-3 Syncytial blastoderm mitotic cell cycle

5.2 1.6E-2 Regulation of cell division

2.2 1.6E-3 Cell cycle process

1.8 1.4E-2 Chromosome organisation

1.8 2.3E-2 Female gamete generation

1.5 1.6E-3 Nucleobase-containing compound metabolic process
1.4 2.8E-3 Heterocycle metabolic process

1.4 2.8E-3 Organic cyclic compound metabolic process
1.4 3.2E-3 Cellular aromatic compound metabolic process
1.4 7.7E-3 Nucleic acid metabolic process

1.4 1.4E-2 Regulation of metabolic process

1.4 2.3E-2 Regulation of cellular metabolic process
1.4 2.4E-2 Organelle organisation

1.2 1.4E-2 Biological regulation

Table 5.3. Enriched gene ontology (GO) terms for the genes potentially
modulated in a dFoxO-dependent DNA-binding independent manner.

Gene ontology (GO) analysis for the genes found to be modulated by dFoxO in a
DNA-binding independent manner. Each enriched GO term shows the enrichment
score based on hypergeometric analysis (i.e., the degree to which the genes in a gene
list fall into that specific category) and false discovery rate (FDR) correction (i.e., the
significance of the enrichment score taking into account false positives) with a cut off
of 0.05, and the functional category (i.e., biological process) for which the genes likely
fall into. This list is not exhaustive and only shows the most over-represented category
for a specific process.

These results show that many of the genes modulated in a dFoxO-dependent DNA-
binding independently manner fall into categories associated with chromosome
organisation and various metabolic processes such as regulation of metabolic

process, cellular metabolic process, and UDP-glucose metabolic process.

5.83.1.4 VERIFICATION OF DFOXO-AV3 MUTANTS

To check RNA-seq analysis was carried out appropriately, the regulation of the dFoxO
gene between the AV3 and V3F mutant control under fully fed conditions was
checked. This gene was chosen as due to the dFoxO null mutation in the AV3

mutants, this gene would have an expected change in expression between the two
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(i.e., dFoxO in the AV3 mutants should be significantly decreased compared to the
V3F mutant control) (Table 5.4).

Comparison LogFC Adjusted p-value
V3F fed to AV3 fed 0.19 0.001
V3F fed to DBD2 fed -0.05 0.42

Table 5.4. Comparisons of the differential expression of the dFoxO gene
between dFoxO mutants under fully fed conditions.

Results of RNA-seq analysis comparing the AV3 or DBD2 mutants to the V3F mutant
control under fully fed conditions for the dFoxO gene. Log2 fold change (logFC) and
adjusted p-value (i.e., p-value adjusted using the Benjamini-Hochberg procedure to
reduce false positives) are shown. The significance threshold was p < 0.05, with
upregulated genes showed a logFC > 0 and downregulated genes a logFC < 0.

Under fully fed conditions the AV3 mutants showed a significant increase (p = 0.001)
in dFoxO gene expression compared to the V3F mutant controls. A response not
observed in the DBD2, which showed no significant difference in dFoxO expression

compared to the V3F mutant control.

These results were somewhat unexpected and so quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) was carried out.

First, an appropriate reference gene for qRT-PCR was identified by selecting a list of
candidate genes from the RNA-seq data that did not show any change in expression
across all conditions (genotype or nutritional state). Three genes were chosen for

further expression stability analysis: EMC10 encoding an extracellular matrix
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component, Cog6 encoding a component of oligomeric golgi complex 6, and the E3

ubiquitin protein ligase, gz/ (Figure 5.9).
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EMC10 022  0.33 0.19 Nutritional status
Cogé 0.24 0.52 0.23 Nutritional status
gzl 0.46 1.16 0.66 Nutritional status
EMC10 0.51 0.23 0.16 Genotype
Cogé 0.30 0.56 0.30 Genotype
gzl 0.33 1.42 0.76 Genotype

Figure 5.9. Identification of an appropriate reference gene for gRT-PCR.
Identification of an appropriate reference gene using gRT-PCR for 3 genes identified
from the RNA-seq data: EMC10, gzl, and Cog6. (a) mean Ct values for genotype (in
pooled fed and starved states) and (b) nutritional state (pooled genotypes). (c)
Normfinder results table output showing gene expression stability across genotypes
and nutritional state. Group diff represents the measure of the difference in means
between groups, group SD represents weighted average of the intragroup variance
(common standard deviation), stability gives a stability measure with a high stability
value indicating higher variability and lower expression stability. Comparison indicates
sample grouping for stability analysis based on genotype and nutritional state (fed vs
starved) (n = 5 replicates of each genotype of 15 pooled female flies).

Mean cycle threshold (Ct) values (i.e., the number of cycles needed for the fluorescent
signal to cross the threshold and exceed background level) showed some variation in
expression of all three genes across different genotypes and between fed versus
starved conditions. However, both EMC10and Cog6 showed less variable expression

across groups than gzI.

L. R. McDonagh, PhD thesis, Aston University 2022 196



Normfinder analysis was then used to determine overall stability in the expression of
the three potential reference genes in response to either genotype or nutritional state.
Of the three genes analysed, EMC10 showed the lowest stability score across both
genotype and nutritional state indicative of a more stable expression in response to
these variables. Therefore, in subsequent qRT-PCR analysis, EMC10 was used as a

reference gene for normalisation of candidate gene expression.
After identification of a suitable reference gene, qRT-PCR was carried out on the three

mutants to analyse whether this discrepancy in dFoxO expression was observed

using a different technique for measuring gene expression (Figure 5.10).
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Figure 5.10. Analysis of the expression of dFoxO by qRT-PCR.

dFoxO mRNA expression was analysed by gqRT-PCR and normalised relative to
expression of EMC10 mRNA in 7-day old adult female Drosophila of the indicated
genotypes. All flies were either fully fed or subjected to 72-hours of starvation.
Standard curves were created using fully fed wPa" 7-day old adult female Drosophila.
Data represent relative dFoxO mRNA levels for the indicated genotypes and
conditions (n = 5 replicates of 15 pooled flies for each genotype, p <0.001 ***, Welch’s
t-test compared to V3F flies).

No significant differences in dFoxO gene expression were observed between the V3F
and the DBD2 mutants in either the fed or starved state for gqRT-PCR.

Further, there were no significant differences in dFoxO gene expression when
comparing the fed and the starved of the same mutant, for either the V3F or DBD2.

These results corroborated with the results observed during RNA-seq analysis.

Unlike in the RNA-seq data, however, there was a significant reduction in dFoxO
expression in the AV3 flies compared to the V3F controls in both fed and starved
states (100% decrease in expression whilst fed (p = 1.2E-4) and 97% decrease in
expression whilst starved (p = 1.9E-4)).

Furthermore, there was no significant difference observed between the fed and

starved states for the AV3 flies, where the RNA-seq data showed a significant
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increase in the starved state. However, an upward trend is observable and power

analysis indicates this could reach significance with a sample size of 12.
To investigate the possible basis for this discrepancy within the RNA-seq data and

expected qRT-PCR analysis for dFoxO expression, the aligned RNA-seq reads were

viewed in the Integrated Genomics Viewer (IGV) (Figure 5.11).
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Figure 5.11. Analysis of dFoxO gene expression in the dFoxO-V3F and -AV3
mutants using the Integrated Genomics Viewer (IGV).

Integrated Genomics Viewer (IGV) tracks visualising the mapped.bam RNA STAR
output files produced during RNA-seq analysis with the first four tracks belonging to
AV3 reads and the bottom four tracks reads from the V3F flies. Relevant exons and
positions of primers used in qRT-PCR are indicated. PP34853 indicates primers that
amplify a region with exon 2, and FoxO-1 indicates primers that amplify a region
spanning exons 6 and 7.

At the dFoxO locus, reads mapped across all 8 exons of the gene in the V3F flies.
However, in the AV3 mutants, reads were only mapped to exons 1 and 2.
Furthermore, there were approximately 4.7-fold more reads mapped to these two
exons in the AV3 mutants than across the gene in the V3F flies.

The original gRT-PCR primers used to assess dFoxO expression amplified a region
spanning exons 6 and 7 (primers FoxO-1), a region which is removed in the AV3
mutants. Therefore, the qRT-PCR was repeated using primers that target exon 2
(primers PP34853), a region of the dFoxO gene that is not removed in the AV3

mutants and is the location of these mapped reads (Figure 5.12).
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Figure 5.12. Analysis of dFoxO gene expression in the dFoxO-AV3 mutant.
dFoxO mRNA expression was analysed by gRT-PCR and normalised relative to
expression of EMC10 mRNA in 7-day old adult female Drosophila of the indicated
genotypes using primers targeting exon 2 of the dFoxO gene. All flies were fully fed.
Standards were created using fully fed wPa" 7-day old adult female Drosophila. Data
represent relative dFoxO mRNA levels of 5 biological replicates for the indicated
genotypes (n = 5 replicates of 15 pooled flies for each genotype, p < 0.05 *, Welch’s
t-test compared to V3F flies).

gRT-PCR analysis of dFoxO gene expression using primers targeting the second
exon of the dFoxO gene showed a significant increase (p = 0.04) in the expression of
dFoxOin the AV3 female compared to the V3F.

As before, there were no significant differences observed between the V3F and DBD2

mutants.

This data suggests that the dFoxO gene in the AV3 mutants is still being regulated
and transcribed, however due to the mutation it is likely producing a truncated
transcript.

Therefore, to determine whether this transcript produces any form of the dFoxO
protein, western blot analysis was performed using an anti-dFoxO antibody (Figure
5.13).
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Figure 5.13. Western blot for the dFoxO protein in the dFoxO-AV3 mutant.
Analysis of protein extracts from whole 7-day old adult female Drosophila of the
indicated genotypes to enable detection of dFoxO protein expression. Blots were
probed with an anti-dFoxO antibody, as well as an anti-tubulin antibody as a loading
control. A large band was present at the expected size for a dFoxO protein (~130
kDa) in the V3F but not the AV3, whereas non-specific bands were observed in both
(~60 and 40 kDa) (n = 1 replicate of 5 pooled flies for each genotype).

Western blot analysis for dFoxO protein expression identified a band present at ~130
kDa, the size expected for the dFoxO protein, in the V3F protein extracts but not in
the extracts from AV3 mutants.

Lower molecular weight proteins (~60 and 40 kDa) were also bound by the dFoxO
antibody in both V3 and AV3 protein extracts indicating some non-specific binding of
the anti-FoxO antibody. However, no additional smaller bands were observed in the
AV3 protein extracts suggesting that a truncated dFoxO protein is not expressed in

these flies.

Taken together this data suggests that regulation of the dFoxO gene is still occurring
in the AV3 mutant flies, leading to increases in the number of reads present in this
mutant compared to the V3F mutant control. It also suggests that the partial transcript

produced due to this, does not seem to produce any form of truncated protein,
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therefore it should not cause any phenotypic effect. However, loss of one of the two
antibody epitopes may affect the results for the AV3 mutant flies.

Furthermore, this is not observed in either the V3F or DBD mutants indicating there
is normally feedback on the dFoxO gene that is possibly modulated in a dFoxO-

dependent DNA-binding independent manner.

5.3.1.5 VERIFICATION OF RNA-SEQ DATA AND ANALYSIS

5.3.1.5.2 QUANTITATIVE REVERSE TRANSCRIPTION PCR (QRT-PCR) VERIFICATION
OF RNA-SEQ ANALYSIS

The verification of the analysis of the RNA-seq was an important stage of analysing
the differential expression between mutants. Therefore, to verify the gene expression
changes identified within the RNA-seq analysis, a subset of genes was independently

analysed using gRT-PCR.
gRT-PCR was performed on a selected group of metabolically related genes identified

as differentially expressed from the initial RNA-seq analysis. These genes were: bmm
(Figure 5.14), tps1 (Figure 5.15), and bigmax (Figure 5.16).
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Figure 5.14. Analysis of the expression of bmm by qRT-PCR.

bmm mRNA expression was analysed by gRT-PCR and normalised relative to
expression of EMC10 mRNA in 7-day old adult female Drosophila of the indicated
genotypes. All flies were either fully fed or subjected to 72-hours of starvation.
Standard curves were created using fully fed wPa" 7-day old adult female Drosophila.
(a) Data represent relative bmm mRNA levels for the indicated genotypes and
conditions (n = 5 replicates of 15 pooled flies for each genotype, p <0.05 *, p < 0.001
*** Welch’s t-test comparing fed to the starved of each genotype). (b) Results of RNA-
seq analysis of the bmm gene showing log2 fold change (logFC) and adjusted p-value
(i.e., p-value adjusted using the Benjamini-Hochberg procedure to reduce false
positives) for each comparison.

RNA-seq data showed significant increases for bmm gene expression in the starved
state when compared to the fed state of the same mutant for all genotypes.
There were also significant decreases in bmm gene expression in the fully fed AV3

and DBD2 mutants compared to the fully fed V3F mutant.
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gRT-PCR showed significant increases in both the V3F and DBD2 starved mutants
compared to the fed mutants of the same genotype (p = 0.02 for the V3F and p =
1.2E-4) for the DBD2 comparisons). This was in line with the RNA-seq data.

Unlike the RNA-seq data, the AV3 starved mutants showed no significant difference
compared to the AV3 fed mutants. However, expression was shown to be trending
upwards which power analysis indicated could reach statistical significance with a
sample size of 12.

Furthermore, no significant differences were observed between the fed AV3 or DBD2

mutants compared to the fed V3F mutant.
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Figure 5.15. Analysis of the expression of tps1 by qRT-PCR.

fps1 mRBNA expression was analysed by gRT-PCR and normalised relative to
expression of EMC10 mRNA in 7-day old adult female Drosophila of the indicated
genotypes. All flies were either fully fed or subjected to 72-hours of starvation.
Standard curves were created using fully fed wPa" 7-day old adult female Drosophila.
(a) Data represent relative tps17 mRNA levels for the indicated genotypes (n = 5
replicates of 15 pooled flies for each genotype, p <0.05 *, p <0.01 **, Welch’s t-test
compared to the V3F). (b) Results of RNA-seq analysis of the tps1 gene showing log2
fold change (logFC) and adjusted p-value (i.e., p-value adjusted using the Benjamini-
Hochberg procedure to reduce false positives) for each comparison.

RNA-seq data showed significant increases for {ps1 gene expression in the fully fed
AV3 and DBD2 mutants compared to the fully fed V3F mutant. Significant increases

were also observed in the starved AV3 and DBD2 mutants compared to the starved
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V3F mutant. There was also a significant increase in {ps1 gene expression in the

starved DBD2 mutant compared to the fed DBD2 mutant.

gRT-PCR showed significant increases in the DBD2 mutants in both the fed and
starved states compared to the V3F mutants under the same conditions (p = 0.04 for
the fed and p = 0.006 for the starved comparisons). There was also a significant
increase in tps1 expression in the DBD2 starved mutants compared to the DBD2 fed

mutants (p = 0.01). These observations were in line with the RNA-seq data.

Unlike the RNA-seq data, the AV3 fed and starved mutants showed no significant
difference compared to the V3F mutants under the same conditions. However,
expression was shown to be trending upwards which power analysis indicated could
reach statistical significance with sample sizes of 11 and 12 for fed and starved states

respectively.
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Figure 5.16. Analysis of the expression of bigmax by qRT-PCR.

bigmax mRNA expression was analysed by qRT-PCR and normalised relative to
expression of EMC10 mRNA in 7-day old adult female Drosophila of the indicated
genotypes. All flies were either fully fed or subjected to 72-hours of starvation.
Standard curves were created using fully fed wPa" 7-day old adult female Drosophila.
(a) Data represent relative bigmax mRNA for the indicated genotypes (n = 5 replicates
of 15 pooled flies for each genotype, p <0.01 **, Welch’s t-test compared to the V3F).
(b) Results of RNA-seq analysis of the bigmax gene showing log2 fold change (logFC)
and adjusted p-value (i.e., p-value adjusted using the Benjamini-Hochberg procedure
to reduce false positives) for each comparison.

RNA-seq data showed significant increases for bigmax gene expression in the fully
fed AV3 and DBD2 mutants compared to the fully fed V3F mutant. Significant
increases were also observed in the starved DBD2 mutant compared to the starved

V3F mutant, and in the starved V3F mutant compared to the fed V3F mutant.
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gRT-PCR showed a significant increase in the DBD2 fed mutants compared to the
V3F mutants under the same condition (p = 0.006). No significant differences were
observed when comparing the fed AV3 and DBD2 mutants to starved mutants of the
same genotype or when comparing the AV3 mutants to the V3F mutants in the

starved state. These observations were in line with the RNA-seq data.

However, no significant differences were observed for the other comparisons.
Although, expression did appear to be trending upwards for these comparisons.
Where power analysis indicated the AV3 fed compared to the V3F fed, the DBD2
starved compared to the V3F starved, and the V3F starved compared to the V3F fed

could all reach statistical significance with sample sizes of 13, 11, and 15 respectively.

Taken together the results of the qRT-PCR align relatively well with the results
observed in the RNA-seq analysis. However, due to there being some discrepancies
mostly due to expression changes not reaching statistical significance, a gene with a
large fold change was chosen to further support this verification.

Therefore, as the Drosophila insulin-like peptide 3 (dILP3) gene showed large log2
fold changes across conditions, qRT-PCR analysis was carried out on this gene as
well (Figure 5.17).
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Figure 5.17. Analysis of the expression of dILP3 by qRT-PCR.

diLP3 mRNA expression was analysed by qRT-PCR and normalised relative to
expression of EMC10 mRNA in 7-day old adult female Drosophila of the indicated
genotypes. All flies were either fully fed or subjected to 72-hours of starvation.
Standard curves were created using fully fed wPa" 7-day old adult female Drosophila.
(a) Data represent relative dILP3 mRNA levels for the indicated genotypes (n = 5
replicates of 15 pooled flies for each genotype, p < 0.01 **, p < 0.0001 ****, Welch’s
t-test compared to the V3F). (b) Results of RNA-seq analysis of the dILP3 gene
showing log2 fold change (logFC) and adjusted p-value (i.e., p-value adjusted using
the Benjamini-Hochberg procedure to reduce false positives) for each comparison.

RNA-seq data showed significant decreases for dILP3 gene expression in the fully
fed AV3 and DBD2 mutants compared to the fully fed V3F mutant. Significant

decreases were also observed in the starved AV3 and DBD2 mutants compared to
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the starved V3F mutant. There was also a significant decrease in dILP3 gene

expression in the starved V3F mutant compared to the fed V3F mutant.

gRT-PCR showed a significant decrease in both the AV3 and DBD2 fed mutants
compared to the V3F mutants under the same condition (p = 0.005 for the AV3 and p
= 0.01 for the DBDZ2). There was also a significant decrease in both the AV3 and
DBD2 starved mutants compared to the V3F starved mutant condition (p = 3E-7 for
both AV3 and DBD2). A significant decrease was also observed in the V3F starved
mutant compared to the fully fed V3F mutant (p = 0.02). There was no significant
difference observed between the AV3 fed and AV3 starved mutant. These

observations were all in line with the RNA-seq data.

Interestingly, an additional significant decrease in dILP3 gene expression in the DBD2
starved mutant compared to the DBD2 fed mutant was also observed in the qRT-PCR
data (p = 2E-4). This was not found in the RNA-seq data.

Taken together, this dILP3 qRT-PCR expression data further supports the results
obtained during the RNA-seq analysis, whilst also indicating discrepancies seen
between the gRT-PCR and RNA-seq data of other genes could be due to low fold
changes and variability. The difference in transcription of this gene during starvation
in the V3F and DBD2 mutants compared to the AV3 mutants also potentially
highlights this gene as being modulated in a dFoxO-dependent DNA-binding

independent manner.

As gRT-PCR verification was found to align with the RNA-seq data for female flies,
gRT-PCR was also carried out on RNA extracted from male V3F, AV3, and DBD2
mutants under fully fed or starved conditions. This was done to determine if male flies
responded in the same manner as female flies to changes in nutritional status or
genotype, or if any sexually dimorphic changes in gene expression occurred.

Therefore, qRT-PCR was performed on the dFoxO gene using both primer sets used

for the female qRT-PCR analysis (Figure 5.18).
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V3F fed 0.30 (+/- 0.04) 1.08 (+/- 0.16)
AV3 fed 2.38 (+/- 1.64) 1.09E-13 (+/- 2.16E-13)
DBD2 fed 0.33 (+/- 0.23) 1.25 (+/- 0.31)
V3F starved - 1.33 (+/- 0.20)
AV3 starved = 0.04 (+/- 0.04)
DBD2 starved = 1.40 (+/- 0.43)

Figure 5.18. Analysis of dFoxO expression in the male dFox0O-AV3 mutant.
dFoxO mRNA expression was analysed by qRT-PCR and normalised relative to
expression of EMC10 mRNA in 7-day old adult male Drosophila of the indicated
genotypes. Standard curves were created using fully fed wP2" 7-day old adult female
Drosophila. Primers targeting (a) exons 6 and 7 of the dFoxO gene for flies either fully
fed or after 72-hours of starvation, and (b) exon 2 of the dFoxO gene for fully fed flies
were used. Data represent relative dFoxO mRNA levels for the indicated genotypes.
(c) Relative mRNA expression of female qPCR data for comparison with standard
deviation in brackets (n = 5 replicates of 30 pooled flies for each genotype, p < 0.05
*, p <0.001 ***, Welch’s t-test compared to V3F flies).
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gRT-PCR analysis for dFoxO expression, using primers that target the 6t and 7t
exons of the dFoxO gene, showed a significant decrease in AV3 males in both the
fed and the starved state compared to V3F males under the same conditions (99%
decrease for dFoxO in the fed state p = 7.3E-4, and 98% decrease for dFoxO in the
starved state p = 2E-4). However, when using primers targeting exon 2 of the dFoxO
gene, there was a significant increase in dFoxO mRNA in the fully fed AV3 males
compared to fully fed V3F males (p = 2E-4).

No significant differences in dFoxO gene expression were observed between the V3F
and DBD2 mutant males when using either primer set, or when comparing the fed
and the starved of the same mutant for either the AV3 or DBD2.

These observations are consistent with the results observed for female flies.

Unlike the female data, however, the V3F starved mutant males showed a significant
increase compared to the V3F fed mutants (p = 0.03). However, female dFoxO

expression when comparing this condition was shown to be trending upwards.

Taken together, this data showed that with regard to dFoxO expression male mutants
behaved similarly to females. A difference was present, although the observation in
female data did show results trending in the same direction that mirrors this male data

even though they did not reach significance.

5.3.1.5.3 COMPARISONS OF TRANSCRIPTIONAL RESPONSES TO LOSS OF DFOXO
After gRT-PCR results showed alignment to those produced via RNA-seq, further
verification of the dFoxO-AV3 mutant could be made by comparing the transcriptional

response to loss of dFoxO in a previously published dataset.
Genes that showed significant differential expression between the AV3 mutants and

the V3F mutant controls under fully fed conditions were identified alongside their fold

change in expression (Figure 5.19).
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Figure 5.19. Visualisation of differentially expressed genes comparing the fully
fed V3F and AV3 mutants.

Volcano plot comparing the V3F and AV3 mutant RNA-seq data sets under fully fed
conditions. Plots show the -log10(pvalue) for each gene plotted against log2 fold
change (logFC). Significantly upregulated genes (logFC > 0) are highlighted in red
and downregulated genes (logFC < 0) in blue (p < 0.05). Genes that show no
significant differences in expression are in grey.

There were a large number of genes (4190) that showed a significant (p < 0.05)
differential expression between the AV3 mutants and the V3F mutant controls under
fully fed conditions. Approximately 50% were upregulated (2197) and approximately
50% were downregulated (1993) in the comparisons between these two dFoxO

mutants.

As this indicated changes in genes expression between the AV3 mutants and the V3F
mutant control, this data was then compared to a previously published dataset that
analysed transcriptional responses to loss of dFoxO activity.

This previously published dataset was an existing microarray dataset produced by
Alic et al. (2011) comparing a previously characterised dFoxO null allele (dFoxO4%)

to controls (Figure 5.20).
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Figure 5.20. Comparison of differentially expressed genes identified in the
dFox0O-AV3 mutant with differentially expressed genes characterised in an
additional dFoxOnull allele.

(a) Proportional Venn diagram comparing the differentially expressed gene lists
identified in the fully fed dFoxO-AV3 mutants and those identified in dFoxOA%
mutants. A significant overlap was identified between the two data sets (p = 1.58E-
119 *, hypergeometric analysis). Differentially expressed genes were separated into
those that showed upregulated (b) and (c) downregulated expression. Again,
significant overlaps were identified between the data sets (up: p = 2.99E-167 *, down:
p = 1.21E-190 *, hypergeometric analysis). Numbers indicate the number of genes in
each category.
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The gene lists from microarray experiments described in Alic et al. (2011) were much
smaller than those produced in the RNA-seq experiments described here for the AV3
mutants (approximately half the size). However, there was a significant overlap
between the genes that were identified as differentially expressed in dFoxO4% null
mutants and those differentially expressed in dFoxO-AV3 mutants (p = 1.58E-119)
compared to their appropriate control. Thus, 52.6% of the total number of differentially

expressed genes in dFoxO4% nulls were shared with the dFoxO-AV3 mutants.

Furthermore, when the gene lists were subdivided into up- or down-regulated genes,
significant overlaps were again identified (p= 2.99E-167 for the upregulated genes,
and p = 1.21E-190 for the downregulated genes) with 58% of the upregulated genes
and 46% of the downregulated genes downregulated in in dFoxO4% nulls showing

similar up- and down-regulation in the dFoxO-AV3 mutants.
Taken together, this demonstrated relatively consistent changes in gene expression

between the two independently isolated dFoxO alleles, despite the presence of a

GAL4 (i.e., in the dFox0494) and different methods of gene analysis.
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5.4. DISCUSSION

In the previous chapters, it was determined that the normal starvation response is
dependent on dFoxO activity but does not depend on a functional DBD. Therefore,
the main aim of this chapter was to further investigate the mechanisms by which the
DBD mutants modulate normal responses to starvation by comparing gene
expression changes induced by starvation in the DBD2 mutants to AV3 mutants. The
hypothesis stated that there would be an observable difference in gene expression in
these dFoxO mutants during starvation, that could lead to the observed differences in

dFoxO metabolic activity.

5.4.1 RNA-SEQUENCING OF DROSOPHILA FOXO MUTANTS

5.4.1.1 QUALITY CONTROL OF THE RNA-SEQUENCING DATA, MAPPING, AND
ALIGNMENT

Using the FastQC and MultiQC quality control tools, raw sequence data was initially
assessed for basic overall quality to ensure fewer errors were produced during these
and later analyses. These errors are caused by limitations in the sequencing
techniques used, however as an lllumina sequencing platform (lllumina 1.9) was used
to generate the sequence reads for this project, these errors were less of a concern.
This is because Illlumina uses an ensemble-based sequencing by synthesis
technique, which produces a low error rate of <1% and with most of these errors
produced via single nucleotide mismatches (Kukurba & Montgomery, 2015).
Therefore, it is unsurprising that these analyses showed good overall quality for all
reads across different replicates of all the genotypes with one not being worse than
the other that can often be the case with reverse reads and high levels of duplication,
which is expected of RNA-seq data (Kwon et al. 2013). Further quality assessment
showed successful mapping of reads to the reference genome, as nearly all the reads
were mapped to a unique region of the reference genome, primarily to exonic regions,
confirming good quality RNA-seq data with no genomic DNA contamination or bias
across the gene body. This uniformity in gene body coverage suggests that there was
no 5’ or 3’ end bias, supporting the assumption that there was no RNA degradation
occurring during sequencing (Wang et al. 2016a). Most genes were shown to be
mapped to chromosomes 2, 3, and X, which is expected as the samples were taken
from female Drosophila and therefore there would be no Y chromosome present for

reads to be sequenced from. Of the 3 other Drosophila chromosomes (2, 3, and 4), 2
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and 3 carry the most genes from the genome as the 4t chromosome, also known as
the dot chromosome due to its diminutive size, only carries ~3.5% of the genome
therefore large percentages of genes being mapped to it would be unlikely (Sun et al.
2000).

Together this indicated both sample and library preparation were carried out
appropriately and the resulting gene expression analysis would draw accurate

conclusions.

5.4.1.2 VERIFICATION OF THE RNA-SEQ RESULTS AND ANALYSIS

To ensure that the RNA-seq data was analysed appropriately various verification
steps were taken, including qRT-PCR and comparisons to previously published data
sets. Firstly, the genes that were identified as differentially expressed in the AV3
mutant flies compared to the V3F controls were compared to those identified as
differentially expressed by microarray analysis in an independently derived dFoxO
mutant allele, dFoxO4%4 (Alic et al. 2011). This experiment used 4 biological replicates
of 10 females per replicate and an Affymetrix Drosophila Genome 2.0 GeneChip™
which analyses over 18,500 Drosophila transcripts (Alic et al. 2011). This comparison
showed a significant overlap in the genes differentially expressed between the two
dFoxO null mutants and their controls. Comparing these datasets also supported the
use of RNA-seq as an experimental method for this project, as not only was the
microarray dataset ~50% the size of that produced here by RNA-seq but the log-fold
changes observed were all relatively small. Furthermore, several studies comparing
the two methods have shown the advantages of using RNA-seq technology over
microarray. For example, in the comparison for studying rat toxicogenomics, RNA-
seq not only showed additional DEGs compared to microarray data but also identified
non-coding DEGs that could improve the understanding of the specific molecular
mechanisms involved (Rao et al. 2019). In addition, in the transcriptome profiling of
activated T-cells, RNA-seq data surpassed other methods in detecting low-level
transcripts and differentiating between isoforms (Zhao et al. 2014). Detection of lowly
expressed transcripts is key when studying the dynamics of FoxO activity and gene
transcription as many of FoxO’s interactions are transient, and therefore changes in
gene expression can often occur at lower and harder to detect levels (Glauser et al.
2007; Accili & Arden, 2004). As well as the overlap between differentially expressed
genes in the microarray and RNA-seq data sets, it was also shown that the directions

of regulation of those genes in these two datasets were also relatively consistent, with
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the same genes showing either up- or down-regulation in both. There were, however,
some discrepancies between the datasets where genes were missing from one
dataset or regulated in the opposite direction between datasets. Examples of genes
not present within the microarray data, but present in the RNA-seq data include the
insulin-like peptide, dILP6, the insulin receptor, InR, and the fatty-acid--CoA ligase,
pdgy, genes that would be expected to change expression in a dFoxO mutant as they
are known direct FoxO targets (Birnbaum et al. 2019; Xu et al. 2012).

Examples of genes that show the opposite regulation include the gene Bendless
(Ben), which encodes an E2 ubiquitin-conjugating enzyme that regulates cell death
(Ma et al. 2014), which is downregulated in the RNA-seq data but upregulated in the
microarray. Which direction of transcription is accurate is hard to determine as a link
between Ben and dFoxO has yet to be made, however, dFoxO has been known to
suppress the expression of the JNK-kinase, Hep, which in turn is known to suppress
Ben (Wang et al. 2005; Ma et al. 2014). Therefore, a loss of dFoxO would reduce Hep
suppression, increasing Hep activity and increased suppression of Ben, lowering its
expression leading to the response seen in the RNA-seq data.

It should be noted that the flies used in the dFoxO*%4 microarray experiments (both
dFoxO nulls and controls) were also carrying the daGAL4 driver (Alic et al. 2011). The
daGAL4 driver drives ubiquitous expression of the GAL4 transcription factor but
should only activate gene transcription in the presence of its upstream activation
sequence (UAS). However, there are some suggestions that its presence may
interfere with endogenous gene expression even in the absence of the UAS via
interactions with other signalling or transcriptional components. For example, in mice
even in the absence of the UAS, a GAL4 line has been linked to toxicity and
phenotypic abnormalities (Halpern et al. 2008). Furthermore, the microarray analysis
employed used the limma tool (as opposed to the DESeg2 used in the RNA-seq
analysis), this could cause some differences between results produced as the limma
tool uses a linear relationship and normalised data to analyse gene expression
whereas a negative binomal relationship and raw data is used in DESeq2 (Liu et al.
2021). This could affect results as, as with all statistical analysis, various different
assumptions are made in each analysis (e.g., limma assumes a normal distribution
and DESeq2 does not) that will result in observable differences in gene expression.
In addition, it has been found that microarray measurements can correlate well RNA
counts in optimal ranges but can suffer from bias and reduced precision outside of

the optimum (Richard et al. 2014). This, alongside RNA-seq showing a higher
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dynamic range than microarray allowing for the identification of low abundance
transcripts, could therefore leave comparisons between microarray and RNA-seq
data lacking, with inconsistencies between them being found in comparative studies
(van der Kloet et al. 2020). For example, one study found that comparisons between
microarray and RNA-seq data ranged in correlation coefficents from 0.62-0.75 (i.e.,
moderate to strong correlation) but correlation between data of the same methods
was on average 0.96 (i.e., very strong correlation) (Fu et al. 2009b). However,
relatively recent preliminary findings have shown that by transforming both analysis
outputs using relevant gene enrichment scores, the correlation between the results
can be increased (van der Kloet et al. 2020). Due to these reasonings, therefore, this
could explain some of the discrepancies between the RNA-seq and microarray
datasets. Furthermore, future re-analysis of these datasets may show increased
correlation as these computational data analysis techniques progress.

The most surprising difference found between the microarray and RNA-seq data was
the expression of dFoxO itself. As expected in a dFoxO null mutant, in the microarray
data dFoxO expression was significantly downregulated but was surprisingly
upregulated in the RNA-seq data from dFoxO AV3 mutants that should also function
as a genetic null.

Further examination of the location of the mapped reads in the AV3 mutants and
analysis of dFoxO expression by gqRT-PCR using primers that amplify different
regions of the dFoxO transcript showed that indeed there was an increase in
expression of a 5’ region of the dFoxO transcript. This is possible as the AV3 null
mutant is only a partial deletion of the dFoxO gene removing exons 3-8 compared to
the dFoxO294 which represents a much larger deletion that also removes part of the
promoter (Slack et al. 2011). Importantly, the truncated transcripts expressed within
the AV3 mutants did not produce a detectable protein possibly due to instability of the
gene transcripts preventing translation. However, it must be noted that the dFoxO
antibody used was raised against two peptide sequences PTDELDSTKAS-NQQL
(amino acids 56—70) and ETSRYEKRRGRAKKR (amino acids 192—-206) (Giannakou
et al. 2007), and the coding sequence for the latter peptide sequence is absent in the
AV3 allele. Therefore, whilst it is possible that there is no protein produced, it is
unclear whether the antibody would still bind in the absence of one of the peptide
sequences and so it is possible that the antibody may not be able to detect any FoxO

protein present within the AV3 mutant flies.
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Interestingly, therefore, it appears that expression of the dFoxO gene itself is being
negatively regulated by the dFoxO protein, where this regulation is lost in the AV3
mutants leading to an increase in dFoxO gene expression. It appeared that this
modulation could be independent of dFoxQO’s ability to bind to DNA, as in the DBD
mutants there is no change in dFoxO gene expression indicating this negative
regulation is still intact. It is also possible that when dFoxO is absent other dFoxO-
independent methods of transcriptional feedback occur on the dFoxO gene increasing
expression due to the lack of phenotypic responses that would be expected if a
functional dFoxO was present. However, again as this is not seen in the DBD mutants
these phenotypic responses that act as regulatory ‘sensors’ seemingly occur in a
DNA-binding independent manner.

Unlike the regulation of FoxO via post-translational modification, transcriptional
modulation of FoxO gene expression is less widely reported. Evidence has been
reported for the regulation of the FoxO gene by KRIT1 (a Krev-1/rapia binding
protein) in mammals, where KRIT1-/- mouse embryonic fibroblasts showed a
significant reduction in FoxO mRNA expression compared to controls (Goitre et al.
2010). Furthermore, the FoxO3 gene has been identified as a direct target of the
tumour suppressor, p53 in mouse embryonic fibroblasts and thymocytes in response
to exposure to DNA-damaging agents indicating FoxO3 transcriptional regulation by
p53 could be a major role in both age-related health declines and cancer (Renault et
al. 2011). Similarly, FoxO3a mRNA (but not FoxO1 or FoxO4) is upregulated in
response to hypoxic stress by the hypoxia-induced factor 1 (HIF1) in both normal and
cancerous cells to regulate HIF1-dependent apoptosis and maintain cell survival
(Bakker et al. 2007).

Other Fox proteins have also been implicated in FoxO gene expression, where
knockdown of FoxC1 mRNA via siRNA leads to decreased FoxO7 expression in
human trabecular meshwork cells identifying a method of FoxO regulation in
disordered eye function (e.g., Axenfeld—Rieger syndrome) (Berry et al. 2008). As well
as FoxC proteins, the FoxO also seems to regulate its own expression. In C. elegans,
SWSNT1 (a core subunit of the chromatin modifying SWI/SNF complex) regulates
expression of the FoxO homologue, DAF 16, by co-localising to the DAF-16 promoter
after direct interaction with the DAF-16 protein itself to regulate longevity and stress
resistance (Bansal et al. 2014). Similarly, in mammals FoxO3a binds not only to its
own promoter but that of FoxO1 and FoxO4 in the process of wound healing (Roupé
et al. 2014).
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However, despite these examples of the regulation of FoxO gene expression there is
still little information regarding the regulation of the FoxO gene in non-disordered
conditions. Therefore, to identify the reasons behind the increase in dFoxO gene
expression in the AV3 mutants and dFoxQO’s possible role in modulating its own gene

expression, further research in this area would be of interest.

In conjunction with the RNA-seq analysis, qRT-PCR analysis was used to
independently verify some of the gene expression changes observed. The accuracy
in which gRT-PCR results mapped directly onto the RNA-seq data was approximately
68% (i.e., 25 comparisons of a total of 37 were replicated exactly in the qRT-PCR
data). This is quite low considering the RNA extractions used for both experiments
were the same. However, despite being highly sensitive and therefore ideal as an
independent verification method compared to the high-throughput status of RNA-seq,
gRT-PCR is considered a medium-throughput technique (Nonis et al. 2014; Muniesa
et al. 2014). This potential lowered sensitivity of qRT-PCR is reflected in the results
from the power analysis, which showed that observable trends in 7 of the comparisons
that did not reflect the results shown in the RNA-seq data would reach significance
with a larger sample size.

Of the remaining 5 comparisons, 2 issues arose when comparing the expression of
the dFoxO gene, where qRT-PCR was only showing significant decreases caused by
the loss of exons 3-8 and the RNA-seq data was observing significant increases due
to the presence of the remaining exons. This effect was due to the RNA-seq anaylsis
covering the entirety of the dFoxO gene, including the portion of the dFoxO gene
remaining in the null mutant, but the initial gRT-PCR analysis only focussing on exons
6 and 7 which were removed in the null mutant. Therefore, subsequent analysis was
able to prove that these 2 discrepancies were due to the location of the initial dFoxO
primers in the gRT-PCR results, as subsequent qRT-PCR with primers located in
exon 2 (i.e., one of the remaining exons in the null) replicated the results seen in the

RNA-seq analysis exactly.

Ultimately, there were only 3 comparisons made that were not easily explainable by
technique sensitivity or primers location. These were the lack of a significant decrease
in bmm expression in the fed state of the AV3 and DBD2 mutants compared to the
V3F during qRT-PCR analysis, and the significant increase in the DBD2 starved
compared to the DBD2 fed mutants that was observed in the qRT-PCR but not the
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RNA-seq. However, it could be possible that differences in significance between gRT-
PCR analysis and RNA-seq analysis could be due to reference gene instability. This
is a plausible explanation as even though EMC10 showed a non-significant change
in expression between conditions in the RNA-seq data a logFC was observed.
Furthermore, the cut-off for appropriate stability using the Normfinder programme
used to measure stability is often 0.15 (Kdhsler et al. 2020), whereas a result of
between 0.16 and 0.19 was found here for the EMC10 gene. Ultimately, EMC10 was
chosen as it had the lowest scores of the three genes analysed, had one of the highest
non-significant p values in the RNA-seq data, and had verified primers already
available. Therefore, whilst this instability may affect significance levels, trends were
still observable between conditions and was able to adequately verify the RNA-seq
analysis.

However, even with these few potentially unexplained discrepancies the overall
accuracy when considering the reasoning given above (e.g., assay sensitivity and

primer location) is approximately 92%.

This accuracy is also reflected when comparing the male and female dFoxO qRT-
PCR analysis male dFoxO gene expression seemed to reflect that observed in the
female data, possibly indicating why both males and females showed similar
phenotypic responses in the presence of the various dFoxO mutations. In contrast,
the male V3F showed a significant increase in dFoxO expression in the starved state
compared to the fed, however a non-significant trend was seen in the female data
indicating a similar response is occurring. These more significant responses in male
analysis to female analysis could be due to sex-specific genetic regulation caused by
X chromosome variations or because of sexually divergent transcriptomic changes
that appear in challenging nutritional environments (Stocks et al. 2015; Camus et al.
2019).

All together this showed that the use and analysis of the RNA-seq data was
appropriate and reasonably accurate. Analysis also interestingly identifies dFoxO
gene expression as an area of research for further development in the area of dFoxO-

dependent DNA-binding independent activity.
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5.4.1.3 ANALYSIS OF DIFFERENTIAL GENE EXPRESSION

To identify differentially expressed genes the DESeq2 tool was used as compared to
other forms of RNA-seq analysis, it showed a distinct performance advantage by
showing a higher detection accuracy (Rapaport et al. 2013). Therefore, as PCA plots
showed little variation between replicates of the same genotype, there was little
concern over batch effects affecting the resulting differentially expressed gene lists.
Subsequent filitering showed there were a large number of significant differentially
expressed genes found in all mutants during starvation (approximately 2,900-3,900).
Such a large number of genes could be considered surprising given only 17.559 total
genes were identified in the samples indicating 16.5-22% of the total genes are
involved in this starvation response. However, previous study has found that during
long-term starvation stress (i.e., flies were collected at the starvation half-life)
approximately 25% of the genome was involved in the transcriptional response
(Harbison et al. 2005). Therefore, the number of DEGs found during the RNA-seq
analysis in this project aligns with previous study and can therefore be considered

relatively accurate for further analysis.

5.4.1.3.1 GENES MODULATED IN A DFOXO-INDEPENDENT MANNER

Previously observed phenotypes which seemed to be modulated in a dFoxO-
independent manner included production of key metabolic macromolecules (e.g.,
carbohydrates glycogen and trehalose, and the lipid TAG) in the storage of energy,
and the mobilisation of both carbohydrate energy stores. Interestingly, there are
several genes shown in this RNA-seq data that seem to be involved in these
processes.

For example, in the regulation of glycogen synthesis and breakdown Hexokinase-C
(Hex-C), which is orthologous to human glucokinase and a key regulator in glycogen
storage through phosphorylation of glucose using ATP (Cardenas et al. 1998;
Matschinsky & Wilson, 2019), is found in this gene list. Similarly, glutamine:fructose-
6-phosphate aminotransferase 2 (GFAT2) which allows for commitment into the
hexosamine biosynthetic pathway (HBP) by using glutamine and fructose-6-
phosphate to form glucosamine-6-phosphate (GIcN6P) in a highly conserved process
important for regulating anabolic activity, including glycogen synthesis (Chen et al.
2020; Akella et al. 2019; Singh & Crook, 2000), is also seemingly regulated
independently of dFoxO.
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In the mobilisation of glycogen stores a gene of interest found to potentially be
regulated independently of dFoxO is Akh. Akh is the adipokinetic hormone and
Drosophila counterpart to mammalian glucagon and regulates both stored and
circulating carbohydrates, particularly glycogen, through its G-protein coupled Akh
receptor located in the fat body (Song et al. 2017; Galikova et al. 2015; Bednéarova et
al. 2018). As well as glycogen catabolism, the regulation of this gene also helps to
explain the modulation of both trehalose and glucose levels being independent of
dFoxO activity. This is because it has also been shown via analysis of haemolymph
trehalose and glucose levels that Akh-null mutants showed a distinct hypoglycaemia,
possibly due to Akh regulating glucose and trehalose synthesis and levels of these
circulating sugars particularly during starvation (Galikova et al. 2015; Song et al. 2017;
Mochanova et al. 2018). Furthermore, in the synthesis of trehalose and glucose is the
gene Pgi, a glucose-6-phosphate isomerase which catalyses the reversible
isomerisation of glucose-6-phosphate to fructose-6-phosphate or vice versa, a key
step not just in the glycolytic pathway but also in gluconeogenesis (Grauvogel et al.
2007; Fermo et al. 2019). The regulation of this gene therefore could also explain how
these sugars are able to be reduced independently of dFoxO activity. However, this
phenotype could also be explained by the genes, Pgm (the phosphoglucomutase),
Pyk, AdipoR, and those encoding various a-glucosidases (MalA group of enzymes).
Where whole body glucose homeostasis and glycolysis are known to be regulated by
Pyk, a critical pyruvate kinase enzyme in the modulation of gluconeogenesis, and
AdipoR, the adiponectin receptor responsible for regulating AMPK and peroxisome
proliferator-activated receptor (PPAR)-a in the control carbohydrate homeostasis
(Israelsen & Vander Heiden, 2015; Long & Zierath, 2006; Peeters & Baes, 2010; Park
et al. 2016).

Previous research has also shown that both the juvenile hormone (JH) and 20-
hydroxyecdysone (20E) signalling pathways have been implicated in the expression
of trehalose metabolic genes (Shukla et al. 2015). This is interesting as a number of
genes involved with these signalling pathways were identified as being differentially
expressed independently of dFoxO during starvation. For example, the Halloween
genes sro, spo, and sad, and the gene encoding the prothoracicotropic hormone Ptth
are all genes associated with ecdysteroid biosynthesis, particularly during
development (Niwa et al. 2010; Chanut-Delalande et al. 2014; Warren et al. 2002;
Kim et al. 1997) and are also regulated in a dFoxO-independent manner in this RNA-

seq data. In addition, the histone modifier G9a is also involved with ecdysteroid
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regulatory pathways (Stabell et al. 2006). These genes, alongside, the transcription
factor ftz-f1, that modulates JH signalling and trehalose circulation by increasing
trehalose transport and trehalase expression (Nishimura, 2020), suggests a dFoxO-
independent method of trehalose metabolism that explains the phenotypes observed

using these dFoxO mutants.

There are also genes in this dFoxO-independent gene list that link the modulation of
lipid stores to dFoxO-independent activity that explains the lack of effect of dFoxO
mutation in lipid storage and long-term lipid mobilisation.

With regard to lipid synthesis genes regulated in this dFoxO-independent manner
include the glycerol-3-phosphate 1-O-acyltransferase (GPAT) mino, which converts
glycerol-3-phosphate into lysophosphatidic acid playing a key role in lipid biosynthesis
and lipid droplet formation, and mdy the diacylglycerol O-acyltransferase 1 that is
critical in catalysing the conversion of DAG to TAG (Fantin et al. 2019).

In a similar vein the genes, Tor, sug, and PTEN were also found to be regulated in
this dFoxO-independent manner. The target of rapamycin, Tor is interesting because
it has a central role in the cellular nutrient sensing network and controls a variety of
cell metabolism processes, such as amino acid synthesis and glucose homeostasis
(Wullschleger et al. 2006). This gene also relates to PTEN’s role in the modulation of
lipogenesis via SREBP-1c, a transcription factor with key lipogenic targets (such as,
fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACC)); as this process is
Tor-dependent (Haeusler et al. 2014). Furthermore, PTEN can regulate energy
homeostasis and excess energy storage by regulating glycolysis and insulin signalling
(Chen et al. 2018; Venniyoor, 2020). This role in regulating lipogenesis is also carried
out by sugarbabe (sug), a transcription factor regulated by Mondo/MIx and activin
signalling that leads to the regulation of a subset of Mondo/MIx-dependent processes
such as lipogenesis, carbohydrate metabolism, and nutrient transport and digestion
(Mattila et al. 2015).

Even though there was a delay in lipid mobilisation in the AV3 mutants, ultimately lipid
stores were still mobilised in all mutants after long periods of starvation. This was
surprising given FoxQO’s known role in lipid breakdown, however similar to lipid storage
many genes were found in the RNA-seq analysis of these dFoxO mutants that could

explain the seemingly dFoxO-independent nature of this phenotype.
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For example, genes such as the TAG lipases bmm, dob, and Lip4 are all present
within this gene list. Starvation in all three dFoxO mutants induced the upregulation
of bmm expression, the Drosophila homologue to mammalian adipose triglyceride
lipase, and its paralogue doppelganger von brummer (dob). This was surprising given
that bmm is a well-studied dFoxO target gene (Birnbaum et al. 2019). However, bmm
has been shown to be modulated by several other signalling pathways (including
hedgehog and mTOR) (Chatterjee & Perrimon 2021; Zhang et al. 2020b).
Furthermore, it has also been reported that bmm expression is more influential in
basal lipolysis and only plays a supporting role in lipolysis induced by stress (Bi et al.
2012; Wat et al. 2020). Similar findings have been reported for Lip4, which is a known
dFoxO target and regulator of lipolysis (Vihervaara & Puig, 2008). However, the
human orthologue LipA is known to also be regulated by the mTORC1-regulated
basic helix-loop-helix transcription factor, TFEB, during nutrient restriction (Dubland
& Francis, 2015). Therefore, it is possible that due to these enzymes being of such
importance they are modulated by multiple signalling pathways, and therefore the lack
of functional dFoxO proteins in some of the mutants does not affect the expression of

these genes as they can be rescued by these other pathways.

Taken together the apparent modulation of the expression of these genes
independently of dFoxO explains the phenotypes observed previously in this project,
and therefore confirms that the production of the key energy stores in Drosophila
(namely, glycogen, trehalose, and TAG), the modulation of haemolymph sugars, and
the mobilisation of carbohydrate, and to a lesser extent lipid, stores during fasting or

stress all seemingly can occur independently of dFoxO activity.

5.4.1.3.2 GENES MODULATED IN A DFOXO-DEPENDENT DNA-BINDING DEPENDENT
MANNER

There were also a variety of genes whose expression was dependent on FoxO activity
as well as its ability to bind to DNA (or at least the use of a functional DNA-binding
domain) and seemed to be essential in the modulation of key biological processes
such as lifespan, fecundity, and stress resistance. Processes that have already been
shown in previous research to be dependent on dFoxO activity (Slack et al. 2011).
This is interesting as one of the previous phenotypes found in this project to not just

require the presence of dFoxO but also the presence of a functional DBD was the
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modulation of normal lifespan. Genes associated with this phenotype found in the
RNA-seq data include those such as daw, Fs, Mys, Atg3, RagA-B, and Samtor.

daw and Fs allow for the regulation of the highly conserved activin signalling pathway
in an insulin/dFoxO-dependent manner that subsequently modulates autophagy a
well-known longevity assurance mechanism (Bai et al. 2013). Further study has also
shown that daw, a known direct dFoxO target, is able to regulate adult Drosophila
lifespan by mediating 26S proteasome function in adult muscle (Langerak et al. 2018;
Bai et al. 2013). This modulation of 26S proteasome activity influences protein
homeostasis by allowing for the removal of misfolded or dysfunctional proteins that
accumulate and affect intracellular trafficking and cell membrane permeability,
ultimately leading to deterioration of tissues (Langerak et al. 2018). Another direct
target of dFoxO in female Drosophila and well-researched autophagy-related gene
found in this RNA-seq analysis is Atg3, which has been shown to play a pivotal role
in autophagosome formation and recruitment of dysfunctional or damaged proteins
and organelles (Birnbaum et al. 2019; Metlagel et al. 2013).

Additionally, the gene Mys found in this RNA-seq analysis is also linked to lifespan,
as Mys encodes the X-linked myospheroid, one of the 2 B-integrins identified in
Drosophila that have been identified as integral to normal healthy ageing by regulating
functional senescence (Goddeeris et al. 2003).

Further modulation of lifespan in these flies seemingly involves the mTOR signalling
pathway based on several genes found via the RNA-seq to be modulated in a dFoxO-
dependent DNA-binding dependent manner. mTOR has already been widely
regarded as a core regulator of ageing across species in association with insulin
signalling and FoxO (Lamming et al. 2012; Robida-Stubbs et al. 2012; Powers et al.
2006; Kapahi et al. 2004; Vellai et al. 2003; Jia et al. 2004), therefore the idea of
genes such as RagA-B and Samtor being found in this gene list is not surprising.
Although, Samtor has not been shown to directly regulate lifespan both of these
factors represent positive and negative regulators of mMTORC1 signalling respectively,
allowing for an indirect affect in lifespan as mMTORC1 is known to affect key hallmarks
of ageing such as, energy homeostasis and mitochondrial function, nutrient
availability, cellular senescence, proteostasis, and stem cell stemness (Papadopoli et
al. 2019; Bar-Peled & Sabatini, 2014; Gu et al. 2017; Kitada et al. 2019).

Another phenotype found to be modulated in a dFoxO-dependent DNA-binding

dependent manner using these dFoxO mutants was fecundity, and similar to lifespan

L. R. McDonagh, PhD thesis, Aston University 2022 228



there were several genes found (e.g., egh, cue, Nrg, HLH106, and EcR) within the
RNA-seq analysis using these same mutants that could explain this.

For example, egh is vital in the male-derived sex-peptide response and subsequent
egg laying in female Drosophila (Soller et al. 2006). Furthermore, transcription of this
gene is considerably downregulated in a viable but sterile female Drosophila model
(Soller et al. 2006). This also reflects what is seen in models of cue, where
dysregulation of this gene leads to semi-sterile female Drosophila (Castrillon et al.
1993), as well as models of Nrg a member of highly conserved L1-type cell adhesion
molecules that lowers the sexual receptivity of female Drosophila possibly affecting
subsequent egg laying (Goossens et al. 2011; Kerr et al. 1996).

Another gene of interest in this list is the HLH106, the only Drosophila SREBP isoform,
which is interestingly well-known in the regulation of autophagy and is a key mediator
in the lifespan-extending process of caloric restriction (Kobayashi et al. 2018;
Theopold et al. 1996). In reproduction, however, it has also been associated with the
control of lipid synthesis in the germline of Drosophila females (Sieber & Spradling,
2015).

A further well studied and overall essential gene found in this gene list is the ecdysone
receptor gene, EcR. The modulation of this gene has implications in a variety of
processes, for example mutations in this receptor exhibit both lifespan extension and
stress resistance providing a connection between this ecdysone signalling pathway
and longevity in Drosophila (Simon et al. 2003; Tricoire et al. 2009). Furthermore, ECR
mutant females also have defective oogenesis from aberrant egg chamber formation
to loss of vitellogenesis (i.e., yolk formation and nutrient deposition) therefore
indicating EcR as a key component of normal female reproduction (Carney & Bender,
2000).

As with lifespan and fecundity, xenobiotic metabolism and response to oxidative
stress were also identified as dFoxO-dependent DNA-binding dependent processes
with related genes found within the RNA-seq analysis of the dFoxO mutants. These
genes include Jheh1 and Jheh2, a cluster of genes involved with responses to both
oxidative and xenobiotic stress, particularly in responses and possible resistance to
paraquat (Guio et al. 2014). Where the Jheh gene of the silkworm Bombyx mori has
been shown to contain a FoxO binding site within its promoter, thereby supporting this

assertion this could also be a FoxO target gene in Drosophila (Zeng et al. 2017).
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Other genes include NLaz, a Drosophila lipocalin family member homologous to
apolipoprotein D and retinol binding protein 4 (Hull-Thompson et al. 2009). This gene
has the ability to repress the IIS and anabolic pathways to enable resistance to stress
and influence lifespan (Hull-Thompson et al. 2009). As well as GstD9, which encodes
a glutathione-s-transferase that transfers glutathione, a potent antioxidant, onto
xenobiotics allowing for their subsequent excretion and prevention of cellular stress
(Piper et al. 2008; Wang et al. 2014; Sipes et al. 1986). There is also a potential further
role for this enzyme in the reduction and detoxification of reactive oxygen species
(Huang et al. 2004).

Also of interest in this RNA-seq analysis is PEK, the pancreatic elF-2a kinase that
resides within the endoplasmic reticulum and phosphorylates eukaryotic translation
initiation factor 2a leading to the immediate switch from translation to activation of
stress response genes (lida et al. 2007; Pomar et al. 2003; Ghosh et al. 2011).
Interestingly, PEK induction has also been related to the regulation of autophagy and
the cellular unfolded protein response (UPR) (Nagy et al. 2013), possibly indicating a
role for this gene in the modulation of lifespan as well as stress resistance.

Another gene of interest is dILP6, this is a gene that encodes insulin-like peptide 6 a
component of the IIS pathway in Drosophila which shares structures and functionality
with the mammalian insulin growth factor 1 (IGF-1) (Okamoto et al. 2009). Previous
research has shown that dILP6 overexpression in the fat body is able to extend both
lifespan and oxidative stress resistance (Bai et al. 2012). Interestingly, dILP6
expression has already been linked to dFoxO activity, where not only is dILP6
expression both environmentally and developmentally dFoxO-dependent but several
dFoxO binding sites have been identified upstream of the dILP6 gene (Slaidina et al.
2009).

Compellingly, two other insulin-like peptides dILP3 and dILP4 seem to be modulated
by dFoxO as well as requiring a functional DBD. dILP3 has been shown to influence
Drosophila appetite both in consumption and regulation of food palatability, and dILP4
mutants showed a 1.2-fold increase in consumption of yeast autolysate solution
compared to controls on most experimental diets (Semaniuk et al. 2018). Interestingly
proper regulation of dILP3 also seems to have effects in longevity with ablated dILP3
mutants showing a significant increase in lifespan (Broughton et al. 2005). The fact

these genes seem to be modulated in this manner based on RNA-seq analysis could
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therefore help to explain why feeding behaviour was also observed as being a dFoxO-
dependent DNA-binding dependent phenotype using these dFoxO mutants.

Interestingly, this dFoxO modulation of the dILPs could elicit some form of feedback
onto dFoxO activity itself and subsequent dILP production, as these peptides bind to
the dInR causing dFoxO inactivation (Puig & Tjian, 2005). This identifies the potential
need for a stringent balance on the modulation of these dILPs and dFoxO activity to

ensure normal feeding behaviours and stress resistance.

Other interesting genes that are potentially modulated in this DNA-binding dependent
manner and are involved in the apparent modulation of feeding behaviour in
Drosophilainclude bigmax, Pdk1, Lkr, and various Obp genes (e.g., Obp28a and 83b,
and lush). These are of interest as for example, bigmax the Drosophila equivalent to
the carbohydrate response element binding protein (ChREBP) binding partner, MIx,
has been shown to regulate feeding behaviour via its interactions with its partner
Mondo (i.e., the Drosophila homologue of ChREBP) allowing for the regulation of
nutrient-dependent feeding behaviour (Sassu et al. 2012). Pdk1, is a gene encoding
3-phosphoinositide-dependent protein kinase-1, that regulates feeding behaviour
through the integration of insulin and leptin signalling pathways balancing the release
of POMC and AgRP in mice (Iskandar et al. 2010; Cao et al. 2011). And Lkr encodes
the leucokinin receptor, where mutations in this and other components of the
leucokinin signalling pathway led to altered food intake, metabolic rate, water
homeostasis, and stress regulation (Al-Anzi et al. 2010; Zandawala et al. 2018;
Ohashi & Sakai, 2018).

This modulation of feeding behaviour could also be through the modulation of various
odorant binding proteins (Obp) (including, Obp28a and 83b, and lush). These Obps
are a large family of ~52 Drosophila proteins, however they share very little amino
acid similarity (on average ~20%) (Sun et al. 2018). These sensory proteins have
been linked to the regulation of feeding behaviour, including food searching and
regulating volume of food consumed (Oh et al. 2021). In addition, lush s also required
for pheromone-sensing neurons, which are essential for modulating social behaviours
including those vital for survival and mating (Ha & Smith, 2006; Xu et al. 2005).
Despite this, there is little information into the precise mechanisms into how Obps are
able to modulate these processes highlighting a further area of interest to be explored.
However, these Obps have also been connected to lifespan where exposure to yeast

odorants decreased lifespan in diet-restricted flies (Pletcher, 2009). Therefore, this
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could indicate that lack of proper modulation of the transcription of these genes in the

dFoxO could also help to explain the effects in lifespan.

All together this RNA-seq data includes genes that confirms the responses found in
previous phenotypic analysis, identifying processes including lifespan, fecundity,
feeding behaviour, responses to oxidative stress, and xenobiotic metabolism are

seemingly modulated in a dFoxO-dependent DNA-binding dependent manner.

5.4.1.3.3 GENES MODULATED IN A DFOXO-DEPENDENT DNA-BINDING INDEPENDENT
MANNER

Previously in this project, both growth and the response to starvation were identified
as being phenotypes that whilst requiring dFoxO, did not require the presence of a
functional DBD. Therefore, it was interesting to find that there were 445 genes that
seemed to be modulated in this same manner during RNA-seq analysis that could
explain the phenotypic differences between the AV3 and DBD mutants.

All'in all, these genes respresent many ways in which metabolic phenotypes can be
modulated in a dFoxO-dependent DNA binding independent manner. Interestingly,
this is further supported by gene ontology analysis that showed enrichment of various
metabolic processes (including, UDP-glucose metabolism, regulation of metabolic

process, and regulation of cellular metabolic processes).

An over-represented group of downregulated genes in this list are the UDP-
glycosyltransferases (e.g., Ugt316A1 and Ugt36Ba). These enzymes are of interest
as not only do they catalyse the addition of sugars to a wide variety of lipophilic
molecules, where the UGT3 family of enzymes commonly utilises UDP-glucose, UDP-
xylose, and UDP-N-acetylglucosamine to regulate the elimination endogenous
metabolic by-products, in the maintenance of normal tissue function, but are also
required for lipid droplet formation and interactions with proteins involved with many
metabolic processes, such as those involved with fatty acid degradation (e.g., ACOT8
and ECH1), glucagon signalling (e.g., PHKG2 and PHKA2), and glycolysis (e.g.,
GAPDH and GFPT1) (Meech et al. 2019; Hu et al. 2019).

Interestingly, one of the phenotypes determined to possibly underly effects in
starvation survival and growth was the mobilisation of lipid stores. A phenotype that
could be explained further by the seemingly dFoxO-dependent DNA-binding

independent modulation of the histone modifier Kdm4, a demethylase modulated in
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response to metabolic fluctuations due to its key substrate being a Kreb’s cycle
intermediate, a-ketoglutarate (Tran et al. 2017). This influence of metabolism allows
Kdm4 to activate a critical growth factor E2F1 which in turn induces pyruvate
dehydrogenase kinases allowing for the inactivation of pyruvate dehydrogenases and
modulation of metabolic flexibility switching from glucose to fatty acid utilisation
(Zhang et al. 2014a).

Another histone modifier present in this dFoxO-dependent DNA-binding independent
gene list was the histone deacetylase 1 (HDAC1). This enzyme has been shown in a
human epithelial cell line to reduce lipogenesis when overexpressed by suppressing
SREBP-1c promoter activity (Shin et al. 2021). Furthermore, this gene has been
identified as the key to surviving starvation through the increased expression of
ribosomal RNA synthesis and autophagic genes, where ultimately loss of HDAC1
causes sensitivity to starvation (Nakajima et al. 2016).

The upregulation of these genes during starvation in the V3F and DBD mutants would
therefore allow for the increased switch from anabolic to catabolic pathways, as well
as from carbohydrate to lipid utilisation, allowing for the production of energy from
metabolic stores in addition to the reservation of energy produced via carbohydrates
for organs that cannot derive energy from lipid stores.

This effect in lipid metabolism is also found in the dFoxO-dependent DNA-binding
independent modulation of other genes including mat, scu, and wal. These
upregulated genes are important during starvation as the product of mat removes
lipids from the haemolymph preventing lipid peroxidation and oxidative stress, and
both scu and wal are absolutely essential for fatty acid 8 oxidation through 17-
hydroxysteroid dehydrogenase 10 and mitochondrial electron transport activity
respectively (Li et al. 2020; Moeller & Adamski, 2006; Henriques et al. 2021; Lammers
et al. 2019).

Another important aspect of this lipid utilisation comes via the modulation of Kr-h1,
this gene is downregulated in a dFoxO-dependent DNA-binding independent manner
during starvation allowing for the repressive action of Kr-h1 on lipolysis to be lifted
preventing the severely altered lipid metabolism observed in Kr-h1 mutants (Kang et
al. 2017). This effect in lipid utilisation is also seen in the upregulation of genes
involved with the Kreb’s cycle that produces energy from metabolic stores, such as
lipids. Two such genes are Men-b and Idh, a malate dehydrogenase that converts
malate into oxaloacetate as a means of providing energy and an isocitrate

dehydrogenase, that works alongside the malic enzymes in the Kreb’s cycle to
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catalyse the decarboxylation of isocitrate to 2-oxoglutarate to produce energy (Minarik
et al. 2002; Williamson et al. 1980). Therefore, these genes too help to explain the
dFoxO-dependent DNA-binding independent phenotypes observed, particularly the

effects on lipid mobilisation.

Importantly in the modulation of the mobilisation of lipid stores is the modulation of
the lipid droplet (LD), the main storage vesicle for lipids such as TAG. There are
several genes found to be regulated independently of dFoxO’s ability to bind to DNA
that relate to this organelle. For example, RalA, a member of the Ras family of
GTPases, encodes an important protein for maintaining lipid droplets during
starvation to allow for the removal of toxic lipids produced via autophagy and to
provide further energy for fatty acid p-oxidation (Hussain et al. 2021). This gene in the
RNA-seq data showed downregulation, however RalA is also key in mTORC1
signalling during fasting conditions and GLUT4 translocation to enable glucose
transport into the adipose tissue (Hussain et al. 2021). Therefore, a balance must be
struck with this gene and so this unexpected modulation may simply be caused by
the necessary fluctuations needed for appropriate metabolic homeostasis during
starvation responses, where lipolysis could temporarily be halted due to saturation of
fatty acid oxidation pathways thereby ensuring efficient usage of lipid stores so energy
can be maintained for as long as possible.

Another gene associated with this role in lipid homeostasis is gig, an upregulated
mTOR signalling and tumour suppressor that antagonises mTORC1 via interactions
with the TSC1 protein leading to inactivation of TOR (Gao et al. 2002). This interaction
has effects in lipid homeostasis due to its roles as a fat body nutrient sensor,
regulation of lipid droplets, and in the positive regulation of autophagy and lipophagy
(Gutierrez et al. 2007; Tang et al. 2018).

Other LD-associated genes included downregulated diacylglycerol acyltransferase-2
(DGAT2) and glycerol-3-phosphate acyltransferase 4 (GPAT4), which interact with
LDs to catalyse TAG synthesis and LD expansion with mutants leading to
dysfunctional metabolic regulation (McFie et al. 2018; Wilfling et al. 2013; Yao et al.
2018; Yan et al. 2015).

These effects on the metabolic pathways in the LDs also relates to other
downregulated genes found in this dFoxO-dependent DNA-binding independent gene

list such as PCB and Eglp4 which are both involved with glyceroneogenesis and lipid
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formation through pyruvate carboxylase activity or glycerol transport respectively
(Reshef et al. 2003; Calamita et al. 2018).

Altogether, the fact these genes seem to be modulated in a dFoxO-dependent DNA-
binding independent manner in the RNA-seq analysis correlates with the dFoxO-
dependent DNA-binding independent phenotypes observed using the same dFoxO

mutants, particularly in response to starvation and lipid mobilisation.

The modulation of normal growth phenotypes was also observed as being modulated
independently of dFoxO’s ability to bind to DNA. As growth is a well-known energy-
dependent process, alongside starvation, it was not surprising that a number of genes
connected to both metabolism and growth were found during the RNA-seq analysis.
For example, genes such as sdr, Orct2, and Ptp61F could all regulate growth in a
nutrient-dependent dFoxO-dependent DNA-binding independent manner. Pip61F is
an upregulated protein tyrosine phosphatase, which has the ability to negatively
regulate IIS allowing for the regulation of proper growth (Buszard et al. 2013). Orct2
(also known as, calderoén) is required for the proliferation of tissues in Drosophila
larvae and co-ordinates nutritional-sensing and growth (Herranz et al. 2006). And
finally, sdr (or, the secreted decoy receptor) is a decoy insulin receptor secreted into
the haemolymph to negatively regulate insulin signalling via the interactions with
various dILPs making it indispensable for regulating the IS under adverse nutrient
conditions fine tuning stress responses and growth (Okamoto et al. 2013). The dILP
with the highest affinity for this decoy is dILP3, the lipogenic peptide known to regulate
growth, via the increase of the expression of SREBP-1c and inhibition of FoxO
activity, with ablation of this dILP leading to increased starvation resistance (Toprak,
2020; Rulifson et al. 2002; Broughton et al. 2005). Therefore, increased expression
of sdras seen in this RNA-seq data shows that a reduction in anabolic pathways could
be associated with a proper response to starvation, which seems to be modulated in
a dFoxO-dependent DNA-binding independent manner.

Alongside the regulation of the IIS in relation to growth and metabolism is the
regulation of the mTOR signalling pathway, as mTOR is an essential pathway in the
nutrient-dependent regulation of cellular growth and metabolism (Saxton et al. 2017).
One such gene is path, a positive regulator of mTOR signalling, that can enable the
modulation of overall growth with research showing that mutations in this gene lead
to growth reductions in Drosophila (Goberdhan et al. 2005). Therefore, ensuring the

appropriate regulation of this gene would seem to be key in regulating normal growth

L. R. McDonagh, PhD thesis, Aston University 2022 235



phenotypes, possibly explaining why this phenotype was different between the AV3
and DBD mutants. Another is Sin1 (or stress-activated protein kinase-interacting
protein 1), a core phosphorylating component of the mTORC2 complex this kinase
activity enables the activation of Akt and regulation of cell growth and survival, as well
as apoptosis in response to growth factor signalling (Yang et al. 2006; Lamming &
Sabatini, 2013). mTORC2 has also been shown to be upregulated during nutrient
withdrawal to replenish Kreb’s cycle intermediates (Moloughney et al. 2016), which
would be indispensable in energy homeostasis and the starvation response fitting in
well with the RNA-seq analysis which shows this Sin2 gene is upregulated during
starvation.

Furthermore, in the regulation of mTOR, there was differential expression of two
genes that encode components of the GTPase-activating protein toward Rags 2
(GATOR2) complex, Wdr24 and mio. This complex is known to enhance mTORCH1
signalling allowing for the promotion of cell growth in a variety of Drosophila tissues,
where ultimately suppression of any individual GATOR2 sub-unit leads to suppression
of mTORC1 (Cai et al. 2016; Bar-Peled et al. 2013). Therefore, the modulation of
these genes would likely be necessary for the modulation of proper growth, helping
to explain why this phenotype was observed as being modulated in a dFoxO-
dependent DNA-binding independent manner.

However, Wdr24 and mio both also have mTOR-independent functions in cellular
metabolism, where they regulate autophagy and lysosome dynamics, including
lysosome acidification (Cai et al. 2016). This is essential as proper lysosome function,
including acidification, is critical to the maintenance of healthy tissues preventing
knock-on effects in inflammation and mitochondrial function (Yambire et al. 2019).
Therefore, as autophagy is considered an important process when considering
responses to starvation (Finn & Dice, 2006; Shang et al. 2011), it is possible that
these two genes also help to explain the dFoxO-dependent DNA-binding independent

nature of the response to starvation as well as growth.

Aside from these roles in connecting metabolism and growth, genes that have links
to development and growth but are not necessarily directly tied to metabolism were
also found in this this dFoxO-dependent DNA-binding independent gene list that could
also help to explain the stunted growth that was observed in the AV3 mutants but not
the DBD mutants. One such gene is Atac1, the product of which associates with
numerous subunits (i.e., dAda2A, dGcn5, dAda3, and dHCF) to acetylate histones 3
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and 4 (Guelman et al. 2006). Histone acetylation has been tightly associated with
metabolic regulation due to its responsiveness to acetyl-coA produced from the
breakdown of fatty acids (McDonnell et al. 2016). This acetylation has also been
linked to the regulation of mammalian development, where disassembly of the similar
mammalian ATAC2 complex led to stunted growth or death during early
embryogenesis in mice (Guelman et al. 2009). Another such gene is E(z), a
methyltransferase that is known to methylate lysine residues 9 and 27 of histone 3, a
process well-regarded as being critical in normal development, as it regulates
interconnected networks of gene expression to enable normal organogenesis and cell
differentiation (Czermin et al. 2002; Jambhekar et al. 2019).

Further genes that could relate to the DNA-binding independent nature of the growth
phenotype, include those involved in the modulation of the ecdysone signalling
pathway. Although, this has already been shown above to be modulated in part in a
dFoxO-dependent DNA-binding dependent manner, there are also areas of this
signalling pathway that seem to be modulated in a dFoxO-dependent DNA-binding
independent manner. This is shown via the downregulation of the Halloween genes
shd and phm, and the Niemann pick type cla, Npcia. These three genes are all
critical in the biosynthesis of the active form of the ecdysone steroid 20E (Petryk et
al. 2003; Warren et al. 2004; Huang et al. 2007). 20E is the hormone responsible for
most insect growth, metamorphosis, and final adult size (Koyama et al. 2020).
However, it has been suggested that the role of these genes in the production of this
hormone is nutrient-dependent with a strong association with the IIS (Koyama et al.
2020). For example, overexpression of the dILPs in the insulin producing cells leads
to a distinct upregulation of several so-called Halloween genes including phm
(Walkiewicz & Stern, 2009). Interestingly one of the dILPs, dILP8 is also upregulated
in this dFoxO-dependent DNA-binding independent manner. This dILP has been
shown to be required for organ growth and organism maturation by suppression of
ecdysone biosynthesis in larvae (Garelli et al. 2012), possibly connecting the
modulation to this gene to those above. However, it also has a connection to lipid
metabolism, where in the mosquito Aedes aegypti ILP8 (as well as ILP7) was a target
for the regulation of lipid mobilisation by microRNAs (Ling et al. 2017). Therefore, this
upregulation of dILP8 could also help to explain why lipid mobilisation is observed to

be a dFoxO-dependent DNA-binding independent phenotype.
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Further to the genes above, there are a few genes found in this DBD-independent list
that are directly associated with responses to starvation correlating well with the
phenotypes observed. For example, both EndoA and loco are connected to
responses to starvation due to their roles in autophagy and mediation of G-protein
signalling via GTPase-activating activity respectively (Soukup et al. 2016; Lin et al.
2011). Where downregulation of loco (as is found in this RNA-seq data) is found to
convey lifespan extensions and stronger resistance to stress, including heat and

starvation (Lin et al. 2011).

It is also important to consider that ~16% of the genes in this DEG list have an
unknown function. This is important to note as these genes could potentially have
roles related to metabolism, as for example there are many uncharacterised lipases
in the Drosophila genome (Wat et al. 2020). Therefore, there may be unknown genes
effecting these dFoxO-dependent DNA-binding independent phenotypes that cannot

be identified at this time.

Furthermore, some of the identifiable genes show a different expression change
during starvation than what would generally be expected based on the knowledge of
these genes. However, metabolism is a complex process where even during periods
of fasting homeostasis needs to be maintained to allow for efficient usage of metabolic
stores. It has even been found in Zebrafish that starvation can induce lipogenesis with
aberrant metabolic states leading to hepatic steatosis (Xu et al. 2021). Therefore, it is
possible at the moment the flies were collected for RNA-seq analysis, different stages
of metabolism are being modulated or the genes are having potentially unknown or
less well-characterised effects such as those seen with Wdr24 and mio and their
mTOR-independent effects. Another explanation that is important to note, it that the
RNA used for RNA-seq analysis was extracted from whole flies immediately snap
frozen on liquid nitrogen, and as different tissues may respond to stimuli differently in
order to produce a coordinated response there may be fluctuations in gene
expression between flies at the precise moment they were frozen resulting in the
unexpected modulation observed.

As well as these genes found to be overlapping with the V3F, there were also several
genes found to be modulated only in the AV3 or DBD2 mutant and not the others.
Interestingly, the gene ontology analysis for the genes present in only the V3F or the

AV3 lists showed very similar processes being enriched (e.g., synaptic signalling and
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neuron development). This is likely to indicate that the AV3 mutants are modulating
different genes to modulate the same processes, presumably independent of dFoxO,
to rescue essential phenotypes (e.g., proper brain function) disturbed by the lack of
dFoxO.

However, the genes only found to be differentially expressed in the DBD2 during
starvation represent an entirely different set of biological processes, namely
macromolecule metabolism and biosynthetic processes. Interestingly, many of the
genes (such as Hsl, Ubc2, and snz) are key in TAG homeostasis and mobilisation or
are critical in maintaining protective responses to stress (such as Treh, Herp, crc, and
Axn) (Bi et al. 2012; Beller et al. 2008; Ugrankar et al. 2019; Hibshman et al. 2017;
Kang & Ryoo, 2009; Zhang et al. 2014b; Seo et al. 2009). This indicates these
mutants do not just represent a wild-type without a functional DBD but produce a
protein that has a behaviour distinct from the wild-type, something that is also seen in
the DBD mutant produced in human cells providing another indication that the
observations made in Drosophila in this project are evolutionarily conserved
(Ramaswamy et al. 2002). This distinct phenotype may be caused by loss of DNA-
binding allowing for dFoxO to produce interactions it wouldn’t normally as it would be
occupied at the DNA, or due to sequestering other proteins away from the DNA to
inhibit other proteins effects. Ultimately, this distinct response seems to identify
another set of dFoxO-dependent DNA-binding independent genes and sheds further
light on why these DBD mutants are not phenotypically divergent from the V3F wild-
type.

Overall, it is clear from the data presented that by using RNA-seq analysis there are
a variety of genes modulated in a dFoxO-dependent DNA-binding independent
manner that can help to explain the phenotypes observed previously. For example,
aspects of processes such as lipid metabolism, autophagy, and nutrient switching are
potentially modulated by dFoxO but independently of its ability to bind to DNA.
Therefore, further analysis of the modulation of these differentially expressed genes
may elucidate the underlying mechanisms of dFoxO’s DNA-binding independent

activity.

L. R. McDonagh, PhD thesis, Aston University 2022 239



Chapter 6

Analysis of potential dFoxQO
binding partners
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6. ANALYSIS OF POTENTIAL FOXO BINDING PARTNERS

6.1 INTRODUCTION

As a transcription factor, FoxO’s main mechanism of action is mediated by its ability
to bind to DNA and regulate the expression of a specific set of target genes ensuring
accurate regulation of a variety of biological processes and organismal homeostasis.
However, FoxO also has another method of modulating gene expression where it can
interact directly with other proteins including other transcription factors, which leads
to indirect gene regulation by FoxO. This is possible due to the presence of a variety
of domains within the FoxO protein structure that allow for protein-protein interactions.
For example, the hormone receptor box also known as the “LXXLL” motif found within
the transactivation domain (TAD) of mammalian FoxO proteins, has been shown to
interact with Sirt1 allowing Sirt1 to exert enhancing effects on FoxO transcriptional
activity particularly on genes involved with carbohydrate metabolism (such as,
glucose-6-phosphatase ¢ (G6pc)), although this still requires FoxO’s ability to bind to
DNA (Nakae et al. 2006; Frescas et al. 2005). Another such region is the
polyglutamine (polyQ) region, which forms coiled-coil-coiled-coil interactions with
polyQ regions of other proteins due to electrostatic interactions and hydrogen bonds
(Grigoryan & Keating, 2008). In Drosophila FoxO (dFoxO) this Q-rich region is
relatively large and contains two coiled-coil regions (amino acids 429-449 and 543-
578) (Kwon et al. 2018). These coiled-coil regions can interact with coiled-coil regions
of other proteins, such as pathogenic spinocerebellar ataxia type 3 (SCAS3) proteins
leading to neurodegeneration (Kwon et al. 2018).

Furthermore, FoxO protein activity has also shown to be regulated by the Krippel-
like homologue 1 (Kr-h1), where Kr-h1 binding to FoxO’s TAD represses FoxO’s
ability to activate transcription of the triglyceride (TAG) lipase brummer (bmm) during
development; a crucial intersection in the regulation of metabolism and growth (Kang
etal. 2017). However, similar to other examples this regulation of dFoxO target genes
caused by dFoxO-Kr-h1 binding still requires dFoxO’s ability to bind to DNA (Kang et
al. 2017).

These examples set a precedence that FoxO proteins are able to influence and be
influenced by the activity of other proteins through direct interactions, however there
is still little in-depth knowledge about FoxO modulating another proteins activity
(rather than vice versa) without having to bind to DNA in any capacity, particularly in
the context of metabolic homeostasis. Therefore, as the importance of FoxO

interactions with other proteins is becoming more apparent — identifying these protein
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partners and how these interactions influence FoxO activity is essential to fully
understand the regulatory role that FoxO plays in processes such as metabolic

regulation.

6.2 AIMS AND OBJECTIVES

Previously, phenotypic differences (e.g., response to starvation, growth, and TAG
mobilisation) were observed between the null (AV3) and DNA binding domain (DBD)
dFoxO mutants. Further, a set of genes were also identified as being differentially
modulated between the AV3 and DBD mutants during starvation.

In this chapter, the main aim was to identify and assess the potential binding partners
of dFoxO that could alter the expression of these identified genes to modulate
metabolic homeostasis. The hypothesis was that the differentially expressed genes
found to modulated in a dFoxO-dependent DNA-binding independent manner would
identify enriched transcription factors, which could be modulating the expression of
these genes alongside dFoxO.

To achieve this, enrichment of transcription factor binding sites within the starvation
responsive genes that were differentially expressed in the DBD mutants compared to
the AV3 mutants was analysed. RNA-sequencing (RNA-seq) and chromatin
immunoprecipitation (ChlP)-sequencing (ChlP-seq) data for transcription factors, and
therefore potential FoxO binding partners, identified from this analysis were found in
the literature, reanalysed, and subsequently compared to the set of genes potentially
modulated in a dFoxO-dependent DNA-binding independent manner during
starvation.

This set of experiments helps to fulfil the overall aim of the project by identifying
dFoxO co-factors, which could determine potential mechanisms for dFoxO in

modulating metabolic phenotypes independently of its ability to bind to DNA.
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6.3 RESULTS

6.3.1 TRANSCRIPTION FACTOR BINDING MOTIF ENRICHMENT ANALYSIS

Transcription factors bind to specific sequences in the DNA known as ‘motifs’, which
affects the transcription of nearby genes (Rubin et al. 2021). Due to extensive and
robust research identifying the sequences that various proteins bind to using ChIP
assays, linking a specific transcription factor to observed changes in gene expression
is possible (Rubin et al. 2021). This process is known as transcription factor binding

motif enrichment analysis.

Transcription factors enriched in the list of genes shown to be modulated in a dFoxO-

dependent DNA-binding independent manner were identified (Table 6.1).

Hp1b 3.33
Sin3a 3.16
Hpic 3.12
Eip74ef 3.03

Table 6.1. Enriched transcription factors for the genes potentially modulated in
a dFoxO-dependent DNA-binding independent manner.

Transcription factor binding motif enrichment analysis carried out on the 445 dFoxO-
dependent DNA-binding independent starvation-associated genes, showing the
enriched transcription factor name and the normalised enrichment score for that
transcription factor (i.e., the degree in which the transcription factor is enriched
normalised to a random sample). A normalised enrichment score of over 2.5 for RNA-
seq data is considered enriched by i-cisTarget (Herrmann et al. 2012).

The regulatory regions of the genes potentially modulated in a dFoxO-dependent
DNA-binding independent manner during starvation were analysed for enrichment of
transcription factor binding motifs. This identified four transcriptional regulators whose
binding motifs were over-represented in this gene list, showing normalised enrichment
scores of 3.33 for Hp1b, 3.16 for Sin3a, 3.12 for Hp1c, and 3.03 for Eip74ef.

Therefore, the top 2 ranked enriched factors (Hp1b and Sin3a) were chosen for further

analysis.
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6.3.2 CHIP-SEQUENCING ANALYSIS OF TRANSCRIPTION FACTORS OF INTEREST
Similar to RNA-seq analysis, ChlP-seq is a deep-sequencing analysis used to identify
enrichment within the genome in relation to a specific DNA-binding event (Nakato &
Sakata, 2021). Therefore, by using antibodies targeting the protein of interest any
cross-linked DNA is separated from the remaining genomic DNA and either identified
via DNA-sequencing (i.e., ChiP-seq) or microarray hybridisation (i.e., ChlIP-chip)
(Landt et al. 2012).

Therefore Gene Expression Omnibus, a publicly accessible database, was searched
for next generation sequencing data that analysed genomic binding sites for both
Hp1b and Sin3a by ChlIP-seq. Genomic binding sites for Hp1b 3 instar larvae were
found to be described in Schoelz et al. (2021) and for Sin3a embryos in Das et al.
(2012). ChIP-seq data for Hp1b ChlP-seq data was produced for two replicates for
both the control (i.e., all DNA produced from 3 instar larvae) and the Hp1b replicates
(i.e., DNA associated with Hp1b binding after immunoprecipitation with a rabbit
polyclonal Hp1b antibody produced by Smothers & Henikoff (2001)) (Schoelz et al.
2021). ChiIP-seq data for Sin3a was produced for two replicates for the Sin3a
replicates (i.e., DNA associated with Sin3a binding after immunoprecipitation with a
rabbit polyclonal Sin3a antibody) and one replicate for the input control (i.e., all DNA

produced from embryos) (Das et al. 2012).

Quality control on the ChlP-seq datasets was carried out for both Sin3a and Hp1b
datasets, assessing correlation and signal strength to determine whether replicates
of the same sample carry similar ChIP signals and whether those signals are strong

enough to produce accurate analyses (Figure 6.1).
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Figure 6.1. Correlation heatmaps and signal strength fingerprints for Sin3a and
Hp1b Drosophila ChIP-seq analysis.

Correlation heatmaps for (a) Sin3a and (c) Hp1b, alongside signal extraction scaling
(SES) fingerprint plots for (b) Sin3a and (d) Hp1b Drosophila ChiP-seq data. The
genome is divivded into equal sized bins and the number of reads in each bin is
calculated. This information can be used to create correlation heatmaps, which
identify similarity in the signals produced between the replicates of the same condition
and the different conditions (i.e., input (total amount of DNA present) or IP (amount of
DNA associated with the binding of a particular protein), and SES fingerprints, which
identify and evaluate the ChIP signal. Fraction and rank are the percentage of the
reads and the genome respectively.

Both maps showed a relatively high similarity between input and IP replicates for both
sets of data.
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Signal extraction scaling (SES) fingerprints showed 3% of the genome contained 25%
and 30% of all reads for Sin3a and Hp1b respectively. Both curves showed a rise
starting at approximately 0.18, indicating 18% of the genome contained zero reads,
and a less clear differentiation between input and IP signals.

These fingerprints therefore showed a large number of genes fall into a small portion
of the genome, indicating very localised and strong enrichments. Therefore, these

datasets are of a good enough quality to produce accurate downstream analysis.

Genes that were found in this ChIP-seq analysis, and therefore those that are directly
bound by either Hp1b or Sin3a, were then compared to the genes that were found to
be potentially modulated in a dFoxO-dependent DNA-binding independent manner
(Figure 6.2).
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Figure 6.2. Comparisons of genes identified as direct targets of Hp1b and Sin3a
by chromatin immunoprecipitation (ChlP)-sequencing with the dFoxO-
dependent DNA-binding independent differentially expressed genes.
Proportional Venn diagram comparing genes identified as direct targets of either (a)
Sin3a or (b) Hp1b by ChlP-seq from publicly available data sets (Sin3a: Das et al.
2012; Hp1b: Schoelz et al. 2021) with the genes that were differentially expressed
upon starvation in a dFoxO-dependent DNA-binding independent manner. (c)
Comparison between the overlaps of dFoxO-dependent DNA-binding independent
Sin3a targets and dFoxO-dependent DNA-binding independent Hp1b targets.
Numbers indicate the number of genes in each section of the Venn (Sin3a: p = 2.22E-
8 *, Hp1b: p = 3.84E-6 *, hypergeometric analysis). DBD-i: dFoxO-dependent DNA-
binding independent.

A significant overlap was observed between both sets of genes identified as direct
targets of Hp1b and Sin3a by ChIP-seq and the dFoxO-dependent DNA-binding

independent differentially expressed genes (p = 2.22E-8 for the overlap with Sin3a
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target genes and p = 3.84E-6 for the overlap with Hp1b target genes) with 38.4%
(171/445) and 39.8% (177/445) of the dFoxO-dependent DNA-binding independent
differentially expressed genes identified as being directly bound by either Sin3a and

Hp1b respectively.

The genes present within the two overlaps were then compared and 106 genes were
present in both. Therefore, 54.4% (242 out of 445) of the genes identified as
potentially modulated in a dFoxO-dependent DNA-binding independent manner were
also potential direct targets of either Hp1b (71 genes), Sin3a (65 genes), or both (106

genes).

Several genes that seem to be bound by either Sin3a or Hp1b as well, as modulated

in a dFoxO-dependent DNA-binding independent manner were identified (Table 6.2).
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Gene Bound by Biological process

HDAC1 Hp1b Histone modification
E(z) Both Histone modification
Kdm4 Both Histone modification
shd Hp1b Ecdysone signalling
Npcia Both Ecdysone signalling
wal Hp1b Lipid metabolism
Kr-h1 Hp1b Lipid metabolism
mat Sin3a Lipid metabolism
GPAT4 Sin3a Lipid metabolism
scu Both Lipid metabolism
path Hpib mTOR signalling
gig Sin3a mTOR signalling
mio Sin3a mTOR signalling
Wdr24 Both mTOR signalling
ailLP8 Hp1b Insulin signalling
sar Hp1b Insulin signalling
PCB Hp1b Carbohydrate metabolism
Men-b Both Carbohydrate metabolism/Kreb’s cycle
Ugt316A1 Both Carbohydrate metabolism
Egip4 Hp1b Transmembrane transport
loco Hp1b Response to starvation
ldh Both Isocitrate metabolism/Kreb’s cycle
EndoA Both Autophagy and apoptosis
RalA Both Ras protein signalling

Table 6.2. Genes bound by Hp1b or Sin3a as well as modulated in a dFoxO-
dependent DNA-binding independent manner.

Genes found to be bound by Hp1b, Sin3a or both based on previously published
ChIP-seq analysis that were also seemingly modulated in a dFoxO-dependent DNA-
binding independent manner during starvation. Genes are grouped based on their
biological processes given by Flybase.

Genes bound by Hp1b included those involved with histone modification (HDACT),
ecdysone signalling (sha), lipid metabolism (wal, and Kr-h1), mTOR signalling (path),
insulin signalling (dILP8 and sdr), carbohydrate metabolism (PCB), transmembrane

transport (Eglp4), and response to starvation (/oco).
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Genes bound by Sin3a included those involved with lipid metabolism (mat and
GPAT4), and mTOR signalling (gig and mio).

Genes bound by both Hpib and Sin3a included those involved with histone
modification (E(z) and Kdm4), ecdysone signalling (Npc1a), Ras protein signalling
(RalA), lipid metabolism (scu), mTOR signalling (Wdr24), carbohydrate metabolism
(Men-b and Ugt316A1), isocitrate metabolism (/dh), and autophagy and apoptosis
(EndoA).

Gene ontology (GO) analysis on the differentially expressed genes that could be

modulated in a dFoxO-dependent DNA-binding independent manner via interactions

with either Hp1b or Sin3a revealed several enriched terms (Table. 6.3).
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Fold enrichment Enrichment FDR Functional category

3.11 7.81E-4 Cell division

2.71 1.90E-5 Cell cycle

2.33 9.45E-4 Chromosome organisation

1.78 1.565E-3 Regulation of gene expression

1.76 1.44E-4 Nucleic acid metabolic process
1.72 1.81E-4 Regulation of metabolic process
1.69 1.36E-3 Organelle organisation

1.69 1.18E-3 Regulation of primary metabolic process
1.63 1.90E-5 Cellular macromolecule metabolic process
1.59 1.38E-3 Organic substance biosynthetic process
1.51 5.97E-5 Regulation of biological process
1.45 1.23E-4 Macromolecule metabolic process

Table 6.3. Enriched gene ontology (GO) terms for the genes potentially
modulated in a dFoxO-dependent DNA-binding independent manner by Hp1b
and/or Sin3a.

Gene ontology (GO) analysis for the genes found to be bound by either Hp1b or Sin3a
and also modulated by FoxO in a DNA-binding independent manner. Each enriched
GO term shows the enrichment score based on hypergeometric analysis (i.e., the
degree to which the genes in a gene list fall into that specific category) and false
discovery rate (FDR) correction (i.e., the significance of the enrichment score taking
into account false positives) with a cut off of 0.05, and the functional category (i.e.,
biological process) for which the genes likely fall into. This list is not exhaustive and
only shows the most over-represented category for a specific process.

Enriched GO terms include the regulation of various metabolic processes including
macromolecule metabolic process, organic substance biosynthetic process, and
nucleic acid metabolic process. Other over-represented GO terms include those

involved with the cell cycle, chromosome organisation, and organelle organisation.

Altogether, these data identified a significant degree of overlap between the genes
identified as being differentially expressed in response to starvation in a dFoxO-
dependent DNA-binding-independent manner and genes identified as directly bound
by both Sin3a and Hpib. As such, Sin3a and Hp1b could potentially be key
transcriptional regulators of those dFoxO-dependent DNA-binding-independent

starvation responsive genes.
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6.3.3 RNA-SEQUENCING ANALYSIS FOR TRANSCRIPTIONAL REGULATION BY SIN3A AND
HP1B

The two transcriptional regulators (i.e., Sin3a and Hp1b) that could be mediating the
dFoxO-dependent DNA-binding independent starvation response showed via ChiIP-
seq data to bind to the same subset of genes as those in the dFoxO-dependent DNA-
binding independent gene list. Therefore, the next aim was to see if these two factors
also modulate gene expression (i.e., alter the expression after binding) of those same

genes.

For this, previously published RNA-seq data was reanalysed and compared to dFoxO
mutant DNA-binding independent data. For Hp1b, RNA-seq had been performed on
two Hp1b null mutants that were generated by p-element imprecise excision, Hp1b%
and Hp1b’6. Gene expression changes in both alleles were analysed in homozygous
3 instar larvae knockouts compared to yw controls (Mills et al. 2018). Sin3a RNA-
seq experiments were conducted on Drosophila S2 cells in which Sin3a expression

was significantly reduced using RNAi (Gajan et al. 2016).

After appropriate quality control assessments, reads were mapped to the Drosophila
reference genome produced by the Berkeley Drosophila Genome Project in 2014,
dme6 (dos Santos et al. 2015). Analysis of differential gene expression was carried out

using the DESeq2 tool.

Principal component analysis (PCA) of transformed RNA-seq count data for each

mutant compared to an appropriate control was performed (Figure 6.3).
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Figure 6.3. Principal component analysis (PCA) for differential gene expression
in response to loss of Sin3a and Hp1b expression.

Scatter plot of principal component analysis (PCA) of transformed count data from
DESeqg2 analysis of (a) Sin3a knockdown, and Hp1b knockout mutants (b) Hp1b'6
and (c) Hp1b%. Samples are clustered as either mutants or controls (n = 2
independent biological replicates). Principal component 1 (PC1) is the variance
between knockdowns or mutants and controls and principal component 2 (PC2) is the
variance between replicates of the same type.
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PCA revealed that between 97-100% of the total variance amongst the mutant and
control was represented by two principal components. Samples were separated along
the first principal component, with 82%, 94%, and 91% of the variation between
samples caused by the presence of the knockdown or mutation for the Sin3a, Hp1b'6,
and Hp1b% flies respectively. Samples were also separated along the second
principal component, with 18%, 4%, and 1% of the variation between samples being
caused by variability between replicates of the same genotype for the Sin3a, Hp1b'6,

and Hp1bséflies respectively.
Genes that showed significant differential expression between the Sin3a knockdown

and Hp1b mutants and their respective controls were identified alongside their fold

change in expression (Figure 6.4).
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Figure 6.4. Visualisation of differentially expressed genes in response to loss
of Sin3a and Hp1b expression.

Volcano plots showing the differentially expressed genes in (a) Sin3a knockdown and
both (b) Hp1b’6and (c) Hp1b% mutants compared to non-mutant controls. Plots show
the -log10(pvalue) for each gene plotted against log2 fold change (logFC).
Significantly upregulated genes (logFC > 0) are highlighted in red and downregulated
genes (logFC < 0) in blue (p < 0.05). Genes that show no significant differences in
expression are in grey.

In the presence of a Sin3a knockdown, there were a number of genes (1411) that
showed a significant (p < 0.05) differential expression compared to the control.
Approximately 52% were upregulated (739) and approximately 48% were
downregulated (672).
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For Hp1b'’® mutants, there were a large number of genes (3740) that showed a
significant (p < 0.05) differential expression compared to the control. Approximately

64% were upregulated (2400) and approximately 36% were downregulated (1340).
For Hp1b% mutants, there were a number of genes (1597) that showed a significant
(p < 0.05) differential expression compared to the control. Approximately 65% were

upregulated (1044) and approximately 35% were downregulated (553).

GO analysis on these differentially expressed genes revealed several enriched terms

for genes modulated by either Hp1b or Sin3a (Table 6.4).
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25 1.4E-17 Organic acid catabolic process
2.3 1.1E-17 Electron transport chain
2.3 1.2E-17 ATP metabolic process
22 5.0E-27 Generation of precursor metabolites and energy
2.2 3.4E-12 Fatty acid metabolic process
2 1.7E-49 Oxidation-reduction process
b  Foldenrichment  EnrichmentFDR ~ Functionalcategory
4.2 4.5E-5 Tight junction assembly
32 2.3E-8 Mitochondrial gene expression
2.8 4.5E-5 Heart development
2 7.7E-8 Organophosphate metabolic process
2 6.6E-7 Cellular lipid metabolic process
2 1.4E-5 Mitotic cell cycle process

Table 6.4. Enriched gene ontology (GO) terms for the genes potentially
modulated by either Hp1b or Sin3a.

Gene ontology (GO) analysis for the genes found to be modulated by either Hp1b or
Sin3a and also modulated by FoxO in a DNA-binding independent manner. Each
enriched GO term shows the enrichment score based on hypergeometric analysis
(i.e., the degree to which the genes in a gene list fall into that specific category) and
false discovery rate (FDR) correction (i.e., the significance of the enrichment score
taking into account false positives) with a cut off of 0.05, and the functional category
(i.e., biological process) for which the genes likely fall into for (a) accumulated Hp1b
mutants and (b) Sin3a knockdowns. This list is not exhaustive and only shows the
most over-represented category for a specific process.
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Enriched GO terms for the combined Hp7b mutant differentially expressed gene
(DEG) lists included various metabolic processes (such as, organic acid catabolism,

fatty acid metabolism, and ATP metabolism), as well as oxidation-reduction process.

For the Sin3a knockdown DEG list, terms such as tight junction assembly,
mitochondrial gene expression, mitotic cell cycle processes, and metabolic processes

(including cellular lipid metabolic process) were enriched.

To determine if Hp1b or Sin3a are likely candidates in modulating the phenotypes
alongside dFoxO that appear to utilise dFoxO’s DNA-binding independent activity, the
DEG lists produced for these three mutants were then compared to the dFoxO-
dependent DNA-binding independent DEG list produced via RNA-seq of the dFoxO
mutants (Figure 6.5).
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Figure 6.5. Comparisons of genes identified as targets of Hp1b and Sin3a by
RNA-sequencing with the starvation induced dFoxO-dependent DNA-binding
independent differentially expressed genes.

Proportional Venn diagrams comparing genes identified as targets of either (a) Sin3a
RNAi knockdown S2 cells, and either (b) Hp1b'6 or (c) Hp1b% homozygous mutant
3 instar larvae by RNA-seq from publicly available data sets (Sin3a: Gajan et al.
2016; Hp1b: Mills et al. 2018) with the genes that were differentially expressed upon
starvation in a dFoxO-dependent DNA-binding independent manner. Numbers
indicate the number of genes in each section of the Venn (Sin3a: p = 1.64E-7 *,
Hp1b'e: p = 0.03 *, Hp1b%: p = 0.01 *, hypergeometric analysis). DBD-i: dFoxO-
dependent DNA-binding independent.

A significant overlap was observed between all three sets of genes identified as
targets of Hp1b and Sin3a by RNA-seq and the dFoxO-dependent DNA-binding
independent differentially expressed genes (p = 1.64E-7 for the overlap with Sin3a

target genes, p = 0.03 for the overlap with Hp1b'® target genes, and p = 0.01 for the

L. R. McDonagh, PhD thesis, Aston University 2022 259



overlap with Hp1b® target genes) with 18% (80/445), 28% (126/445), and 15%
(65/445) of the dFoxO-dependent DNA-binding independent differentially expressed
genes identified as changing expression in the Sin3a knockdown, and Hp1b'¢ and

Hp1b%¢ mutants respectively.

Several genes that seem to be modulated by either Sin3a or Hp1b as well as in a

dFoxO-dependent DNA-binding independent manner were identified (Figure. 6.6).
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Figure 6.6. Differential expression of genes modulated by Hp1b or Sin3a as well
as in a dFoxO-dependent DNA-binding independent manner.

Heatmap showing the differential expression (log2 fold change (logFC)) of genes
identified as being modulated in a dFoxO-dependent DNA-binding independent
manner in mutants of the indicated genotypes using previously published RNA-seq
datasets. Expression of all indicated genes are significantly different between the
knockdown (Sin3a) or knockout (Hp1b) mutants and control (p < 0.05). Red indicates
upregulated genes (logFC > 0), and blue indicates downregulated genes (logFC < 0).
Yellow indicates not present in that gene list. No logFC exceeds 5 or falls below -2.
Genes are grouped based on their biological processes given by Flybase.

Genes modulated by Hp1b included those involved with ecdysone signalling (shd),
lipid metabolism (DGATZ2 and wal), and carbohydrate metabolism (Ugt36Ba and Men-
b).

Genes modulated by Sin3a included those involved with histone modification
(HDAC1) and mTOR signalling (gig and mio).

Genes modulated by both Hp1b and Sin3a included those involved lipid metabolism

“(scu) and isocitrate metabolism (/dh).

Altogether, these results showed a large overlap of genes modulated by the chromatin
modifiers Hp1b and Sin3a and genes modulated in a dFoxO-dependent DNA-binding
independent manner. ChlP-seq and RNA-seq data for these two factors showed
further support to indicate that these factors do play some role in modulating these

genes alongside dFoxO.
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6.4 DISCUSSION

The main aim of this chapter was to identify candidate transcription factors that could
be mediating the transcriptional changes observed in the dFoxO-dependent DNA-
binding independent RNA-seq experiment. The subsequent aim was then to
investigate identified transcription factors using previously published RNA-seq and
ChlIP-seq data, to ultimately assess the potential of these identified proteins as
candidates for potential dFoxO binding partners in the modulation of metabolic
homeostasis. The hypothesis stated that the differentially expressed genes found to
modulated in a dFoxO-dependent DNA-binding independent manner during
starvation would identify enriched transcription factors, which could be modulating the

expression of these metabolism-related genes alongside dFoxO.

6.4.1 TRANSCRIPTION FACTOR BINDING MOTIF ENRICHMENT ANALYSIS

Transcription factor binding motif enrichment analysis is an accurate predictive
bioinformatics method, which when paired with expression data (such as that
produced via RNA-seq analysis) allows for the identification of transcription factors
that are responsible for changes in gene expression caused by conditional changes
(Rubin et al. 2021). Previous studies suggest that the use of transcription factor
enrichment analysis tools on RNA-seq assays (such as, single-cell RNA-seq) are
reliable and effective (Holland et al. 2020). This reliability stems from the high power
and robustness of this sequencing technique, allowing for the visualisation of dynamic
gene expression changes across different tissues or conditions in a relatively simple
manner (Wang et al. 2009b).

Binding sites for transcriptional regulators Sin3a, Hp1b, Hp1c, and Eip74EF showed
high enrichment in the list of dFoxO-dependent DNA-binding independently
modulated differentially expressed genes, therefore these factors could be interacting
with dFoxO in a DNA-binding independent manner to effect gene expression during
starvation in a bid to maintain appropriate metabolic responses (e.g., lipid
mobilisation).

Of these four factors, Sin3a and the two Hp1 proteins are known to affect chromatin
structure via histone modifications (Barnes et al. 2018; Zeng et al. 2010). DNA is
packaged into a dynamic chromatin structure within the nucleus where two super-
helical turns of DNA are wound around each core histone protein, eight of which are
altogether called a nucleosome (Banerjee & Chakravarti, 2011). Each nucleosome is

linked to another via 20-60 bp of so-called ‘linker’ DNA, allowing for flexible
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management of the regulation of gene expression through post-translational
modification of each histone (Kouzarides, 2007; Banerjee & Chakravarti, 2011). The
existence of these modifications has been well known since the late-20th century,
with subsequent research identifying the numerous histone post-translational
modifications that occur and how they affect chromatin structure (Bannister &
Kouzarides, 2011).

A key factor of histone modifications is the various combinations and ‘code’ that can
be imparted to allow for specific and diverse responses (Kouzarides, 2007). These
modifications, which occur on over 60 histone locations, include acetylation and
deacetylation, phosphorylation, methylation and demethylation, and even in some
cases ubiquitylation and ADP ribosylation (Bannister & Kouzarides, 2011;
Kouzarides, 2007).

Histone methylation is an integral modification caused by the transfer of a methyl
group onto basic lysine (K), histidine (H), and arginine (R) residues present within
histones 3 (H3) and 4 (H4), such as K4, K9, K20, R2, and R8, in either mono-, di-, or
tri-methylated forms (Cheung & Lau, 2005; Greer & Shi, 2012). These various forms
of methylation allow for increased diversity in the responses that can be governed by
this modification process, such so that methylation is associated with both active
transcription and condensed silent chromatin (Cheung & Lau, 2005; Greer & Shi,
2012). However, this process is considered to be one of the slowest post-translational
histone modifications and up until the last 10 years and the discovery of the lysine
specific demethylase, Kdm1a, was considered to be irreversible (Greer & Shi, 2012).
Interestingly, this modification is also associated with ageing, where altering
methyltransferases and demethylases had the ability to alter Drosophila and C.
elegans lifespan, where the latter was affected by increased activity of the
demethylase, ubiquitously transcribed TPR on X 1 (UTX-1), on insulin/insulin-like
growth factor signalling (1IS) components increasing cellular age (Siebold et al. 2010;
Jin et al. 2011).

Further, effects of histone methylation are also carried out by a group of key chromatin
modifiers known as the heterochromatin protein 1 (Hp1) family. This is a family of
highly conserved chromosomal proteins, that function in both the condensed
heterochromatin and open euchromatin to affect biological processes such as
fecundity, metabolism, and activity (Mills et al. 2018).

As with mammals, there are 3 Drosophila isoforms of these Hp1 proteins known as

Hp1a, Hp1b, and Hp1ic (a, B, y respectively in mammals). Of these isoforms, Hp1a is
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often most associated with gene silencing (i.e., heterochromatic structures), Hp1c
with euchromatin and active gene transcription, and Hp1b has the potential to
associate with both (Lee et al. 2019). With regards to methylation, the binding of Hp1
proteins to trimethylated H3K9 and the subsequent effects on gene transcription and
chromatin packaging have been well-researched (Fischle et al. 2005; Eskeland et al.
2007; Zeng et al. 2010). In Drosophila, histone peptide pulldown experiments have
shown decreasing levels in affinity from Hp1a, Hp1b, and Hp1c for these modifications
(Lee et al. 2019). Unsurprisingly therefore, these different isoforms have different
roles in relation to these modifications. For example, Hp1a forms a complex to repress
transcriptional activity, Hp1b can seemingly counteract this activity of Hp1a in
heterochromatic environments, and Hp1c creates a complex with transcription factors
(such as: the stem cell differentiation associated transcription factor, without children)
to enhance gene transcription in the central nervous system (Lee et al. 2019; Font-
Burgada et al. 2008).

Interestingly Hp1 proteins are also associated with histone sumoylation, a process
where ubiquitin-like proteins called small ubiquitin-related modifiers covalently attach
to histones (or various other proteins) similar to ubiquitination (Shiio & Eisenman,
2003). Previous research has suggested that sumoylation on H4 residues recruits
both Hp1 and HDAC1 proteins to mediate transcriptional repression in HelLa cells
(Shiio & Eisenman, 2003).

Another example of a key histone modification is histone acetylation. Where acetyl
groups are transferred to specific histone lysine residues via histone
acetyltransferases (HAT), a process which is reversed via histone deacetylases
(HDAC) (Graff & Tsai, 2013; Eberharter & Becker, 2002).

This modification is known to enhance transcription across both housekeeping and
more specific genes, as the modification of H3 and H4 prevents the tendency for
compact chromatin to form allowing for increased transcription factor access
(Eberharter & Becker, 2002). An interesting role for this modification is in both memory
formation and learning, where a loss of histone acetylation is known to be associated
with neurodegeneration in both disease and ageing (Graff & Tsai, 2013).

Histone acetylation is influenced by metabolism allowing for adaptation to the
environment (i.e., in a nutrient sensing manner), where the key intermediary
metabolite for acetylation is acetyl-coenzyme A which is also a key component of the

Kreb’s cycle in the building of macromolecules (e.g., lipids) (Etchegaray &
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Mostoslavsky, 2016; Fan et al. 2016). Furthermore, a model has been proposed for
the involvement of deacetylation during fasting and starvation; where nutrient
depravation produces free fatty acids which in turn increase the deacetylase efficiency
of the sirtuin Sirt6é towards acetylated H3K9, resulting in decreased transcription of
lipogenic and glycolytic genes (Kim et al. 2010).

Unsurprisingly then, it is known that FoxO can recruit chromatin modifiers such as
HDACs / HATSs to alter gene transcription (van der Vos & Coffer, 2008).

For example, mammalian FoxO3a is known to complex with HDAC2 allowing for
increased H4K16 acetylation, thereby repressing the expression of the anti-apoptotic
gene p21 (independently of the tumour suppressor p53) (Peng et al. 2015). ChIP
shows that when FoxO3a is knocked down in the mouse brain, the enrichment of
HDAC?2 in the promoter region of the p21 gene is decreased (Peng et al. 2015). This
was flagged as of interest due to the potential therapeutic uses of preventing oxidative
stress induced neuronal cell death, a key component of some neurodegenerative
diseases such as Huntington’s, Alzheimer’s, and Parkinson’s (Peng et al. 2015, Singh
et al. 2019).

Similarly to this, Sin3a is also known to form a complex with an HDAC, to enable its
recruitment to chromatin to elicit its effects such as appropriate responses to DNA
damage (Barnes et al. 2018). Interestingly, Sin3a is also associated with histone
methylation where proteomic studies have shown that Sin3a co-immunoprecipitated
with the Drosophila demethylase, little imaginal discs (LID; also known as Kdmb)
affects the specific methylation of H3K4 in locations corresponding to the promoter
regions of genes related to methionine metabolism (Liu & Pile, 2017; Spain et al.
2010).

Furthermore, nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB)/Relish is known to affect chromatin structure by influencing deacetylation
within gene loci (such as, the bmm gene) and FoxO modulation of these genes in a
fasting-dependent manner (Molaei et al. 2019). ChIP-quantitative polymerase chain
reaction (ChIP-gPCR) showed that during starvation in NFkB/Relish mutant
Drosophila, there was a significant enrichment of the activation-associated histone
modification H4K9ac in the bmm gene locus indicating that the presence of
NFkB/Relish is needed for regulating these histone modifications, subsequent
chromatin changes, and gene repression (Molaei et al. 2019).

It is also interesting to note that in aged flies, many FoxO target genes are associated

with chromatin, particularly in its organisation (Birnbaum et al. 2019). Despite this and
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the examples given above, information regarding whether FoxO is influencing
chromatin modifications and assembly is somewhat lacking, identifying a novel
avenue of research that could further inform future investigations into the treatment

of disorders involving FoxO activity, including ageing.

In addition to these roles in chromatin modification, Sin3a and Hp1b have also been
shown to influence metabolism. For example, Sin3a has been shown to affect the
expression of glucokinase (GCK), which catalyses glucose into glucose-6-phosphate
a metabolic hub that initiates de novo lipogenesis, the hexosamine biosynthetic
pathway, and glycogen synthesis (Langlet et al. 2017; Peter et al. 2011). In reduced
insulin environments and therefore increased FoxO activity, Sin3a directly interacts
with FoxO1 which represses the expression of GCK when both proteins associate to
the GCK promoter (Langlet et al. 2017). Furthermore, Sin3a has been shown to
repress the activity of key gluconeogenic genes (e.g., Pepck and G6pc) when
recruited to the fasting response factor, cCAMP response element binding protein
(CREB), by small heterodimer partner (Zhang et al. 2019b). Therefore, the fact that
this transcriptional regulator has already been shown to have a direct protein-protein
interaction with FoxO and is also a metabolic gene regulator is of great interest and
helps to support the suggestion that Sin3a may be able to aid FoxO in the modulation
of metabolic genes during starvation.

Similar to Sin3a, Hp1b has also been shown to influence metabolism in Drosophila
where knockout Hp1b mutants showed decreased food intake and elevated body fat
levels, as well as increased resistance to both starvation and oxidative stress (Mills
et al. 2018). However, unlike Sin3a, there is no evidence as yet that FoxO and Hp1b

have any direct interactions.

Unlike the other three factors, ecdysone-induced protein 74EF (Eip74EF) (also known
as, E74) does not seem to influence chromatin regulation, however it is known to
regulate gene transcription in response to differing concentrations of the steroid, 20-
hydroxyecdysone (20E) particularly during Drosophila development (Thummel et al.
1990; Urness & Thummel, 1995). For example, research showed this factor is key in
the maximal activation of the head involution defective gene, which in turn activates
apoptosis during metamorphosis to eliminate redundant tissues (Jiang et al. 2000). In
spite of this information regarding the role of Eip74EF in development, there is little

information surrounding its activity in Drosophila adults. Due to the lack of information
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surrounding Hp1c and Eip74EF compared to the other two factors, only Hp1b and
Sin3a were considered for further analysis. However, their potential ability to modulate

metabolism through interactions with dFoxO should not be ignored in future work.

6.4.2 CHIP-SEQUENCING ANALYSIS OF TRANSCRIPTION FACTORS OF INTEREST
Subsequent ChlP-seq analysis was carried out on previously published data in an
attempt to support the identification of Sin3a and Hp1b as potential dFoxO binding
partners (Sin3a: Das et al. 2012; Hp1b: Schoelz et al. 2021). ChlP-seq is a method
of identifying sequences of DNA that a particular protein of interest is bound to, to
shed light on DNA-protein interactions on a sizeable scale (Park, 2009). The use of
ChlP-seq is effective in the way it is employed here as it has a higher sensitivity,
specificity, and coverage than counterpart assays such as ChlP-chip, which combines
chromatin immunoprecipitation with microarray hybridisation (Kharchenko et al. 2008;
Park, 2009). There are some disadvantages to using ChIP-seq including the
production of sequencing errors as well as cost, however constant improvements in
computational analysis (including, alignment tools) and availability lessen the effect
of these disadvantages every year (Park, 2009).

ChIP-seq analysis here showed that between input (i.e., all possible DNA sequences)
and IP samples (i.e., DNA sequences associated with a specific protein) there was
little variation, as well as less clear differentiation between the signals. This could
mean that instead of returning tight precise peaks, the analysis could produce broad
domains that do not accurately reflect the enriched motifs and specific DNA
sequences (Starmer & Magnuson, 2016). However, this does not mean that the ChIP
experiment failed and therefore should not be used for further analysis, for example
this analysis showed that a relatively large proportion of the genome contained zero
reads, and that 3% of the genome contained 25% and 30% of all the reads for the
Sin3a and Hp1b data, respectively. Therefore, this identifies that there is at least a
somewhat specific nature to the sequences produced by the IP sample data.
Furthermore, the issue with low variation could come from the use of Spearman’s
Rank correlation, which does not use the raw data but rather the ranks that are
produced from it, consequently Pearson’s correlation could be used instead as this
does use the raw data however, it is not as robust to outliers and relies only on linear
relationships therefore could be less accurate (Pernet et al. 2013). An improvement
to increase the reliability of this data and reduce the effect of possible outliers could

be to increase the sample size, as the maximum number of replicates used was two
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for the Hp1b analysis and the Sin3a input only had 1. For example, to achieve a p
value < 0.05, with a relatively narrow confidence interval (to ensure precision), and
90% power (i.e., at least a 90% chance of obtaining a p value < 0.05) the ideal sample
size would be at least 12 or 16 for Pearson’s or Spearman’s tests, respectively (Bonett
& Wright, 2000).

A further issue with the data provided here is the fact that both Sin3a and Hp1b ChIP-
seq data was produced during developmental stages of the Drosophila life cycle,
namely from embryos for Sin3a and 3 instar larvae for Hp1b. As these are then being
compared to gene lists created using RNA-seq analysis on adult Drosophila, it may
be that the ChIP-seq datasets do not produce a representative and therefore directly
comparable state. For example, the homeobox (also known as, Hox) genes (50% of
which appear in the Hplb ChlIP-seq data) are essential for the regulation of
development in Drosophila by driving positional identity of the fly body segments, but
do not play much of a role in the adult (with the exception of stem and cancer cell
populations) (Lappin et al. 2006). Furthermore, there have also been several genes
found only expressed in adult tissues, where the cytochrome p450 protein sxe1, the
TAG lipase sxe2, and the female-specific gene of unknown function fit were only
found to be expressed in adult tissues (e.g., fat body and adult male head fat cells)
and not during any developmental stages (Xu et al. 2011; Fuijii & Amrein, 2002).
However, for the purpose of using this data as supporting evidence to suggest a link
between Sin3a or Hp1b and dFoxO in modulating metabolism through protein-protein
interactions, it seems as if the quality and representativity of this data is adequate.
For example, despite these issues there was still a significant overlap in the genes
found in the Sin3a or Hp1b ChIP-seq analysis with those genes potentially modulated
in a dFoxO-dependent DNA-binding independent manner, as well as a similar
enrichment in GO terms. As the ChlP-seq gene lists were so large, this significance
level could be overstated. However, the use of hypergeometric analysis for these
comparisons, which takes into account the sample size of each gene list and the
likelihood such overlaps occur by chance (Evangelou et al. 2012), supports the

reliability of the statistical output of these analyses.

The genes that were identified in the overlap of these gene lists include histone
modifiers (E(z), Kdm4, and HDAC1), lipid metabolism regulators (RalA, Kr-h1, mat,
wal, glycerol-3-phosphate acyltransferase 4 (GPAT4), and scu), ecdysone, mTOR,

and insulin signalling pathway associated genes (path, mio, Npc1a, dILP8, sdr,
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Wdr24, shd, and gig), an autophagic gene (EndoA), regulators of carbohydrate
metabolism (Ugt316A1, PCB, and Men-b), genes associated with transport (Eglp4)
and a starvation responsive gene (/oco).

These genes are of interest when considering the dFoxO-dependent DNA-binding
independent phenotypes of starvation and growth that were observed using the
dFoxO mutants. Kdm4 is especially of interest as it has been associated with the
carbohydrate to lipid switch (Zhang et al. 2014a), which could in part help to explain
the delayed TAG mobilisation in dFoxO mutants where this dFoxO-dependent DNA-
binding independent modulation is not possible. This effect in lipid metabolism can
also be related to deacetylation carried out via HDAC1, as this is also linked to
metabolism in mammalian cells through the suppression of lipogenesis via repression
of the sterol regulatory binding protein-1c (SREBP-1c) (Shin et al. 2021).

This link between lipid and carbohydrate metabolism and the genes seemingly
modulated in a dFoxO-dependent DNA-binding independent manner is also observed
in many other ways from the maintenance of lipid droplets and regulation of mTOR
by RalA (Hussain et al. 2021), the removal of circulating lipids and subsequent ROS
control by mat (Li et al. 2020), or the regulation of fatty acid B-oxidation via scu and
wal (Moeller & Adamski, 2006; Henriques et al. 2021; Lammers et al. 2019).

Further roles for these genes include the modulation of TAG synthesis by GPAT4 and
PCB, and the regulation of TAG breakdown by Kr-h1 (Yao et al. 2018; Reshef et al.
2003; Kang et al. 2017; Zhang et al. 2020a). Carbohydrate metabolism can also be
affected by the UDP-glycosyltransferase Ugt316A1, where human orthologues of
these genes have shown to have roles in lipid droplet formation, fatty acid
degradation, glucagon signalling, and glycolysis (Hu et al. 2019).

With regard to the dFoxO-dependent DNA-binding independent genes associated
with mTOR signalling, it seems as if path, mio, Wdr24, and gig are all genes
modulated by either Hp1b and/or Sin3a. Both path and gig have opposing functions
in the regulation of the mTOR pathway, leading to activation and repression of mMTOR
signalling, respectively (Gao et al. 2002; Goberdhan et al. 2005). The activation by
path ensures proper growth during development due to mTORC1’s anabolic nature,
whereas gig seems to be more influential in regulating lipid metabolism and
autophagy (Goberdhan et al. 2005; Gutierrez et al. 2007; Tang et al. 2018).
Interestingly, both Wdr24 and mio are connected in their biological function, as they
both translate into components of the GTPase-activating protein toward Rags 2

(GATOR2) complex which enhances mTORC1 signalling and anabolic processes
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(Cai et al. 2016; Bar-Peled et al. 2013) and both also have mTOR-independent
functions in autophagy (Cai et al. 2016). Other stress-responsive genes were also
potentially bound by Hp1b or Sin3a based on this ChIP-seq data. One such gene is
loco, a mediator of G-protein signalling with GTPase-activating activity, which has
been shown to extend lifespan and produce stronger resistance to stress such as
starvation when downregulated (Lin et al. 2011).

This influence on metabolism is also observed in the genes involved with the
regulation of both the ecdysone and insulin signalling pathways. For example, the
Drosophila insulin-like peptide (dILP) 8 and secreted decoy receptor (sdr) both
influence insulin signalling possibly leading to lipid mobilisation and appropriate
growth and stress responses (Ling et al. 2017; Okamoto et al. 2013).

Similar to Kdm4 and HDAC1 above, the modulation of all these genes are associated
with lipid mobilisation, the switch from anabolic to catabolic pathways, and the
production of energy, which taken together are important in explaining the dFoxO-
dependent DNA-binding independent phenotypes of starvation and growth observed

previously in this project.

In ecdysone signalling shd, one of the Halloween genes, and Npci1a were both
identified in the overlap of dFoxO-dependent DNA-binding independently modulated
differentially expressed genes and genes directly bound by Sin3a and/or Hp1b. These
genes are crucial in the production of 20E and subsequent Drosophila development,
but are also known to be highly connected to nutritional status as well as insulin
signalling (Petryk et al. 2003; Warren et al. 2004; Huang et al. 2007). Curiously,
despite ecdysone signalling being a critical pathway in development (Schwedes &
Carney, 2012), the presence of these genes in the dFoxO-dependent DNA-binding
independent gene list produced from adult Drosophila identifies a possible role for
these genes in the adult tissues. This could therefore give another aspect to the
modulation of growth, where it may not just be effects of metabolism affecting the
growth of the dFoxO mutants but also effects in the developmental signalling pathway
itself leading to this being a dFoxO-dependent DNA-binding independent phenotype.
Interestingly, under half of these genes are seemingly bound by both Hp1b and Sin3a
(e.g., E(z), Kdm4, Npc1a, RalA, scu, Wdr24, Men-b, Ugt316A1, and Idh). Therefore,
future work in this area may require the use of double Sin3a-knockdown/Hp1b-

knockout mutants to ensure one factor cannot rescue the absence of the other.
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All together, these results identify Sin3a and Hp1b as reasonable candidates as
FoxO-binding partners in the context of modulating metabolic and starvation-related
genes, particularly those involved with lipid metabolism and mobilisation, and

responses to starvation and growth.

6.4.3 RNA-SEQUENCING ANALYSIS OF TRANSCRIPTION FACTORS OF INTEREST

Subsequent RNA-seq analysis was carried out on previously published data in an
attempt to further support Sin3a and Hp1b as potential FoxO binding partners (Sin3a:
Gajan et al. 2016; Hp1b: Mills et al. 2018). To ensure that comparisons made between
this previously published data and the differentially expressed gene lists produced
from RNA-seq analysis on dFoxO mutants were accurate, the Hp1b and Sin3a raw
RNA-seq data files were re-analysed in the same manner. This re-analysis is
important as it has been shown that Cuffdiff (the tool used in the data analysis
performed by Mills et al. (2018)) has a relatively low power and could not identify
differentially expressed Y-chromosome specific genes when comparing male and
female human data (Seyednasrollah et al. 2015). This disadvantage is not something
that was observed with DESeq2 (the tool used in the analysis of the dFoxO mutants),
ultimately leading to the conclusion that DESeq2 is one of the best tools to use for

RNA-seq analysis (Seyednasrollah et al. 2015).

Significant overlaps between the genes modulated by Hp1b or Sin3a and those
modulated in a dFoxO-dependent DNA-binding independent manner were still
observed. However, as these datasets were so large this significance level could be
overstated but using hypergeometric analysis for these comparisons, which takes into
account the sample size of each gene list and the likelihood such overlaps occur by
chance (Evangelou et al. 2012), supports the reliability of the statistical output of these
analyses.

The genes identified as possibly being modulated in a Hp1b- or Sin3a-dependent
dFoxO-dependent DNA-binding independent manner include HDAC1, Idh, mio, shd,
gig, scu, wal, and Men-b.

Many of these genes have been discussed above, such as those involved with histone
modification (e.g., HDAC1), mTOR and ecdysone signalling (e.g., mio, gig, and shd),
and carbohydrate and lipid metabolism (e.g., scu, Idh, and wal).

There are a number of other genes with interesting functions that are present in this

overlap such as the malate dehydrogenase Men-b, a component of the Kreb’s cycle
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alongside Idh, where the product of Men-b is important in the regulation of the
glycolytic end-product pyruvate making it central in regulating metabolic flux with Men-
b mutants showing increased glucose levels (Ugrankar et al. 2015; Zhang et al. 2016).
Interestingly, a lot of the genes found here (such as, Idh, mio, gig, scu, wal, and
HDACT) are also found within the ChlP-seq data overlap, further supporting the
assertion that these two factors are associated with the dFoxO-dependent DNA-
binding independent modulation of these genes.

Therefore, as mentioned above, the modulation of these genes correlates well with
the areas of metabolism (particularly lipid metabolism and mobilisation, and energy
production) that could lead to affects in phenotypes such as starvation survival and
growth, explaining why these phenotypes were observed as being modulated in a

dFoxO-dependent DNA-binding independent manner.

As with the ChlIP-seq data, there are possible caveats that come from using this RNA-
seq data as the RNA-seq analyses were performed on 39 instar larvae and S2 cells
for Hp1b and Sin3a respectively. This may mean results are not directly comparable
because, as mentioned above, comparing results during a developmental stage to
those produced in the adult may differ due to the existence of stage-specific genes.
Furthermore, S2 cells may not be representative of what is occurring in vivo as dFoxO
binds to different promoter regions in vitro, where for example dFoxO was found to
bind to the P1 promoter of the dInR in S2 cells and the P3 promoter in the adult fat
body and gut, an area that was found to have no dFoxO binding in S2 cells (Alic et al.
2014). However, despite these differences in promoter binding location the same
genes were regulated (i.e., both showed regulation of the InR gene) (Alic et al. 2014),
therefore the use of S2 cells for the purpose of RNA-seq should be adequate.

Another possible caveat when comparing this data is that there is research suggesting
genetic background can have a variety of effects on gene regulation (Mackay et al.
2012; Leips & Mackay, 2000; Chandler et al. 2013; Zimmerman et al. 2012;
Eleftherianos et al. 2014). Therefore, as the Hp1b mutant RNA-seq analysis was
carried out in an yw background rather than the wPa" background used for the dFoxO
mutant RNA-seq analysis, there may be issues with comparing changes in gene
expression. This has been shown in previous study where contradictory results have
been obtained when investigating longevity-related genes due to the use of different
wild-type genetic backgrounds (Evangelou et al. 2019). However, there are examples

of comparison made between backgrounds that have shown similarities, where for
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example with regard to ecdysone signalling and Halloween gene regulation similar
responses were observed in yw and wP2" flies during desiccation (Zheng et al. 2018).
Despite this potential hurdle, the datasets showed highly significant overlaps
indicating that it is possible in this phenotype the differences in genetic background
may not have much of an effect. However, whilst this analysis is adequate for the
purpose used here (i.e., preliminary study of whether Hp1b is a likely dFoxO co-
factor), due to these potential issues with comparing between backgrounds it
highlights the necessity for further experimental analysis (including, co-
immunoprecipitation and epistasis study).

It may also be stated that the Sin3a RNA-seq data does not produce a full list of the
genes that could be affected by a Sin3a mutation, as the effect on Sin3a in the S2
cells is produced via RNAI, producing a knockdown of the Sin3a gene rather than a
knockout meaning the effect could be incomplete (Mocellin & Provenzano, 2004). This
diluted response could be related to the efficacy of this process which can be affected
by multiple factors, such as cellular localisation of the target mRNA, rate of mRNA
turnover, and off-target competition (Hong et al. 2014). However, the use of RNAI is
extensive and is considered a powerful tool for studying mutations of specific genes,
particularly in vitro such as here (Mocellin & Provenzano, 2004). And as