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1 INTRODUCTION

1.1 Sirtuins and function

Sirtuins are a group of NAD+ dependent deacetylase proteins responsible for many
metabolic and physiological pathways in the organism of archaea, bacteria and eukaryotes.
They were first discovered in Saccharomyces cerevisiae in 1979 in connection with the
regulation of gene silencing and lately also in connection with the regulation of lifespan and,
importantly, in connection with regulation of metabolism (1) (2). Sirtuins in various
organisms are homologs of the yeast Sir2 gene (Silent-mating-type information regulation 2)
that in yeast silences transcription in three loci: HM mating-type locus, telomeres and
ribosomal DNA. In cell ageing process the complex of Sir2-Sir3-Sir4 translocates from
telomeres and HM locus to rDNA that leads to slowing down of accumulation of
extrachromosomal rDNA (ERCs) that would otherwise accelerate replicative ageing in yeasts.
After the addition of an extra copy of SIR2 into the yeast genome, the accumulation of ERCs

was inhibited, which results in inhibition of replicative ageing (3).

In 2000, the enzymatic function of Sir2 was discovered (4). It functions as
a deacetylase removing acetylated residues from many cellular proteins, causing activation or
inhibition of their function. Likewise, the ADP-ribosyl group can be added by Sirtuins (ADP-
ribosyl transferase enzymatic reaction), or other posttranslational modification of proteins can

be deacylated (5). All these enzymatic activities of Sirtuins are NAD+ dependent (4).
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Figure 1: Comparison of biosynthesis of NAD+ in yeast/invertebrates and mammals (6).

Figure 1 shows the biosynthetic pathways for NAD™ synthesis. (6). In yeast and invertebrates,
the NAD" is made from precursors such as nicotinamide (NIC), nicotinic acid (NA) and
nicotinamide riboside (NR). The de novo pathway is another option, in which nicotinic acid
mononucleotide (NaMN) is created from tryptophan through phosphoribosyl transferase Qpt,
and then deamido-NAD is formed through adenyl transferase Nma (1,2). Lately, due to NAD
synthetase activity, the NAD+ is created. The NAD biosynthetic pathways are slightly
different in mammals, although they use similar NAD precursors. In yeast and invertebrates,
the de novo pathway is dominant in the formation of NAD+. On the contrary, the nicotinic
amide pathway is more utilised in mammals (6) (7). Both in yeast, invertebrates or mammals,
Sirtuins use NAD+ during their enzymatic steps to create nicotinamide and ADP ribose (6)
(7). The more NAD+ there is, the higher is the activity of Sirtuins. (6) The level of NAD+ can
be changed due to nutrients and stress (8). Furthermore, the change in NAD+/NADH ratio
can affect transcription and genome stability. In the yeast experiment, the increase of Sirtuins
activity and Pncl was observed during caloric restriction (glucose reduction in food from
2% to 0,5%), leading to life extension (8) Increasing nicotinic amidase (D-NAAM)
expression and hence Sir2-activation caused life extension in Drosophila (9). In lower

eukaryotes, the caloric restriction also positively impact lifespan (10). In mammals, the
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enzyme Nampt affects the activity of Sirtuins, and its overactivation also results in life
extension (11). The model how activation of Sirtuins by caloric restriction, stress or exercise

can lead to prevention of aging and to life extension is showed in figure 2.
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Figure 2: a. Effect of stress and caloric restriction (CR) on life longevity in yeasts, b. Effect
of CR, stress and exercise on life longevity in mammals (6).

The orthologs of the Sir2 gene in mammals comprise a group of seven proteins
(SIRT1-SIRT7) with deacylase or mono-ADP ribosyl transferases activities (12). Sirtuins
belong to class III histone deacetylases (HDAC), and they can remove acetylate groups from
histones as well as from many other nonhistone protein substrates (13). The nonhistone
deacetylation is responsible for many different functions related to Sirtuin activity and it
closely connects Sirtuins with regulation of various cellular processes, such as protection
against oxidative damage generally connected with ageing, obesity, diabetes II. type,
cardiovascular diseases, cancer, dementia, arthritis or osteoporosis (14), (15). The scheme

explaining the connection between decrease of Sirtuin activity and aging is shown in Fig.2.
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Figure 3: Demonstration of the relationship between ageing, the concentration of NAD+ and
Sirtuin activity. (own creation, undertook from Paraskevi, bachelor thesis)

Sirtuins are located in the nucleus, nucleolus, cytosol or mitochondria. Every gene of
this group has an enzymatic function and its preferable substrates, but in case of an impaired
function of one gene, the substitution by another gene from this group can be utilised to some
extent. Table 1 shows the overview of the function and localisation of Sirtuins and their

targets (15).



Table 1: Overview of function, localisation and target in SIRT1-7 (16).

Targets and substrates

Ageing and age-related diseases

Sirtuin and localization Enzy.n}atlc Function TlSSll.e
act1v1ty . ) . . . expression Increase/
Modification Activation  Inhibition . . Decrease
involvement in CR

SIRT1 nuclear/cytosolic Deacetylase H1, H3, H4, Suv39hl, NF«B, DNA repair, Brain, Cell survival, Cellular
(H1K26, LKBI, p300, glucose adipose longevity, physical senescence,
H1K9, H3K9, AMPK, p66shce, metabolism, tissue, heart, activity/increase in oxidative stress,
H3K56, NBSI1, mTOR differentiation, kidney, CR inflammation,
H3K14, XPA, Mn- neuroprotection, liver, retina, neurodegeneration,
H4K16) a SOD, insulin secretion, skeletal cardiovascular
tubulin, p53- WRN, vascular protection  muscle, diseases, adiposity,
(stabilization) Ku70 vessels, insulin resistance,

uterus liver steatosis
FOXO, PGC-1a

SIRT2 cytosolic/nuclear Deacetylase o tubulin, FOXO NF«kB, Cell-cycle control ~ Adipose Longevity/increase in ~ Oxidative stress,

H4K16 p53 (transition from G2 tissue, brain, CR neurodegeneration

to M phase),
adipose tissue
development and
functionality

heart,
kidney,
liver,
skeletal
muscle,
vessels




Targets and substrates Ageing and age-related diseases
Sirtuin and localization Enzy.rgatlc Function Tlssufe
acthlty . ) . . L expression Increase/
Modification Activation  Inhibition . . Decrease
involvement in CR
SIRT3 Deacetylase H3, H4 (H3K9, FOXO, p53, Regulation of Adipose Longevity, metabolic ~ Oxidative stress,
mitochondrial/nuclear/cytosolic H4K16) Ku70, Mn-  HIFla mitochondrial tissue, brain,  health, glucose neurodegeneration,
SOD, metabolism, ATP heart, homeostasis/increase  cardiac
catalase, production kidney, in CR hypertrophy,
IDH2 liver, adiposity, liver
oocytes, steatosis
skeletal
muscle,
vessels
SIRT4 mitochondrial ADP-ribosyl- GDH, Insulin secretion, Brain, heart, Fatty acid
transferase AMPK regulation of kidney, oxidation
mitochondrial liver,
metabolism, DNA  vessels,
repair pancreatic 3-
cells
SIRT5 Deacetylase SOD1 Urea cycle Brain, heart, Increase in CR Oxidative stress,
mitochondrial/cytosolic/nuclear demalonylase kidney, fatty acid
desuccinylase liver, oxidation
vessels,
thymus,
testis,
skeletal
muscle




Targets and substrates

Ageing and age-related diseases

Sirtuin and localization Enzy.n¥atlc Function Tlssufe
acthlty . ) . . L expression Increase/
Modification Activation  Inhibition . . Decrease
involvement in CR
SIRT6 nuclear (associated with  Deacetylase, H2B, H3 FOXO, NF«B, DNA repair, Brain, heart,  Longevity, glucose Cardiac
chromatin) ADP-ribosyl-  (H2BK12, PARPI, IGF-1 telomere kidney, homeostasis/increase  hypertrophy,
transferase H3K9, CtIP protection, genome  liver, in CR adiposity, liver
H3K56), WRN stability, vessels, steatosis,
(stabilization) cholesterol retina, inflammation,
homeostasis, skeletal insulin resistance
regulation of muscle,
glycolysis and thymus,
gluconeogenesis testis, ovary
SIRT7 nucleolar/nuclear Deacetylase H2A, H2B,H3 FOXO RNA Regulation of Heart, Increase in CR Cardiac
(H3K18) poly- rRNA vessels, hypertrophy
merase | transcription, cell liver, brain,
cycle regulation, skeletal
cardioprotection muscle,
peripheral
blood cells,

spleen, testis




1.1.1 SIRT1

At this moment, SIRT1 is the most studied gene of the Sirtuin group, having an
essential role in cell metabolic pathways and immune response of an organism,
affecting general metabolic health and aging. SIRTI activity can be stimulated by
different ways, including phosphorylation by a protein AMPK kinase that is activated
by adenosine-5’-monophosphate (AMP). SIRTI1 has a considerable effect on the
immune response that can be controlled directly or indirectly through the metabolic
pathway. SIRT1 can deacetylate various transcription factors involved in
inflammatory immune response such as NF-kB (nuclear factor kappa-light-chain
enhancer of activated B cells) and HIFla (hypoxia-inducible transcription factor-1

alpha subunit) (17) (15) and Fig.4.

(" AMPK miRNAs |
N
SIRT1 — PGC-1
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W\ Glycolysis )
4

e

Immune cell response

Figure 4: Direct and indirect way of controlling immune response by SIRT1 (77).

As mentioned before in the text, Sirtuin activity can be stimulated by light starvation
of organism where the positive effect on ageing can be observed. The observed effects of
SIRT1 on life extension are explained by SIRT1 dependent histone deacetylation (18),
deacetylation of nuclear receptors and transcriptional coactivators PGC-la (19), FOXO
proteins (20) or other transcriptional factors (table 1). SIRT1 activated by caloric restriction
can stimulate PGC-1a leading to the expression of gluconeogenic genes. This process lowers
the repressive effect PGC-la to glycolytic genes resulting in life extension. PGC-la is
a principal regulator of mitochondrial genes biogenesis that cooperates with transcriptional
factors essential for mitochondrial gene expression. Nevertheless, the mutual interaction

between SIRT1 and PGC-la can only occur during metabolic stress, such as caloric

8



restriction. Metabolic stress induces the increase in AMP/ATP ration that activates AMPK
that in turn stimulates SIRT1 activity. AMPK also phosphorylates and activates PGC-1a. The
pathway AMPK/SIRTI/PGC-la is frequently used by hormones (for example leptin,
adiponectin) to mediate increase in mitochondrial metabolism (21). The increase in
mitochondrial respiration is associated with lipolysis (22). Moreover, SIRT1 can inhibit the
biosynthesis of lipids. Another protein that is activated by SIRT1 during metabolic
deprivation, such as caloric restriction, is PPARgamma, also responsible for the increase in

fatty acid oxidation induced by SIRT1.

SIRT1 takes an important part also in the formation of heterochromatin that
contributes to higher genome integrity in stress response. SIRT1 can cause deacetylation of
histones such as H4K16, H3K9 or HI1K26, leading to formation of facultative

heterochromatin (15).

Genetic overexpression of protein deacetylase Sir2 increases longevity in a variety
of lower organisms (23) (24) (3) although the effect in vertebrates is less clear. In
experiment (25) the authors compared wt mice and mice with triple overexpression of SIRT1
under its endogenous regulatory elements and found lower levels of DNA damage,
decreased expression of the ageing-associated gene pl16™K4A| a better general health and
fewer spontaneous carcinomas and sarcomas. The effect of Sirtl was however evident in
mice model susceptible to liver cancer where Sirtl activation significantly decreased the
cancer occurrence and improved the liver metabolic health. These results provided direct
proof of the anti-ageing activity of Sirtl in mammals and of its tumour suppression activity
in ageing- and metabolic syndrome-associated cancer. Sirt was also shown in mice to

prevent glucose intolerance and osteoporosis (17)
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Figure 5: Comparison of lifespan in wt mice and mice with SIRT1 overexpression in the liver
(tg). The lifespan of wt and tg was not statistically different (P>0,05) (17).

In D. melanogaster, SIRT1 (or dSir2) is located in II. chromosome. It has one
annotated transcript and translates into one polypeptide. For long time there was
a controversy whether Sirtl activation affects lifespan in Drosophila, but recent experiments
with Sirtl mild overexpression in carefully controlled genetic background proved
convincingly that low activation of Sirtl promotes lifespan extension (while strong Sirtl
overexpression has the opposite effect) (26) (27). In fact, it was enough to activate Sirtl only

in the fat body to achieve lifespan extension (12) (15) (26).

1.1.2 SIRT2

SIRT2 is a deacetylase situated in cell cytosol. Enzymatic function of SIRT2 is
primarily focused on transcriptional factor FOXO1 and FOXO3. Through deacetylation of
histones H4 and H3, SIRT2 is crucial in the creation of condensed chromatin and transition
to/from the mitotic phase of the cell cycle. Thus, SIRT2 acts as a control point important in
cancer cell proliferation.and it is considered as a tumour suppressor (28). Tumour suppressor
function of SIRT2 was confirmed for example by the experiment (29), in which SIRT2
deficient mice developed hepatocellular and mammary gland cancer. Furthermore, lower
level of SIRT2 were observed in human cancer diseases, correlating with hyperacetylation of

SIRT2 target H3K53 (30).
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SIRT2 gene expression is highest in the brain, especially in myelin-producing cells —
oligodendrocytes. Since the SIRT2 deacetylation of FOXO3 helps neural stem cells to
manage ageing, there is a hypothetic impact of SIRT2 to cell ageing of these cells. SIRT2 can
also deacetylate PAR-3, the main regulator of cell polarity. Therefore, there is a decrease in
the activity of signaling part of protein kinase C during the process myelinization, that can
affect peripheral neuropathy in diabetes (31). SIRT2 also has a potential role in the treatment
of sclerosis, which is characterised by the progressive loss of myelin (32). SIRT2 can also
deacetylate RelA subunit NF-kB contributing to the stabilisation of gluconeogenesis. Thus,

SIRT2 can affect cell metabolism and ageing (15).

1.1.3 SIRT3
SIRT3 is the main mitochondrial deacetylases. Nonetheless it can also be found in cell
cytosol. It contributes to mitochondrial DNA repair and mitochondrial integrity protection.

Moreover, SIRT3 can prevent apoptotic cell death during oxidative stress by deacetylation of

the glycosylase OGG1 (33).

By its enzymatic function SIRT3 controls activity of many metabolic enzymes, such
as acetyl CoA synthetase (AceCS2), therefore is SIRT3 crucial for metabolism regulation
(34). The interaction of SIRT3 and AceCS3 affects the cell cycle progression, apoptosis and
cell growth (35). SIRT3 increase the level of cellular ATP by fatty acids decomposition. It is
also involved in protection against the adverse impact of reactive oxygen species (ROS) that
are increasing with age and damage cellular structures (36). SIRT3 deletion caused obesity,
a higher level of glucose and hyperlipidemia in transgene mice (35). Other study proved

defects in B-oxidation in mice mutated for SIRT3 (37).

FOXO3a, a member of the transcriptional factors group located in mitochondria, is
firmly connected to SIRT3 and life extension (38). SIRT3 and FOXO3a both play a part in
cascade pathway in mitochondrial signalisation. This is crucial for age regulation through
ROS. SIRT3 can detoxicate ROS and subsequently act as tumour suppressors. However,

SIRT3 can also act as an oncogenic factor, for example in breast or lung cancer (35).

Since the participation of SIRT3 in ATP level regulation, its impact on metabolic
changes during light starvation was studied. Increased level of SIRT3 in hepatic mitochondria

was observed during starvation (39). It is well known that caloric restriction also reduces
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DNA oxidative damage (40) and the rate of DNA oxidative damage is significantly lower in
wt mice than in SIRT3 mutant mice, probably by regulation of the glutathione ROS defense
system and by regulation of NADPH (41). These effects dare dependent on Sirt3
deacetylation and activation of isocitrate dehydrogenase (Idh2) (42), (43), Figure 6.

@ > naoeuf 3 GSH:GssG 4 - Ros., 3 aging‘

Figure 6: The effect of SIRT3 on ageing (summarized from (40), (35)).

1.1.4 SIRT4

SIRT4 is another mitochondrial Sirtuin with wide-ranging activity on insulin
signaling, lipid metabolism, TCA cycle, pyruvate metabolism and amino acid oxidation (44)
(45) (46) (47) (48). Main enzymatic function of SIRT4 is mono-ADP-ribosyl transferase
activity (44). Sirt4 is probably a negative regulator of gene transcription in fatty acids

oxidation (49).

Whether the Sirt4 also has some impact on lifespan or metabolism function was
focused study, where the flies lacking Sirt4 were compared to flies with overexpressed Sirt4
(50). As expected, flies overexpressing Sirt4 showed a life extension, and on the contrary,
Sirt4 knockout flies lived shorter time. Moreover, when the starvation assay was performed in
the same study, flies lacking Sirt4 were more sensitive in comparison to controls and Sirt4
overexpressed flies survived longer. Furthermore, Sirt4 knockout flies exhibited impaired
ability to use energy stores during fasting. These results confirmed a crucial role of Sirt4 in
metabolic changes and in lifespan (50). During the calorie restriction, SIRT4 inhibits

gluconeogenesis, oppositely as SIRT3, thereby Sirt4 inhibits insulin secretion (50).

1.1.5 SIRTS5

Last Sirtuin gene located in mitochondria is SIRTS, and its function is deacetylation
but more importantly demalonyation and desuccinylation (51). One of the targets of SIRTS,
CPS1 (carbamoyl phosphate synthetase 1), is involved in the urea cycle (52). During fasting,

amino acids are used as energy source, and the levels of NAD+ in liver mitochondria are
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increased. This activates SIRTS deacetylating CPS1 and adapting the organism to the increase
in amino acids catabolism. CPS1 is known for detoxification of excess ammonia and in its
deficiency leads to hyperammonemia, mental retardation and death (53). Thus, there is
a suggestion that SIRTS is crucial during ammonia detoxification and disposal by activating
CPSI1 (52) (54). These findings support the role of SIRTS in adaptation during metabolic
stress and highlight SIRTS as another possible target for treatment of metabolic disorders
(52).

1.1.6 SIRT6

Sirt6 is another nuclear Sirtuin. It is able to poly-ADP-ribosylate PARP-1 that leads to
an increase of PARP-1 activity and more efficient DNA repair (15). Deletion of SIRT6 can
result in transcriptional changes in hundreds of genes. Similarly to SIRT1, SIRT6 can
decrease the activity of NF-«B, via its interaction with the RelA subunits of NF-xB, and this
way it has an impact on gene expression of many genes, including genes contributing to cell

ageing and ageing of the organism in general (55) (56).

Mice with SIRT6 deletion were born weak and had various metabolic defects. After
reaching the age of 2 or 3 weeks, the mice showed age-related abnormalities (57). The
life-prolonging effect of SIRT6 was confirmed in male mice with SIRT6 overexpression in

brain, but it was not apparent in females (58) and Fig.7.
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Figure 7: Comparison of lifespan during high fat diet in wt mice and mice with SIRT6
overexpression in brain (SIRT6-tg). Statistical analysis proved a difference in both male
strains (strain 55 P=0,001, line 1018 P=0,04). There was no significant difference in female
mice (strain 55 P=0,924, strain 108 P=0,319). (58)

As mentioned before, caloric restriction has a positive impact on ageing in connection
to the SIRT1 gene. Light starvation induced not only SIRT1 activity but also SIRT6 levels
and in mice. Moreover, SIRT6 activity positively affects glucose homeostasis and genome
stability in general. SIRT6 is, therefore, one of the Sirtuins associated with lifespan extension

after mild overactivation (59).

1.1.7 SIRT7

The last member of Sirtuin family is SIRT7 that is present in nucleus. During mitosis
SIRT7 associates with condensed heterochromatin (60) (61). The enzymatic function of
SIRT7 is deacetylation, with histone H3K18 being a its typical substrate (62). Moreover,
SIRT7 is associated with active ribosomal RNA genes, and it binds to histones and RNA
polymerase I, in order to stimulate transcription (60). This role in transcriptional activation

contrasts with the silencing function of other Sirtuins (63).
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When the SIRT7 deletion was induced in mice, the inflammatory cardiomyopathy,
cardiac hypertrophy, fibrosis, hyperacetylation of p53, increased apoptosis and reduced
resistance to oxidative stress was developed. Besides, the transgene mice showed shorter
lifespan (figure 8) (64). SIRT7 might also work as an oncogene since the SIRT7 knockout
delays tumorigenicity (62).

- wildtype
== 37 -/}

% survival ik
23288535883

0.0 25 50 7.5 10.0 125 150 17.5 20.0
age month

Figure 8: Percentage of survival during the lifespan assay. Mean lifespan was decreased in
Sirt7 lacking mice in comparison to wt mice (64).

Developmental defects of Sirtuin knockout mice:

Iy nomal,
ivity, ATP levels
al protein acetylation

Figure 9: Mouse knockout models as tools for exploring Sirtuin function. The phenotypes of
Sirtuin KO mice include a reduction in median lifespan, ranging from a usual survival of days
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(SIRT1) to weeks (SIRT6) or months (SIRT7). In contrast, although biochemical phenotypes
have been reported, Sirt3”- and Sirt4”~ mice appear outwardly normal. Initial reports suggest
that Sirt5” mice also exhibit no obvious phenotype. Sirtl”- implies lethality only in inbred
genetic background (65).

Most of the Sirtuin knockout mice develop normally, but they display various
metabolic and physiological defects during their life. The phenotype of Sirtl knockout mice
depends on the genetic background, and it is lethal only in some of the inbred mice strains
(66). Whole-body deletion of SIRT1 leads to elevated prenatal death in inbred mice (67) (68).
The few pups born displayed marked cardiac and neurological problems, leading to death
very early in the postnatal period (67) (68). In order to bypass this situation, SIRT1 deletion
was performed in outbred mice. These mice were viable, but smaller, and displayed a marked

metabolic inefficiency (69) (66).

1.2 D. Melanogaster and Sirtuins

Sirtuins are highly conserved proteins located in various organisms from yeast to human.
From the phylogenetic aspect, Sirtuins are divided into several classes (I-IV and U) according
to their variations in a region close to the catalytic center of the protein (70). This is probably

the reason why Sirtuins differ in their localisation, function and target substrates (71) (61).

D. melanogaster, used in this thesis as a model organism, has conserved five genes of the
Sirtuin group, i.e. SIRT1, SIRT2, SIRT4, SIRT6 and SIRT7. Until now, only SIRTI1, 2 and 4

were studied in Drosophila.

1.2.1 SIRT1

There was used GAL4 drivers for overexpression of SIRT1 in a ubiquitous manner in the
experiment. This study showed a positive effect on Drosophila lifespan (figure 10) (72).
Moreover, another study supports the statement about SIRT1 and two positive effects on

lifespan in Drosophila (73).
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Figure 10: The survivorship of flies with SIRT1 overexpression induced by Tub-GAL4 driver
(red) compared with controls (blue). The increased was 29 % for females and 18 % for males
(72). The increase of lifespan mediated by Sirtl is only apparent on food that contains
relatively high amount of yeast (high caloric food) where Sirtl protects against the high
caloric diet induced shortening of lifespan (Benerjee, 2012).

Many threads of evidence refer to close relationship between Sirtuins and caloric
restriction (CR). According to the study (72), the level of Sir2 mRNA was increased in CR
Drosophila. However, no additive effect on life extension was observed in Sir2 overexpressed
Drosophila. Another study focused on the mobility of flies during CR showed a lower activity
of Sir2 mutant flies on a low-calorie diet in comparison to a high-calorie diet (74). Hence,
there is a suggestion that the increase in activity requires SIRT1 (74). Probably, the lower
activity of Sir2 mutant is caused by inefficient metabolism and possible damage of
mitochondrial function (75). As in mammals, the tumour suppressor gene p53 is a target of
Sir2 in Drosophila. Many studies suggest a crucial role of p53 in the ageing process in
mammals, likewise in Drosophila (76) (77). To sum up, p53 interacts with Sir2 and probably

with another component of this pathway and might be related to genotoxic stress (75).

On the contrary, there is a study proving no impact of Sir2 to lifespan in Drosophila (26).
This study aimed to exclude the possible effect of different genetic background or mutagenic
effects of transgene insertion which can confound the results of studies in ageing (78). For
overexpression GAL4, UAS binary system (EP-UAS-dSir2 with a ubiquitously-expressed
tubulin-GAL4 driver), as in original study (72). After outcrossing mentioned transgenes, the
white control Dahomey background was created. The assay was performed according to the
original study (72). Flies lived longer than wt controls. However, the results show the same
life longevity in both flies dSir2utub-GAL4 and dSir2/+ (figure 11). This indicates that
overexpression of Sir2 probably does not affect lifespan in Drosophila. The life extension in
the original study (72) was possibly caused by the transgene-linked genetic effect. Besides,

this study disproved the suggestion of resveratrol effect on lifespan (79), because there was
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no life extension observed in tested flies (26). Moreover, the relativity of caloric restriction,
life extension and Sir2 was tested too. All the tested genotypes acted normally. Therefore,

Sir2 is not probably required for the life extension caused by caloric restriction (26).
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Figure 11: Lifespan of wt flies, Sir2/tub-GAL4 and Sir2/+. Lifespan in flies over-expressing
dSir2EP2300 driven via tubulin-GAL4 (tub-GAL4) is longer than wild type, but not than the
tubulin-GAL4 /+ genetic control. Median lifespans: +/+ = 39 days, dSir2EP2300/tubulin-
GAL4 =59 days, dSir2EP2300/+ = 53 days, tubulin-GAL4 /+ = 60 days (26).

Fat body specific knockdown of SIRTI1 affects insulin signaling and metabolic
homeostasis; SIRT1 is a key component that links dietary inputs with organismal physiology
and survival (80). A recent study showed that SIRT1 not only plays an important role during
aging, but it also regulates lipid metabolism and obesity. Endurance exercise improved
climbing capacity, cardiac contraction, and Sirtl expression, it reduced body and heart
triacylglycerol levels, heart fibrillation and mortality of flies kept on high fat diet and also in
aging flies (81). Physical activity of flies lacking Sirtl is lower on low calorie food compared
to high caloric food (82). Similarly, increasing Sirtl activity by feeding flies resveratrol, a CR
mimetic, increased spontaneous physical activity of flies on high caloric food. In Drosophila,
spontaneous physical activity therefore closely mimics life span in its dependence on Sirtl
(82). Another work showed that loss of SIRT1 leads to age-progressive metabolic disease
with symptoms similar to those of type 2 diabetes (83). This study also provided a new
genetic model of insulin resistance in Drosophila and established HNF4 (hepatocyte nuclear

factor) as a critical downstream target in the Sir2 signaling pathway (83).
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SIRT1 is functionally closely connected to the FOXO transcription factor present in
mammals (20) and in Drosophila (84). Therefore, there was a hypothesis that FOXO mediates
the rescue of mitochondrial integrity and function induced by SIRT1 (85). The results showed
that the role of SIRT1 and FOXO are to suppress mitochondrial enlargement in dopaminergic
neurons during neuronal degeneration in Parkinson disease (85). Moreover, SIRT1 is involved
in mediating apoptotic cell death in Drosophila through activation of JNK and FOXO
pathways (84). Overexpression of SIRT1 induced cell death by caspase-dependent apoptosis
in the eye (84).

The ability of SIRT1 mutations to enhance PcG (Polycomb) mutant phenotypes and to
perturb PRE-mediated silencing indicates that SIRT1 plays a role in Polycomb silencing (86).
However, Drosophila SIRT1 mutants are viable under standard laboratory conditions, and
they do not exhibit obvious PcG phenotypes (86). This could be due to functional redundancy
between Sirtuins (12).

1.2.2 SIRT2

Complex V is a fifth mitochondrial respiratory subunit complex that stimulates ATP
biosynthesis (87). Impairment of mitochondrial respiration is strongly associated with aging
and pathology in neurodegenerative disorders, cardiovascular diseases, diabetes, and cancer
(87). Drosophila SIRT2 is an important regulator of mitochondrial function as it deacetylates
ATP synthase B, the catalytic subunit of respiratory complex V, and this way it makes the
complex more active (88). This study also suggests that ceramide increase affects NAD+
level and Sirtuin activity. Ceramide, a central intermediate in sphingolipid metabolism,
mediates many stress responses, and recent literature highlights that perturbations in ceramide
levels can affect glucose and fat metabolism (88). Moreover, the neuroprotective function of
SIRT2 was examined in models of Huntington’s disease (HD) in Drosophila (89). SIRT2 was
inhibited in genetic and pharmacological manner, and both inhibitors achieved significant

neuroprotection in HD flies (89).

1.2.3 SIRT4

Drosophila SIRT4 was also shown to impact lifespan (50). A transgenic fly
overexpressing Drosophila SIRT4 in the fat body were long-lived compared with genetically
matched controls. These findings demonstrate that increasing SIRT4 expression can extend

the lifespan in the fly and that this effect may be primarily mediated through SIRT4 actions in
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the fat body (50). Furthermore, this study also provides evidence that flies lacking SIRT4
were sensitive to starvation and died much sooner than the genetically matched wild-type
cohort (50). Conversely, the authors found that flies overexpressing SIRT4 were resistant to
starvation and able to survive longer than genetically matched uninduced controls in the
absence of food (50). These results suggest that Drosophila SIRT4 is responsive to nutritional
inputs and that it is important for mediating metabolic changes associated with fasting (50).
The results of this study also suggest that the impaired ability of the SIRT4 knockout flies to
resist starving is due to its problems to use up available energy stores, as the SIRT4 knockout
flies displays lower decay of total TAGs (triglycerides, primary form of energy storage in the
fly), glycogen, trehalose and glucose in comparison to the starving control (50). There is

a recent study indicating that Sir4 mutant is short lived independently on the type of diet (90).
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2 AIMS OF STUDY

In mammals, there are seven members of the Sirtuin family, where deletion of SIRT1 is
lethal, and deletion of SIRT6 and SIRT7 lead to developmental and phenotypic defects. As
noted before, Drosophila melanogaster has five members of the Sirtuin family. However,
none of the genes is lethal when knocked-out. This probably implies functional alternation of
an individual gene in a certain way. In mammals, nor fruit flies, there was not created an

organism missing all Sirtuin genes.

The aim of my thesis was

1. To create a Drosophila line lacking all five Sirtuin genes, by combination of strains

mutant for individual Sirtuins available in our lab.

2. To test the impact of combined mutations of all five Sirtuin genes on the Drosophila
development, on the lifespan of adult flies on high and low yeast diet, on weight of
adult flies and on their resistance to stress conditions in following assays:

e Chill coma recovery assay
e Starvation assay

e Oxidative stress resistance assay
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3 MATERIALS AND METHODS

3.1 Strains of used Drosophila melanogaster

Before setting up any experiments, we had to think about which control we should use as
to compare with our mutant. Individual strains of Drosophila can differ in their phenotypes
due to different genetic background. In the ideal case, we should clean the Sirtuin penta
mutant (Sirt”") into the selected wide type genetic background (for example by crossing to

VVlllS

strain for at least six generations) and only then perform our experiments. In our case,
however, this is almost impossible, because none of the Sirtuin mutants display an obvious
phenotype and the Sirt1?A7!!, Sirt69? and Sirt7¢!° mutations have no selection marker either
(they do not bear w+ allele). Consequently, the screening of flies during the cleaning process
would be tough and expensive. Therefore, we decided to compare our Sirt”~ mutant with

1118

several controls at once, including w'''®, yw and Oregon R strains. We hoped to identify a

robust phenotype of Sirt”- mutant that would differ from all the controls.

The CG18446 M102932 gerved as a positive / negative technical control because it was already
tested in our lab in most of the assays I performed (and therefore I knew which result to

expect if the assay was performed correctly).

Used strains:

e Sirtl 24711 — SIRTI coding region deleted, created by Xie and Golic, 2005

e Sirt2 38235 - SIRT2 coding region deleted, created by Xie and Golic, 2005

o Sirt4 “hie*l_ SIRT4 coding region deleted, created by Xie and Golic, 2005

e Sirt6 9 - 2 bp deletion close to the start of ORF, created by Crisper/Cas9
e Sirt7 41910 bp deletion close to the start of ORF, created by Crisper/Cas9

o Sirt258-235% Sirt692, Sirt7410 — triple mutant for SIRT2, SIRT6 and SIRT7 gene
created by Paraskevi Tziortzouda (91)

e Balancer — Sp/Cyo; Dr/TM3

o  Sirt4 Whitetl: Qirt]2A711: TM3/TM6

e  Sirt” - fly mutant for all 5 genes of the Sirtuin family

o  CG18446M102952 _transposon insertion close to the start of ORF in CG18446 gene
o w!!8(control)

e OregonR (OR, control)
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e yw (control)

3.2 Creation of D. melanogaster strain mutant for all genes of Sirtuin family

The Drosophila SIRT4 gene is located on the first chromosome, SIRT1 on the second
chromosome and SIRT2, SIRT6 and SIRT7 on the third chromosome. The very first step
towards the creation of Drosophila line mutant for all five Sirtuins was to create a strain with
the mutant alleles for Sirt2°8-235 Sirt6%? and Sirt7¢!° on one chromosome by meiotic
recombination. Bachelor student Paraskevi Tziortzouda and Aljosa Smajlic made the meiotic
recombination between Sirt2°8-235 and Sirt®?> and subsequently, de novo mutation of Sirt741?
was introduced using Crisp/Cas9 method (91). My thesis aimed to combine the mutations on

L., IL., III. chromosome and to create a Drosophila mutant for all five Sirtuins.

At first, the Sirt238-23 Sirt69? and Sirt79!° mutant was crossed with a double balancer
line (table 2) to collect males with curly wings and shortened hair on the scutum (+/Cyo;
Sirt28-235 Sirt692 and Sirt7¢1° / TM3). These males were then crossed with the females from
the Sirt4 whitetl: Sirt]12A711; TM3/TM6 stock that we already had in the lab. The presence of
both TM3 and TM6 balancers gives the fly a black colour of the body and homozygotes for
TM3 or TM6 are not viable. In the next generation, the males with curly wings and either
TM3 or TM6 balancers (Sirt4 White*l/y: Sirt]124711 /Cyo; Sirt258-235, Sirt6%2, Sirt7¢!% /TM3(6))
were crossed again with female Sirt4 “hit*1; Sirt]12A711; TM3/TM6. Final stock was established
by selecting either both TM3 male and TM3 female or TM6 male and TM6 female, to create
stable line with Sirt4 “hite*1; Sirt]2A711; Sirt258-235 | Sirt64? and Sirt7¢'%TM3(6) genotype (see
the crossing scheme in figure 12). In the next generation we selected flies with no balancers
and established a homozygous line Sirt4*hite*!; Sirt]12A711; Sirt258-235 | Sirt6??, Sirt741. In this

theses, we describe it by its shorter name as " Sirt”~".
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Table 2
BALANCER PHENOTYPE

Sb (stubble) | Shortened hair on the thorax, II. chromosome

Dr Reduced eyes, III. chromosome
Cyo Curly of oster, II. chromosome, curly wings
™3 Shortened hair on the scutum, III. chromosome

Shortened hair on the side of thorax, IIL
TM6
chromosome

4058235 G i Sp . Dr_
Sirt2%8-235, Sirt6e?, Sirt7¢10x ; T

Cyo
_+ . Sirt2%23 Sit62and Sirt79% x ¢ Sitd™*" sit1™""! . _TM3
Cyo ’ T™3 TM6
: L 2AT1
& Sirt4whlle+1 - Sirt1 . Sirt258-2-35 Sirt692 and Sirt7410 X @ Sirt4~hite+1; Sirt12A711  TM3
y ’ Cyo . TM3 (6) " TM6
—
i Sirt258-2-35 Sirt692 and Sirt7410 i . _oaztr Sirt258-2:35 Sit692 and Sirt7410
. hite+1, i 44 2A711 ’ . hite+1, .
Sirtd™", Sirt1 : ™3 6) X Sirtd™ ", Sirt1 : T™3E)

2A711

Sirt4"™*"; Sirt1

; Sirt258-235 Sirt6d2 and Sirt7410

Figure 12: Crossing scheme to make the Drosophila line with all five Sirtuin genes
mutated (Sirt4 “hite*l: Sirt12A711: Sirt238-2-35 | Sirt64? and Sirt741%). We describe the homozygous

stock as " Sirt” " in this thesis.
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3.3 Staging of flies for all experiments

To avoid the influence of nutrient availability and stress during development or the effect
of the age of the adults used for subsequent experiments, we bred all tested strains in strictly
regulated conditions. We tried to keep the same number of developing larvae in the flasks, the
same diet and and we used the same age of adults for all our experiments. We used 4-5 days

old adult flies for all subsequent assays.

All flies were bred at 25 °C on food of the following composition (Table 3):

Table 3. The composition of food we used to breed all our flies.

INGREDIENTS AMOUNT
water 900 ml
corn flour 80 g
sugar 75 ¢
instant yeasts 15¢g
agarose 4g
10 % Nipagin 20 ml

For the optimization of the number of larvae in each flask (to achieve similar larvae
density for all the lines we used) we used the following approach: First we set cages
containing approximately 250 adult females and 250 males, and we allowed the flies to lay

eggs to juice Petri dishes (Table 4), and we let them adjust to the cage conditions for 3 days.
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Table 4. The composition of juice plates used for collecting Drosophila eggs.

INGREDIENTS AMOUNT
water 1000 ml
100 % apple juice 300 ml
agarose 30g
10 % Nipagin 25 ml

The yeast paste (~ 1 tsp) was added on the top of the medium to attract the females to lay
eggs. Each 16 — 24 hours of egg laying the Petri dishes were changed for three days in order
to let the flies adjust to the cage conditions. The collection of egg for experimental flies took
place the fourth day. The plates were washed by phosphate buffer (PBS), eggs were carefully
brushed away by cotton wool brush and then poured into the 15ml tubes. After the egg settled
at the bottom of the tube, 32 pl of eggs were transferred to the fresh flask (table 3). In the case
of CG18446 MI02952 the amount had to be increased to 100 ul and in case of Sirt”" to 200 pl of
eggs in order to hatch similar number of larvae and collect similar number of adult flies
(empirically titrated). Flasks were kept at 25 °C incubator. The process of egg collection was
initiated one day earlier with Sirt”- because it took longer for the adults to emerge. After
9 - 10 days after transferring the eggs into the flasks (one day after emerging of adults) newly
emerged flies were removed and the flies emerged after that were allowed to mate for 48
hours. Two days old flies were separated according to sex under light CO2 anesthesia. We
were careful not to exceed the maximal time of anesthesia over 4 minutes to avoid the impact
of COz on the experiments. After the separation by sexes, the flies were stored in glass vials
(20 flies/vial). Next steps differed according to specific assay used and the procedures are

described later in the text.
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Figure 13: An example for the time scheme that we used for the staging process of flies for
our experiments.

3.4 Characterisation of Sirt™ flies in stress assays

3.4.1 Chill coma recovery assay

The male or female flies were transferred to vials with Drosophila food (table 3) that
were stored in 25 °C incubator in a horizontal position to prevent death of the flies by sticking
to the medium. The flies were allowed to rest for 48 hours to fully recovery from anesthesia.
Subsequently, the vials were inserted to a box with ice until all the flies fell into the chill
coma. Then the individual flies were carefully distributed to pre-cooled 96-wells plate by
tweezers. The plate was closed, covered with aluminum foil and buried into a box of ice that
was stored in a 6 °C cold room for 16 hours (92). After this time, we took the flies out of the
ice, spread them on a filter paper on room temperature and waited until they start to show
signs of recovery from the chill coma. A fly standing on its feet was counted as fully
recovered and the time of recovery was noted. If the fly did not recover by 90 minutes, it was

considered as dead. Experiment was performed in 4 biological replicates.
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3.4.2 Oxidative stress resistance assay

After separation of sexes the flies were transferred to vials containing the following diet
(Table 5):

Table 5: Composition of diet for oxidative stress assay.

INGREDIENTS AMOUNT
water 1000 ml
sugar 13¢g
agarose 10g

catalase inhibitor (3 — amino —

0,4204 g
1, 2, 4 — triazol)

At first, the catalase inhibitor 3 — amino — 1, 2, 4 — triazole (Sigma) was in 100 ml of distilled
water and subsequently added into the 900 ml of medium cooled to the 40 °C to prevent
quality damage of chemical. Vials with flies were stored in a horizontal position in 25 °C
incubator for 60 hours. After this time, the flies were flipped to vials containing a medium
with 3 — AMINO - 1, 2, 4 — TRIAZOL AND 0,5 % H0., to induce the oxidative stress
(Table 6). The H2O2 was added into the medium in the same manner as adding the catalase

inhibitor.

Table 6: Food medium used in oxidative stress assay.

INGREDIENTS AMOUNT
water 1000 ml
sugar 13 ¢
agarose 10g
30 % H20» 16,67 ml
3-amino-1,2,4-triazol 0,42 g
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Subsequently, the vials with flies were stored at 25 °C incubator, and every 2 hours the
fly mortality was recorded. In every recording, the position of vials was randomly changed to
avoid uneven heat effect of the incubator. Experiment was performed in 3 biological

replicates.

3.4.3 Starvation assay

After separation of sexes, the flies were transferred to vials containing 1 % agarose
(bacteriological agar, Amresco) for 6 hours to starve the flies and but to prevent the stress
possibly caused by thirst. Subsequently, the flies were flipped to vials with the usual food
(table 3) for 2 hours to achieve the make sure all the flies eat well before the starvation assay.
After this, flies were again transferred to vials with 1 % agarose and stored in 25 °C incubator
in a horizontal position. The fly mortality was recorded every 4 hours. The position of vials
was randomly changed during this time to avoid the uneven heat effect in the incubator.
Every second day, the flies were flipped to vials with fresh 1 % agarose to prevent deaths

caused by thirst. Experiment was performed in 4 biological replicates.

3.4.4 Assessing the flies' lifespan
After separation of sexes the flies were transferred to vials with two types of diet — high

yeast (50 %) and low yeast diet (2,5 %) as you can see in Table 7 and 8:

Table 7: High-yeast medium for lifespan assay.

INGREDIENTS AMOUNT

Water 1000 ml
Corn flour 86 g
sugar 50g
Instant yeasts 50g
agarose 6g
10 % Nipagin 20 ml
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Table 8: Low-yeast medium for lifespan assay.

INGREDIENTS AMOUNT
water 1000 ml
Corn flour 86 g
sugar 50g
Instant yeasts 25¢g
agarose 6g
10 % Nipagin 20 ml

Vials with flies were stored in 25 °C incubator in a horizontal position. The flies were
flipped to fresh medium every 2-3 days. Counting of the dead flies was performed every
flipping. In every observation, the position of vials was randomly changed to prevent uneven

heat effect of the incubator. Experiment was performed in 2 biological replicates.

3.4.5 Assessing the flies' dry body weight

The flies were distributed according to their sexes under light anesthesia and stored in
Eppendorf tubes, which were three times preweight individually for determination of their
weight without flies. The tubes were opened, and the neck of the tubes were secured with
a parafilm perforated by the needle in order to allow the water to escape during the drying
process. Samples were dried in a lyophilizer, and their weight was measured three times
again, and average value was calculated from the three measurements. The weight differences
of tubes after lyophilisation and empty tubes determined the dry weight of the flies. We
weight 50-100 flies of each genotype, and we calculated an average dry weight of one fly.

Experiment was performed in 3 biological replicates.
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3.4.6 Assessing the flies' fecundity and fertility

The flies were separated according to their sexes under light anesthesia. Thirty females
and fifteen males were selected and transferred to a small cage for each strain. Flies were
allowed to rest and lay eggs for two days in 25 °C incubator. Subsequently, the Petri dishes
with fly food (table 4) were changed every 4 hours (8:00, 12:00, 16:00 and 20:00) and the
eggs were counted. After 24 hours the larvae in the first instar were counted again in 4-hour

interval.

3.5 Verification of genotypes

Before the experiments started, we decided to verify the genotype of the Sirt” and
CG 18446 MI02952 gtrains. The verification was repeated several time during the cause of the
experiments. We used real-time PCR and sequencing to verify the presence of the desired

mutations.

3.5.1 Extraction of genomic DNA (Fly DNA miniprep)
1. 20 - 50 flies carefully squish in 250 pl H buffer (tube 1,6 ml)
2. add 15 pl of proteinase K (10 mg/ml) + 25 pl 10 % SDS
3. put samples in heat block 50 °C for 4 hours or overnight
4. cool down to room temperature and add 250 ul DEPC, 2x extract DNA in phenol:
chloroform: isoamyl alcohol (25:24:1)
i.  add 500 pl P:CH: TAA to the sample, mix with overturning
ii.  centrifuge 13 500 rpm/ 4‘/4 °C
iii.  Discard the supernatant (upper part) with DNA and go to the point i. moreover,
repeat
5. Extract DNA in chloroform: isoamyl alcohol (24:1)
i.  add 450 pl CH: TAA to the sample, mix with overturning
ii.  Centrifuge 13 500 rpm/4/4 °C
6. Transfer the supernatant to new tube and add NaAc (1/10 volume of supernatant = ca
15 pl) and 100 % EtOH (2x bigger volume than supernatant), lastly add ethanol,
precipitate DNA in -20 °C, overnight
7. Centrifuge 13 500 rpm/4‘/4 °C
8. Pour off the alcohol, centrifuge for a few seconds and carefully pour off the rest,

pellet = DNA, wash with 500 ul 70 % EtOH, centrifuge 13 500 rpm/4‘/4 °C, pour off

31



the alcohol, centrifuge for a few seconds, discard the rest carefully, let it dry, add

50 pl of DEPC and melt the pellet, incubation in 68 °C for 5 minutes

Table 9: Composition of H buffer
COMPOSITION VOLUME

160 mM saccharose 1,095 g
100 mM TRIS-CR (ph=8) | 2 ml
80 mM EDTA 3,2 ml

Distilled water 14,8 ml

Table 10: The recipe for 10 % SDS solution

COMPOSITION VOLUME

electrophoresis-grade 10g
SDS

Distilled water 90 ml

The procedure for H buffer: mix and heat to 68 % for the melting, set the pH to 7,2, add the

volume to 100 ml, sterilise with filtration

3.5.2 Verification of Sirtuin genes mutations
First, the extraction of DNA was performed (chapter 3.4.3) and either normal PCR or the
real-time quantitative PCR (rt-qPCR) was performed with the following primers:

o Sirt12A-7-11

SIRT1 sequence location: 21.:13,165,564-13,169,551 [+] (www.flybase.org)
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Primers inside the ORF of SIRT1 gene:

Sir2 ORFreals OK: GGA TGC ATG TGA TCT GAA CG (2L:13,168,358-
13,168,378)

Sir2 ORFreala OK: TAA TGC AGG CGG TTC TIT TC (2L:13,168,481-
13,168,501)

The Sir2?A7-11 allele is a deletion constructed using ends-out gene targeting method
(93). No PCR product should be amplified from Sir2?A-7-!! flies as they lack the whole
coding region of SIRT1.

Sirt258-235

SIRT2 sequence location: 3R:20,328,465-20,330,915 [+] (www.flybase.org)

CG5085-C1 (Fwd): GCC CCA GGC TAG TCT AAA TAG (3R:20,328,667-
20,328,687)

CG5085-C2 (Rev): GAA AGA AAG CTC GCG CTA TTA G (3R:20,330,028-
20,330,049)

The Sirt2382-35 is a deletion constructed in a similar manner as Sir2?A7-!1, by
ends-in gene targeting method (93). The primers are located at the edges of the
Sirt238-2-35 deletion; therefore, the products in mutant should be approximately 200 bp,
whereas in wild type it should be 1382 bp.

Sirt4 white+1

SIRT4 sequence location: X:5,664,628-5,665,940 [-] (www.flybase.org)

Sirt4 ORF s (Rev): GGG AGA TAACAAAACAATGCGTGTGG (X:5,665,858-
5,665,880)

Sirt4 ORF a (Fwd): GGG AGA AAAGTCCTCCAGCCGTTTG (X:5,665,746-
5,665,764)
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The Sirt4¥hite*! s a deletion constructed using ends-out gene targeting method. The
mini-white marker was not removed by Cre-mediated recombination (93). No PCR
product should be amplified from Sirt4*Mite*! flies as they lack the whole coding region
of SIRT4.

Sirt69

SIRT6 sequence location: 3R:10,255,349-10,261,849 [-] (www.flybase.org)

SIRT6 CRISPR ver s (Fwd): ACG TTG CAG GGA TTT TTG AC (3R:10,261,249-
10,261,268)

SIRT6 CRISPR a (Rev): TTT GTA GCG TTA CGG ATA CGG (3R:10,261,856-
10,261,878)

The primers surround the deletion made in SIRT6 gene coding region. The size
of the products will be very similar for Sirt6%?> mutated allele as well as for wild type
because the Sirt6%> mutation in the open reading frame comprises only 2 bp. We,

therefore, sequenced the PCR product in order to confirm the presence of the mutation.

Sirt 7910

SIRT7 sequence location: 3R:29,055,927-29,059,204 [+] (www.flybase.org)

SIRT7 CRISPR ver s (Fwd): GGA AGC GAG TCA TTC CTA CG (3R:29,055,871-
29,055,890)

SIRT7 CRISPR ver a (Rev): GCT TCT TGG TCG TCT TCA CC (3R: 29,056,606-
29,056,625)

The primers surround the deletion made in SIRT7 gene coding region. The size

of the products will be very similar for Sirt7¢!° mutated allele as well as for wild type
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because the Sirt7¢!° mutation in the open reading frame comprises only 10 bp. We,

therefore, sequenced the PCR product in order to confirm the presence of the mutation.

3.5.3 Verification of the CG18446 M102952 g]Je]e

o CG18446Mi02952 gequence location 2R: 9,871,470.9,873,646 [+] (www.flybase.org)

MiMIC REAL a: 5' CATGTTGGGTGAGGTGCTC 3'
MiMIC REAL s: 5' GCTGGTCAAGGAGATTCTGG 3'

The CG18446M102932 gllele is a transposon insertion close to the transcription start site
of the gene. The primers surround the inserted transposon MI02952. If the transposon is
present the product will not be created in rtqPCR reaction (product of ca 2000 bp)
(www.flybase.org). The product from wild type CG18446 gene should be 2115 bp long.

3.5.4 Quantitative real-time PCR

The standard curve was made in each run with each primer set, and it was based on 10-fold

dilution of genomic DNA from wild type flies.

1. Dilution of genomic DNA10x, 100x, 1 000x, 10 000x — take 27 pl distilled water and
3 pl of DNA, resuspend and transfer 3 pl from this tube to the new one with pre-
prepared 27 pl distilled water (for 100x diluted standard), repeat for 1 000x and
10 000x diluted standard.

2. Pipet all samples in duplicates (studied gene and normalisation gene CG16941)

3. Make a qPCR master mix, containing the following composition multiplied by number

of samples:
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Table 11 : Composition of rt-qPCR reaction per one sample

COMPOSITION VOLUME
Primer anti-sense 0,3 pl
Primer sense 0,3 pl
SYBR green S5ul
Distilled H20 3,9 ul
Sample DNA 0,5 pl

4. Vortex and centrifuge for 1 minute, distribute 9,5ul into each well of the 96 well PCR
plate

5. Add 0,5 nl DNA

6. Cover with plastic foil

7. Centrifuge 830 rcf/1 minute insert into the PCR machine (CFX96 Touch™ Real-Time
PCR Detection System, Bio Rad)

8. Run the following rtPCR protocol

Table 12 : Real time PCR protocol

Temperature Time Notes
1. Initial 95 °C 3 min
denaturation
2. Denaturation 94 °C 15s
3. Annealing, 57 °C 30s
extension, reading
the fluorescence
72 °C 30s To step 2, repeat
40x
57 °C 5s
95 °C 5s
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4 RESULTS

4.1 Creation of Sirt” line

The crosses for the creation of Sirt”~ were performed according to the scheme in
Materials and methods, and we successfully made the homozygous Sirt” line. The flies not
only survived in the homozygous state, but they were fully viable with no obvious

developmental defects.

4.2 Verification of Sirt-/- genotype

In order to verify the genotype of the Sirt” line, we performed a series of real time
quantitative PCR for verification of Sirt124-7-11 Sirt258-235 and Sirt4"h**! and we sequenced
the coding region of Sirt6%> and Sirt7¢!°, DNA from 50 flies was extracted, and quantitative
real-time PCR was run with primers described in the Method section. The verification was

performed several times during the cause of the experiments.

Verification of the Sirt124-7-11 mutation:

Using a primer pair that amplifies a region inside the ORF of SIRT1 gene (see material
and methods) no product will be created in rtqPCR reaction (as the whole coding region is
deleted in Sirt1?A711), To exclude the possibility that the lack of the SIRT1 PCR product was
only due to a poor quality of genomic DNA we also amplified another gene (CG16941) that is
present in two copies in the wild type diploid genome. We then calculated the ratio between
the amounts of SIRT1 and CG16941 products. There were three possible outcomes of this

calculation:

=> homozygotes Sirt1?A7!/  Sirt12A7"!  did not create any product with
Sir2 ORFreal OK primers, whereas products with CG16941 primers were
amplified. The ratio was close to 0.

=> heterozygote Sirt1?A7!!/+ created twice less product with ~Sirt]12A7!
Sir2 ORFreal OK primers (from only one copy of genomic DNA) than with
CG16941 primers (from both copies of genomic DNA), ratio 1:2

=> +/+ created equal amounts of product with Sirt1?A”!! Sir2 ORFreal OK primers
and with CG16941 primers, ratio 1:1
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Real time PCR results from one of the Sirt1247!1 verification are shown in Table 13.

Table 13: The real time PCR results from one of the verifications of Sirt1?A7!!  genotype.
Two bottles of Sirt 7~ were tested: old one where we spotted white eyed flies and presumed
contamination of the stock (Sirt "~ old), and a new bottle with non-contaminated Sirt
(Sirt - new). The correct stock should have the CG18446 MI02952:C(G16941 ratio close to 0.
The yw and w'!''® were also included in the real time verification, and their ratio to CG16941
should be close to 1.

Sample S.IRTl Average CG,I 6941 Average SIRT1/CG16941

primers primers

Sirt12A711 0,00000 0,05315
0,00002 ——— 0,04802 0,00047883

Sirt12A711 0,00005 0,04290

yw 0,09488 0,07753
0,07637 ——— 0,07540 1,012822391

yw 0,05786 0,07327

w 0,07556 0,06816
0,07628 —— 0,06816 1,119193177

w 0,07700 0,00000

Sirt 7 new 0,00000 0,07370
0,00002 —— 0,07193 0,000336703

Sirt 7 new 0,00005 0,07016

Sirt 7" old 0,08381 0,11086
0,07893 ——— 0,10156 0,777167317

Sirt /- old 0,07405 0,09227

Verification of Sirt4“hite*1 mytation:

Using a primer pair that amplifies a region inside the ORF of SIRT4 gene (see material
and methods) no product will be created in rtqPCR reaction (because the coding region of
SIRT4 is deleted in Sirt4"he*! mutation). To exclude the possibility that the lack of the SIRT4
PCR product was only due to a poor quality of genomic DNA we also amplified another gene
(CG16941) that is present in two copies in the wild type diploid genome. We then calculated
the ratio between the amounts of Sirt4“*l and CG16941 products. There were three

possible outcomes of this calculation:
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=>» homozygotes Sirt4"hi*1/ Sirt4“hit! did not create any product with Sirt4“hitet!
SIRT4 ORF primers, whereas products with CG16941 primers did not be
amplified. The ratio was close to 0.

=> heterozygote Sirt4"hie*l/+ created twice less product with Sirt4"hie*! SIRT4 ORF
primers (from only one copy of genomic DNA) than with CG16941 primers
(from both copies of genomic DNA), ratio 1:2

=> +/+ created equal amounts of product with Sirt4*hi*! SIRT4 ORF primers and
with CG16941 primers, ratio 1:1

Table 14: The real time PCR results from one of the verifications of Sirt4"he*! genotype. The
correct stock should have the Sirt":CG16941 ratio close to 0. As a positive control
CG18446M192932 wags used.

SIRT4 CG16941 .
Sample . Average . Average Ratio
primers primers
Sirt” 0,00008 0,09785
7,66E-05 ——— 0,101784 0,000753
Sirt’ 0,00008 0,10572
CG18446M02952 0,00285 0,00240
0,002756 ———— 0,002383 1,156507
CG18446M02952 0,00266 0,00236

Verification of Sirt258-2-35 mutation:

Using the C1, C2 primers that surround the region deleted in Sirt238-2-35 mutant (see
Materials and methods) a product will of ca 200 bp will be amplified. In wild type situation
(like in w1118 strain) the product will be 1382 bp. We run normal PCR reaction and

visualized the PCR product on an electrophoretic gel.
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Figure 14: PCR product from Sirt2°8-2-35 and w!!!® strain using C1 and C2 primers. The small
product amplified from Sirt238-2-3 flies indicates that they really bear the Sirt2382-3% mutation.

Verification of the Sirt6 92 and Sirt7 41 mutations:

Mutations of Sirt6%? and Sirt7¢!° were created by Crispr/Cas9 system and consist of
deletion of a small number of nucleotides close to the open reading frame of the genes,
causing a frameshift during translation. Consequently, there should be no functional protein
product. The region around the deletion was amplified by PCR and sequenced. The

sequencing results are shown in figure 15 and 16.

* o * * * *

ettt ~~A’I‘GMCTCCAACTMJGCGCATCGA’I"l‘GTCAGCCTACGACAACAACGGAATTTTGGGBGCAC 61
LLLELELEELELEIt [ I

1 AA’I‘AGACGC'I‘TTTGAAGTAGATCMACT’I"1‘TA’I’CAAACCATGAGCTGCAACTACGCGGA’I’GGA’I"I‘G’I‘CAGCCTACGACMCAAGGGMTTTTGGGAGCAC 100

* * * * * * * * * *

* * * * E * * * * »
62 e A e AL A S A G LA MNP CSEARCN mesivec A Moo d b 161
I CELELETTLTT | —_— RAARANRRARRNRY [ [

I
101 CAGAGAGTTTCGACAGCGATGAGGTTGTGGCC——mmmmmm = AGCAA’I’TGCCTGAAT'I‘GATCAAGAAATCGGGACACGT'I‘G’I‘CCTCCACACGGGAGCTCG 190

* * * * * * * * *

* * * * * * * * * *
162 GAT CAGTACGTCTGCMGAATTCCGGATTTCCGCGGACCCAAGGGCGTTTGGACCCTGGAGGAGAAGGGCGAGAAGCCGGACTTCAA’I‘GT’I"I‘CCTTCGA’I‘ 261

[T [T LEEETTTT LI [T | \
191 CA’Z‘CAGTACG’I‘C'I‘GCAGGAATTCCGGATTTCCGCCGACCCAAGGGCGT’I"I‘CGACCCTGGAGGAGAAGGGCGAGAAGCCGGACTTCAA’I‘G'I‘TTCCTTCGA’I‘ 290

* *

Figure 15: Sequencing of Sirt6% flies. Upper strand shows wild type SIRT6 sequence, lower
strand shows sequencing result from Sirt6%? flies.
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* *
Y o e e e e o e B R e e o R S ATGGAGAAGGATCTGGGTGA 20
LLEELLLLLLLEELL LT

201 GGATTCCACATCACAATTTCCCCTTCCTGGCTGCGGCGCATTTTATTTTGTCCCCGCATAATTGCCAATTGTGCCGGATCATGGAGAAGGATCTGGGTGA 300

* * * * * * * * * *

* * * * * * * * * *
21 GGAARAGGACCAGGATCAGGAGCAGAACACTGAGATGGAGCCCAAGCAGGAGATGCGACGTGGCCGCAGTCTTACATAACGCGGGCCAAGATGAATCCTGCC 120

COLECREERTELEE LR LG L L e E L LR L LT LR LR L L LT LT
301 GGAAAAGGACCAGGATCAGGAGCAGAWCACTGAGATGGAGCCCAAGC--GACATGGACCTCGCECAGTCTTACATAACCCGGECCAACATGAATCCTGCC 398
* * * * * * * * *

Figure 16: Sequencing of Sirt7% flies. Upper strand shows wild type SIRT7 sequence, lower
strand shows sequencing result from Sirt7d'? flies.

Verification of the CG18446M192952 myutation:

We used primers surrounding the location of transposon MI102952 insertion into gene
CG18446 (primers MiMIC REAL). If there the transposon is present the product will not be
created in rtqPCR reaction (product of ca 2000 bp). To exclude the possibility that the lack of
the CG18446 MI02952 PCR product was only due to a poor quality of genomic DNA we also
amplified another gene (CG16941) that must be present in two copies in the wild type diploid
genome. We then calculated the ratio between the amounts of CG18446 M102952 and CG16941

products. There were three possible outcomes of this calculation:

= homozygotes CG181446M102952/ CG181446M102%52 did not create any product
with CG18446 MIMIC REAL primers, whereas products with CG16941 primers
did not be amplified. The ratio was close to 0.

=> heterozygote CG18446 M02952/+ created twice less product with CG18446M102952
MIMIC REAL primers (from only one copy of genomic DNA) than with
CG16941 primers (from both copies of genomic DNA), ratio 1:2

= +/+ created equal amounts of product with CG18446M02952 MIMIC REAL
primers and with CG16941 primers, ratio 1:1

Table 15 shows a typical result from the real time PCR verification of CG18446M102932 g]ele.
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Table 15 The real time PCR results from one of the verifications of CG18446 MI102952
genotype. The correct stock should have the CG18446 M102952:CG16941 ratio close to 0.
yw strain was used as a positive control.

CG18446

Sample MI02952 Average CG16941 Pramér Ratio
CG18446 M102952 0,00033 0,20385
0,00078 ———— 0,21391 0,00364647
CG18446 M102952 0,00123 0,22397

Testing Sirt”- resistance to stress

As mentioned before at the beginning of this section, the fly lacking all Sirtuin gene was
fully viable. As Sirtuins are involved in whole range of metabolic regulations and also in ROS
generation, we decided to test if the Sirt”" flies become susceptible to various types of stress
conditions. We tested the flies in three types of stress: cold stress, starvation and oxidative

stress.

4.3 Cold stress tolerance

It is known that in temperatures close to 0 °C the chill coma is induced in Drosophila,
as it loses its ability to maintain resting muscle potential (94) (95). After the temperature
increase, most of the flies can recover from the coma without any obvious damage. However,
the chill coma and subsequent recovery cause immense energetic stress to the organism and
the recovery requires sufficient supplies of glycogen and fatty acids from fat body to the
peripheral tissues. These supplies must be mobilised on time, and they need to be allowed to
enter to the peripheral tissues. We wanted to test whether the Sirtuins could play a role in this

process.

Test of chill coma recovery assay was repeated four times. We used 4-5 days old flies in
every repetition, and the flies were kept each time under the same conditions (see Material
and methods). The 96-wells plates with flies were buried in the box of ice in the same depth
to maintain similar conditions for all repeats of the experiment. 120 adult males from every
strain were tested in each replicate of the experiment. Due to more complicated metabolism of

females (caused by laying eggs) only the males were tested in this assay.

As showed in Figure 17, Sirt” flies recovered earlier than two from three controls. For

statistical analysis, the unpaired t-test was utilised showing significant differences between
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OR and Sirt” or w and Sirt”". Difference between Sirt”- and yw was not significant, as was the

difference between w!!18 and CG18446 Ml02952 fljeg,

100 "1 : kK i
| p=0,062 | N
80 " AAAA .
’:\ AAA“AA“AA
5 s daih oo
S~— 60+ Hgm X
g ::'.:"::: ::: ’::0
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20 A A 0. 0000 ‘QO
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Figure 17: Recovery time of males after chill coma. Results combined from all 4 replicates of
the experiment and compared using unpaired t-test (**** p<0,0001). X stands for the median
of recovery time of each strain.
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Values from 4 biological replicates of chill coma recovery (CCR) assay.

a. significant difference between Sirt” and other controls (p >0,01), b. significant difference
between Sirt”- and OR and w!'''® (p >0,0001), difference between Sirt’” and yw was not
significant (p = 0,4177), c. significant difference between Sirt” and OR and w''®
(p >0,0001), difference between Sirt”~ and yw was not significant (p= 0,3403), d. significant
difference between Sirt”- and OR and w!''® (p >0,0001), difference between Sirt”~ and yw was
not significant (P = 0,3861). X stands for the median of recovery time.
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Figure 19: Chill coma recovery assay in the negative control CG18446M102952  Values from
all 4 biological replicates, compared using unpaired t-test (**** p <0,0001). X stands for the

median of recovery time.
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Figure 20: Graphs of 4 biological replicates of chill coma recovery (CCR) assay. Comparison
between negative control CG18466M102952 and w!!!8, Only significant difference occurred in
the first graph. X stands for the median of recovery time.

4.4 Oxidative stress

Due to the close relationship between Sirtuins and regulation of ROS mentioned
previously in the text, we decided to test the oxidative stress resistance of Sirt” flies.
Oxidative stress was induced by peroxide (0,5 % H20») added into the food after its cooling
to 40 °C. First, the inhibitor of catalase 3 — AMINO — 1, 2, 4 —- TRIAZOLE was added into to
diet to maximize of H>O; effect (96). Otherwise, the flies’ naturally expressed catalase would
decompose the hydrogen peroxide to water and molecular oxygen, thereby largely neutralised

the effects of H,Ox.
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Test of resistance against oxidative stress was repeated three times. There were 4-5 days
old flies in every repetition, and the flies were kept under the same conditions (see Material

and methods). 120 adult males from every strain of flies were chosen for experiment.

The hypothesis we had presumed a worse resistance to oxidative stress in Sirt™

mutants,
but it was not confirmed since Sirt”" did not differ from control (Fig. 21) and the median
values were analysed using unpaired t test (no significance, p > 0,05). The CG18446M102952
control was less resistant to oxidative stress, as expected (Fig. 21). However the significance

was not proven (p > 0,05, median values).

Oxidativestress 15.3.2019 Oxidative stress 22.3.2019
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Figure 21. The percentage of surviving males of individual fly strains during oxidative stress.
Three biological replicates.
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4.5 Starvation assay

During starvation, the organism switches its metabolism in order to utilize the energy
stores. It includes the use of fatty acids oxidation, leading to higher levels of acetyl coenzyme
A and subsequent formation of ketone bodies that can result in a decrease of ratio
NAD+/NADH (97). As to NAD+/NADH ratio closely influences Sirtuin function, the next
test chosen for the characterisation of our mutant flies was the test of resistance to starvation

(98).

Test of resistance in starvation was repeated four times. There were 4-5 days old flies in
every repetition, and the flies were kept under the same conditions (see Material and
methods). 120 adult males and 120 females from every strain of flies were chosen for each

biological replicate of the experiment.

We expected disrupted metabolism in Sirt”- mutants and thereby shorter time of survival
during starvation in comparison to control strains. However, this hypothesis was not
confirmed, since the results prove no significant differences (unpaired t test from median
values, p > 0,05). In the CG18446M102952 control, the time of survival was shorter as expected.
However, the significant difference was displayed only in males (unpaired t test from median

values, CG18446M102952 yg w118 p=2* n < (,01).

Starvation assay, female (24.3.2018) i Starvation assay, female (19.9.2018)
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Figure 22: Percentage of survivals of female flies under starvation. Graphs from 4 biological
replicates. Negative control CG18446M192952 survived the shortest time in all experiments as
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expected.
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Figure 23: Percentage of survivals of male flies under starvation. Graphs from all 4 biological
replicates. Negative control CG18446M192952 gurvived the shortest time in all experiments as
expected.

4.6 Lifespan

A 100 male individuals of each strain were used for testing lifespan. After distribution
under light anesthesia flies were transferred into the vials with fresh food either with high or
low amount of yeast (see Methods) and stored in 25 °C incubator. The position of vials was

randomised and changed with every counting od dead flies.

We expect shorter lifespan of Sirt” and CG18446 MI02%52 in comparison to control
strains. This experiment runs in duplicates, and the results will be discussed in defense of the
master’s thesis. At this moment, the control CG18446 M02952 ¢control appear to have shorter
lifespan than the rest of the strains (except OR). Sirt”~ shows shorter life span on both types of

diet. Current state of the results are shown in the Figure 24.
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Figure 24: Summary of the ongoing lifespan experiments. Percentage of surviving males on
two types of diet (low yeast and high yeast), graphs from 2 biological replicates (current
results). Sirt”™ implies shorter life span on high yeast diet. Final results will be available
during the defense of the thesis.

4.7 Weighting

We noticed immediately that the Sirt” flies were bigger than any of the control flies. We,

therefore, decided to assess their weight.

Two hundred individuals of the same sex, strain and age that were bred in the same
larvae density (see chapter Methods and materials) were inserted in a tube, lyophilized and

the dry weight of per fly calculated. The weighting was repeated in three biological replicates

-

We expected a higher weight of Sirt”" in comparison to control strains as the Sirt”

mutants seemed to be bigger. This presumption was confirmed (p < 0,0001). On the other
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hand, the CG18446M102%32 control flies had lower weight in comparison to w!!'!8 (p < 0,0001).

Unpaired t-test was used for statistical analysis.
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Figure 25: A. Average dry weight per female fly of indicated genotype. Values from 3
biological replicates. The significant difference were observed (**** p <0,0001, ** p<0,01).
x stands for average value. B. Average dry weight per male fly of indicated genotype. Values
from 3 biological replicates. The significant difference were observed (**** p < 0,0001, ***
p<0,001). x stands for average value.
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Figure 26: A. Average dry weight per female fly of indicated genotype. Values from
3 biological replicates. The significant difference were observed (**** p < 0,0001). x stands
for average value. B. Average dry weight per female fly of indicated genotype. Values from
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3 biological replicates. The significant difference were observed (**** p < 0,0001). x stands
for average value.

4.8 Fecundity and fertility

During the optimization of the staging process of the flies, we observed a lower number
of eggs laid by Sirt”" in comparison to control strains. When the equal number (32 ul) of eggs
was transferred from juice plates to flasks, the flasks with Sirt”~ had lower number of hatched
larvae and fewer adult flies. For those reasons we decided to count the number of eggs

(fecundity) and the number of hatched larvae (fertility) in Sirt”~ and other control strains.

Thirty females and fifteen males of every strain were distributed to small cages with
agar juice plates. After two days of adjusting period, the plates were changed four times in
24h, the number of laid eggs was recorded. The following day, the hatched larvae were

counted on the same plates.

We expected worse results in Sirt”” in comparison to control strain. This presumption
was confirmed (Figure 27), except comparison with yw strain (p=0,1193). The percentage of
laid eggs was statistically analyzed using unpaired t test (all values p <0,05). The

118 However, the

CG18446M192952 control no difference in fecundity in comparison to w
number of hatched larvae (fertility) was significantly lower for both Sirtl”- and for

CG18446M102952 (Fig, 28,29), reaching only 10 % of hatching success for Sirt1” flies.

These results suggests that Sirtl”- flies have not only problems to lay eggs but,
importantly, that the eggs have problem to develop into a larva. In future experiments it
would be interesting to test whether the unhatched eggs are simply not fertilized or whether
the development of the embryo arrests at certain stage of development. Nevertheless, from the
results of our stress assays it is obvious that despite problems with the Sirt”- fertility, those

eggs that eventually develop give rise to adults that are not severely affected.
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Figure 27: Number of eggs laid in 24 hours by 1 female in the cage. Graphs represent
averages from 2 biological replicates. A. Significant differences was displayed between Sirt”
and w!'® and OR (*, p < 0,05), no difference in comparison to yw strain, B. No significant
difference monitored between CG18446M192952 and w'!'¥ (p > 0,05). C + D. Data from each
experiment.
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Figure 29: Percentage of hatched larvae; Sirt”~ 6 %, CG18446M102%2 21,6 %, OR 67,4 %, yw
87,7 %, w18 87 %,
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S DISCUSSION

So far, neither in mammals nor in Drosophila anybody has created an organism lacking
all Sirtuin genes. The aim of our laboratory was to create such a fly and to characterize its
phenotype. After a demanding crossing procedure, the penta mutant fly (Sirt”) was
successfully created. We expected that Sirt”- will not be viable. To our surprise, however, the
fly was not only fully viable even with no obvious developmental defects (although with
decreased fecundity and fertility and with increased body weight). The arising question is,
why does the Drosophila have all five sirtuin genes if it is not essential for its life?
Furthermore, Sirtuin genes are conserved across many organism, from S. cerevisiae (1) to
humans (99) (12). If Sirtuins genes were redundant, they would probably vanish during
evolutionary development. These are only more reasons to think that flies lacking all Sirtuin
genes should either have problems during development or it should affect their responses
under stress conditions. The results of my thesis, however, show that this is not the case and
the phenotype of the sirtuin penta mutant (Sirt”") fly is only mild, in fact, milder than the

phenotype of the individual sirtuin mutants alone.

5.1.1 Knockout of Sirtuins results in heavier Drosophila adults

The first phenotypical characteristics that we have observed was the bigger size of Sirt”
flies in comparison to controls (w!''®, yw, OR). Therefore, we decided to weight the mutant
flies, and our presumption was confirmed (Fig 25). The bigger weight could be due to Sirt”
flies being obese or because of overactivation of pathways involved in the regulation of body

size, such as the mTOR or insulin pathway.

There is a lot of evidence connecting sirtuins to obesity (80) (100) and fatty acids
metabolism (101). Drosophila SIRT1 (dSir2) plays a pivotal role in the activation of PGC-1
and FOXO function via their NAD-dependent deacetylation, indicating that SIRT1 and
NAD-+ levels are associated with glucose metabolism (102) (103) (104). Total glucose and
triglyceride levels of SIRT1 were increased in mutant flies (Sir2?47'!) and decreased in flies
with SIRT1 overexpression, clearly showing that SIRT1 regulates fat metabolism (Fig. 30 and
(80)). However, no significant difference in the weight of Sir2?A7!! mutant flies was observed
in this study (80). A recent study has confirmed that SIRT1 acts in the fat body to maintain
insulin sensitivity and it regulates the expression of metabolic gene regulators such as dHNF4
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(hepatocyte nuclear factor 4 in Drosophila) (83). This study also showed that SIRT1 mutants
develops age-progressive symptoms of diabetes leading to obesity (83). We have not
measured directly the amount of lipids or other metabolites in the Sirt”~ flies, but we could
speculate that the phenotype of our Sirt”" flies could possibly be explained simply by the

effect of the Sir22A7!! mutation.

Controversly however, the mutant for SIRT7, was reported to have the opposite effect on
fat metabolism, as SIRT7 mutant flies had a lower level of TAGs than control strains (105)
(106). The overall bigger size of the Sirt”* flies could therefore be explained also by other
mechanisms than by affecting the amount of fats or glucose metabolites in the fly, for
example by the effect of sirtuins on mTOR or insulin signaling that are the master regulators

of cell and organismal size (107) (108) (109).
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Figure 30: A. Levels of TAGs in SIRT1 mutant (Sir2>A7'!), in whole-body induced Sirtl-
RNAi (pSw-tub-gal4>dSir2®NAi (+RU486)) and in control conditions. B. The deregulated fat
metabolism and increased triacylglycerol (TAG) levels were corroborated by oil red staining
of fat bodies of SIRT1 mutant flies (80).

5.1.2 Sirt” flies indicates poor fecundity, fertility and delayed development of adults
Another phenotype of Sirt” flies that we noticed immediately was their defects in
fecundity and fertility, thus lower number of laid eggs and subsequently lower number of

larvae. The larval development lasted one day longer than that of any other control strains we
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used. Moreover, it took a longer time for the Sirt”" flies to emerge in comparison to controls.
We speculate that this might have associations with the increased body weight, as a result of
poor ability to release energy reserves like triglyceride (lipid) (110) (111) and glycogen
(glucose) (112) from the stores in order to support the larval development. Drosophila stores
release chemical energy in the form of glycogen and lipids. Although glycogen accumulates
also in muscles (113), the main storage organ for both carbohydrates and lipids is the fat body
(114). Above mentioned study (80) showed that besides the defects in fat body in SIRT1
mutant, there is no effect on the muscle tissue. In addition, the association between fertility
and SIRT4 was explored in recent study (50). Flies lacking SIRT4 in fat body displayed
decreased fertility, with 33% fewer eggs produced than wild-type controls on both high- and
low-calorie content food (50). We may speculate that the balance between storing and
releasing energy in Sirt” flies is shifted towards energy storage, and this could be the reason
for increased body size but also slower development and poor fecundity and fertility. The
poor egg hatching could simply be explained by problems with egg fertilization, either due to
improper development of sperms or the eggs. As SIRT6 and SIRT7 are expressed most
abundantly in the ovary, their mutations could be responsible for the fertility problems of

Sirt” flies.

5.1.3 Sirt”" do not show changes in the resistance to starvation

In connection to poor energy management of individual Sirtuin mutants and presumably
also of Sirt”~ flies, we expected premature deaths of Sirt” mutants in starvation assay.
Nevertheless, Sirt” flies survived approximately as long as other control strains in our
experiments. In mammals, SIRT1 mediated transcription of genes involved in metabolic
homeostasis during starvation (115) (19) (116). In support of this observation, another study
showed that SIRT1 activity increases in response to starvation and its absence decreases
starvation resistance in Drosophila (80). Further, Drosophila SIRT1 is a critical factor in fat
mobilization from the fat body during starvation. Flies mutant for SIRT1 in the fat body failed
to mobilize energy reserves that negatively affected their starvation surviving (80).The
long-lived Methuselah mutants have increased starvation resistance coinciding with increase
in their fat stores (117). Also, there was a study selecting Drosophila strains based on their
increased starvation resistance that correlated with increased fat storage (118) (119). From
these reasons, we expected lower survival of Sirt”" during starvation. On the other hand,

however, there is also evidence of starvation resistant fly lines with reduced body fat stores
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(120). These findings indicate that increase in body fat may or may not affect the starvation

survival.

Further, other sirtuins can affect the Drosophila metabolism during starvation. Flies with
downregulation of SIRT4 in a fat body exhibit impaired ability to use energy stores during
fasting, similarly to SIRT1 mutant (50). Sensitivity to starvation could be caused by
differences in total energy stores; rates of synthesis, mobilization, or catabolism of energy
stores; or a combination of these factors. Drosophila SIRT4 mutant flies show moderately
higher level of TAGs. In this study (50), the maintenance of energy resources (TAGs,
glycogen, trehalose, glucose) during fasting were measured (Fig 31). Drosophila SIRT4
knockout flies starved more rapidly and consistently maintained higher levels of energy
storage metabolites during fasting, indicating that they may suffer from an inability to
properly catabolize energy reserves during periods of fasting (50). However, despite the fact
that Sirt”- flies do not have SIRTI and SIRT4 they do not show significant changes in the
resistance to starvation. This indicates that the Sirt”- flies do not simply phenocopy the sum of

phenotypes from the individual Sirtuin mutants.
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Figure 31 : Levels of energy storage metabolites in Drosophila SIRT4 (dSIRT4) fat body
specific knockout (KO) flies during fasting. (A) TAG levels in control (black) and dSirt4 KO
(red) male flies, (B) levels of glycogen, (C) levels of trehalose, (D) levels of glucose (50).
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5.1.4 Sirt’ flies can cope well with H20z-induced oxidative stress

Due to our initial observations (weight, fertility, fecundity, development), we anticipated
that Sirt”~ flies may have some metabolic defects, and therefore it may also produce more
ROS, as it is the case of mutants for SIRT1 or SIRT2. Besides that, there is an evidence that
obesity and higher level of ROS (reactive oxygen species) could have a negative effect on
performance in stress assays (121) (122) (123). On the other hands, longevity models of
Drosophila (TOR (124), IIS (125), Methuselah mutants (126)), that are also obese, have
increased resistance to paraquat, a commonly used to evoke oxidative stress. These findings
speculates on a potential antioxidant role of the lipid droplets in these long-lived obese flies
(127). The function of sirtuins is associated with protection against oxidative stress and
decrease of ROS levels. Moreover, the oxidative stress damages of DNA can result in
acetylation of p53 and thereby, induce cellular senescence. As mentioned before in the text,
pS3 is also in close relationship with sirtuins. Another study showed that oxidative stress
induced by H2O», as in our experiment, leads to depletion of NAD™ resources and to decrease
in sirtuin activity (128). This is next reason, why we expected mutant flies Sirt”" to have lower
resistance under the oxidative stress. Nonetheless, no differences were observed in

comparison to controls.

5.1.5 Sirt’ flies recovered from chill coma slightly earlier

Only little is known about the cold stress tolerance and Sirtuins in Drosophila. However,
the expression of mammalian SIRT3 is increased when exposed to the cold (37) (129). The
closest homologue of the mammalian SIRT3 is Drosophila SIRT2 according to the BLAST
(Basic Local Alignment Search Tool) searches. Nevertheless, there is no evidence about the
connection of Drosophila SIRT2 with cold stress. In our cold stress tolerance assay we
expected that Sirt” flies might have higher amount of circulating glucose (as SIRT1 mutant
alone), and therefore they could recover from chill coma earlier than control strains (although
the release of the energy from the fat body might be negatively affected, as we discuss in the
above sections). Interestingly, Sirt”- mutants really recovered from chill coma slightly earlier
but only when compared to two of the three control strains. The results of this assay,

therefore, cannot be unequivocally interpreted.
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5.1.6 Sirt’- implies to be short-lived on high yeast diet

In Drosophila, overexpression of SIRT1 extended the lifespan on high caloric (high
yeast) diet (72) (130) although earlier studies without properly controlled genetic background
showed shortened lifespan (131). The overexpression of Drosophila SIRT1 in the
pan-neuronal cells or fat body extended the lifespan, but the SIRT1 induction in motoneuron
or muscles had no effect on the lifespan (72) (130). These findings imply that the life
extension is tissue-specific. Furthermore, the overexpression of Drosophila SIRT4 in the
whole body or in the fat body results in lifespan extension and increase the resistance to
starvation (50). Male, but not female, transgenic mice overexpressing SIRT6 have
a significantly longer lifespan than wild-type mice, but the role of SIRT6 in Drosophila
has not yet been investigated (58).

Moreover, several selection experiments revealed the existence of a genetically based
variation in the fat metabolism and lifespan, suggesting that the fat storage and longevity

could be controlled by analogous principle (132) (133) (118) (119).

According to these studies, we expect Sirt’- flies to have shortened lifespan in
comparison to control strains. Current results are showing a trend towards life shortening on

both types of diet. The final results will be available during the defense of the thesis.

5.1.7 What comes next?

One of the possible caveats connected with Sirt” flies is he fact that we can not strictly
control the genetic background. Many studies has been doubted due to different genetic
background that affected the phenotype of the gene under investigation (72) (26) (134) (135).
The stock was created by a complicated crossing scheme, and therefore its genetic
background is not easily defined. This could be rectified in our case by cleaning the Sirt”" into
the selected wild type genetic background, such as crossing it to w1118 strain for at least six
generations. However, this would be very difficult since none of the Sirtuins mutants display
an obvious phenotype and the Sirt1?A7!! Sirt2382-35 Sirt69? and Sirt79!° mutations have no
selection marker either (they do not bear w+ allele or similar marker). From this reason, we
decided to compare our penta mutant (Sirt”") to several controls at once. It would certainly be

useful to try to clean the genetic background of Sirt”~ in some way in the future and see if
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some minor phenotypic differences become more obvious in comparison to a genetically

matched control.

Further, we can not exclude the possibility that the small deletions in SIRT69% and
SIRT7919 created by Crispr/Cas9 may not fully prevent reinitiating of translation later in the
transcript. It is, therefore, possible that the protein product of SIRT6 and SIRT7 is still
created, although in a limited manner. As mentioned before, the sirtuins have overlapping
function (CIT). Thus, SIRT6 and SIRT7 could alternate some function of other knockout
sirtuins. The SIRT6 and SIRT7 genes in Drosophila were not explored yet. However, mutants
made in our lab did not display any defects (unpublished data). To test whether a protein
product is created from the SIRT6% and SIRT7¢!° transcripts we would need antibodies
against Drosophila SIRT6 and SIRT7 gene that are however not available. Without
performing a western blot with SIRT6 and SIRT7 specific antibodies, we can not be sure

whether the SIRT692 and SIRT74190 alleles are loss of function.

An important line of future research of Sirt”" strain would be to measure its metabolic
parameters, such as the levels of TAGs, DAGs, glycogen, trehalose or glucose. This approach
could again be difficult to properly interpret without having the Sirt” in a clean genetic
background. Nevertheless, it would be interesting to see if there are at all any metabolic
changes in Sirt”" flies or whether the metabolic changes occur but do not have any significant

impact on the Sirt”" resistance in stress assays.

60



6 Bibliography

(M
2

3)

“)

)

(6)

(7

®)

©)

(10)

(11

(12)

(13)
(14)

(15)

KLAR, A, S FOGEL a K MACLEOD. MAR 1—a Regulator of the HMa and HMa Loci
in SACCHAROMYCES CEREVISIAE. Genetics. 1979, 1979(931, 37-50.

SHORE, D., M. SQUIRE a K. NASMYTH. Characterization of two genes required for
the position-effect control of yeast mating-type genes. EMBO J. 1984, 1984(1312,
2817-2823.

SINCLAIR, David a Leonard GUARENTE. Extrachromosomal rDNA Circles— A
Cause of Aging in Yeast. Cell. 1997, 91(7), 1033-1042. DOI: 10.1016/S0092-
8674(00)80493-6. ISSN 00928674.

SHORE, D. The Sir2 protein family: A novel deacetylase for gene silencing and more.
Proceedings of the National Academy of Sciences. 2000, 97(26), 14030-14032. DOI:
10.1073/pnas.011506198. ISSN 0027-8424.

TENNEN, Ruth a Katrin CHUA. Chromatin regulation and genome maintenance by
mammalian SIRT6. Trends in Biochemical Sciences. 2011, 36(1), 39-46. DOI:
10.1016/j.tibs.2010.07.009. ISSN 09680004.

IMALI, Shin-ichiro a Leonard GUARENTE. It takes two to tango: NAD and sirtuins in
aging/longevity control. Npj Aging and Mechanisms of Disease. 2016, 2(1). DOI:
10.1038/npjamd.2016.17. ISSN 2056-3973.

IMALI, Shin-ichiro a Leonard GUARENTE. NAD and sirtuins in aging and disease.
Trends in Cell Biology. 2014, 24(8), 464-471. DOI: 10.1016/j.tcb.2014.04.002. ISSN
09628924.

LIN, S.-J. Calorie restriction extends yeast life span by lowering the level of NADH.
2004, 18(1), 12-16. DOI: 10.1101/gad.1164804. ISSN 0890-9369.

BALAN, Vitaly, Gregory MILLER, Ludmila KAPLUN et al. Life Span Extension and
Neuronal Cell Protection by Drosophila Nicotinamidase. Journal of Biological
Chemistry. 2008, 283(41), 27810-27819. DOI: 10.1074/jbc.M804681200. ISSN 0021-
9258.

WEINDRUCH, Richard, Roy WALFORD, Suzanne FLIGIEL a Donald GUTHRIE.
The Retardation of Aging in Mice by Dietary Restriction: Longevity, Cancer, Immunity
and Lifetime Energy Intake. The Journal of Nutrition. 1986, 116(4), 641-654. DOI:
10.1093/jn/116.4.641. ISSN 0022-3166.

YANG, Hongying, Tianle YANG, Joseph BAUR et al. Nutrient-Sensitive
Mitochondrial NAD Levels Dictate Cell Survival. Cell. 2007, 130(6), 1095-1107. DOI:
10.1016/j.cell.2007.07.035. ISSN 00928674.

FRYE, Roy. Phylogenetic Classification of Prokaryotic and Eukaryotic Sir2-like
Proteins. Biochemical and Biophysical Research Communications. 2000, 273(2), 793-
798. DOI: 10.1177/1947601913484496. ISSN 0006291X.

LEE, J. a W. GU. SIRTI: Regulator of p53 Deacetylation. 2013, 4(3-4), 112-117. DOI:
10.1177/1947601913484496. ISSN 1947-6019.

BROOKS, Christopher a Wei GU. How does SIRT1 affect metabolism, senescence and
cancer?. Nature Reviews Cancer. 2009, 9(2), 123-128. DOI: 10.1038/nrc2562. ISSN
1474-175X.

MORRIS, Brian. Seven sirtuins for seven deadly diseases ofaging. Free Radical
Biology and Medicine. 2013, 56, 133-171. DOI: 10.1016/j.freeradbiomed.2012.10.525.

61



(16)

(17

(18)

(19)

(20)

@2y

(22)

(23)

24

(25)

(26)

27

(28)

29)

ISSN 08915849.

GRABOWSKA, Wioleta, Ewa SIKORA a Anna BIELAK-ZMIJEWSKA. Sirtuins, a
promising target in slowing down the ageing process. Biogerontology. 2017, 18(4),
447-476. DOI: 10.1007/s10522-017-9685-9. ISSN 1389-5729.

YU, Qing, Lin DONG, Yan LI a Gaungwei LIU. SIRT1 and HIFla signaling in
metabolism and immune responses. Cancer Letters. 2018, 418, 20-26. DOL:
10.1016/j.canlet.2017.12.035. ISSN 03043835.

BRAUNSTEIN, M., R. SOBEL, C. ALLIS, B. TURNER a J. BROACH. Efficient
transcriptional silencing in Saccharomyces cerevisiae requires a heterochromatin
histone acetylation pattern. Mol Cell Biol. 1996, 1996(168, 4349-4356.

RODGERS, Joseph, Carlos LERIN, Wilhelm HAAS, Steven GYGI, Bruce
SPIEGELMAN a Pere PUIGSERVER. Nutrient control of glucose homeostasis through
a complex of PGC-1a and SIRT1. Nature. 2005, 434(7029), 113-118. DOI:
10.1038/nature03354. ISSN 0028-0836.

BRUNET, A. Stress-Dependent Regulation of FOXO Transcription Factors by the
SIRT1 Deacetylase. Science. 2004, 303(5666), 2011-2015. DOI:
10.1126/science.1094637. ISSN 0036-8075.

MAIR, William, Ianessa MORANTTE, Ana RODRIGUES, Gerard MANNING, Marc
MONTMINY, Reuben SHAW a Andrew DILLIN. Lifespan extension induced by
AMPK and calcineurin is mediated by CRTC-1 and CREB. Nature. 2011, 470(7334),
404-408. DOI: 10.1038/nature09706. ISSN 0028-0836.

CANTO, C. aJ. AUWERX. Targeting Sirtuin 1 to Improve Metabolism: All You Need
Is NAD ?. Pharmacological Reviews. 2011, 64(1), 166-187. DOI:
10.1124/pr.110.003905. ISSN 1521-0081.

TISSENBAUM, Heidi a Leonard GUARENTE. Increased dosage of a sir-2 gene
extends lifespan in Caenorhabditis elegans. Nature. 2001, 410(6825), 227-230. DOI:
10.1038/35065638. ISSN 0028-0836.

KAEBERLEIN, M., M. MCVEY a L. GUARENTE. The SIR2/3/4 complex and SIR2
alone promote longevity in Saccharomyces cerevisiae by two different mechanisms.
1999, 13(19), 2570-2580. DOI: 10.1101/gad.13.19.2570. ISSN 0890-9369.

HERRANZ, Daniel, Maribel MUiOZ-MARTIN, Marta CARAMERO, Francisca
MULERO, Barbara MARTINEZ-PASTOR, Oscar FERNANDEZ-CAPETILLO a
Manuel SERRANO. Sirtl improves healthy ageing and protects from metabolic
syndrome-associated cancer. Nature Communications. 2010, 1(1), 1-8. DOI:
10.1038/ncomms1001. ISSN 2041-1723.

BURNETT, Camilla, Sara VALENTINI, Filipe CABREIRO et al. Absence of effects of
Sir2 overexpression on lifespan in C. elegans and Drosophila. Nature. 2011, 477(7365),
482-485. DOI: 10.1038/nature10296. ISSN 0028-0836.

BORDONE, Laura, Dena COHEN, Ashley ROBINSON et al. SIRT1 transgenic mice
show phenotypes resembling calorie restriction. Aging Cell. 2007, 6(6), 759-767. DOI:
10.1111/5.1474-9726.2007.00335.x. ISSN 14749718.

BOSCH-PRESEGUE, L. a A. VAQUERO. The Dual Role of Sirtuins in Cancer. 2011,
2(6), 648-662. DOI: 10.1177/1947601911417862. ISSN 1947-6019.

KIM, Hyun-Seok, Athanassios VASSILOPOULOS, Rui-Hong WANG et al. SIRT2
Maintains Genome Integrity and Suppresses Tumorigenesis through Regulating APC/C
Activity. Cancer Cell. 2011, 20(4), 487-499. DOI: 10.1016/j.ccr.2011.09.004. ISSN
15356108.

62



(30)

€2))

(32)

(33)

(34)

(35)

(36)

(37

(38)

(39)

(40)

(41)

(42)

(43)

DAS, Chandrima, M. LUCIA, Kirk HANSEN a Jessica TYLER. CBP/p300-mediated
acetylation of histone H3 on lysine 56. Nature. 2009, 459(7243), 113-117. DOL:
10.1038/nature07861. ISSN 0028-0836.

BEIROWSKI, B., J. GUSTIN, S. ARMOUR et al. Sir-two-homolog 2 (Sirt2) modulates
peripheral myelination through polarity protein Par-3/atypical protein kinase C (aPKC)
signaling. Proceedings of the National Academy of Sciences. 2011, 108(43), 952-961.
DOI: 10.1073/pnas.1104969108. ISSN 0027-8424.

DE OLIVEIRA, Rita, Jana SARKANDER, Aleksey KAZANTSEV a Tiago OUTEIRO.
SIRT?2 as a Therapeutic Target for Age-Related Disorders. Frontiers in Pharmacology.
2012, 3. DOI: 10.3389/fphar.2012.00082. ISSN 1663-9812.

CHENG, Y, X REN, A GOWDA et al. Interaction of Sirt3 with OGGI contributes to
repair of mitochondrial DNA and protects from apoptotic cell death under oxidative
stress. 2013, 4(7), 731-731. DOI: 10.1038/cddis.2013.254. ISSN 2041-4889.

YU, Wei, Kristin DITTENHAFER-REED a John DENU. SIRT3 Protein Deacetylates
Isocitrate Dehydrogenase 2 (IDH2) and Regulates Mitochondrial Redox Status. Journal
of Biological Chemistry. 2012, 287(17), 14078-14086. DOI: 10.1074/jbc.M112.355206.
ISSN 0021-9258.

ANSARI, Aneesa, Md. RAHMAN, Subbroto SAHA, Forhad SAIKOT, Akash DEEP a
Ki-Hyun KIM. Function of the SIRT3 mitochondrial deacetylase in cellular physiology,
cancer, and neurodegenerative disease. Aging Cell. 2017, 16(1), 4-16. DOI:
10.1111/acel.12538. ISSN 14749718.

GUARENTE, Leonard. Mitochondria—A Nexus for Aging, Calorie Restriction, and
Sirtuins?. Cell. 2008, 132(2), 171-176. DOI: 10.1016/j.cell.2008.01.007. ISSN
00928674.

HIRSCHEY, Matthew, Tadahiro SHIMAZU, Eric GOETZMAN et al. SIRT3 regulates
mitochondrial fatty-acid oxidation by reversible enzyme deacetylation. Nature. 2010,
464(7285), 121-125. DOI: 10.1038/nature08778. ISSN 0028-0836.

WANG, Fei, Margaret NGUYEN, F. QIN a Qiang TONG. SIRT2 deacetylates
FOXO03a in response to oxidative stress and caloric restriction. Aging Cell. 2007, 6(4),
505-514. DOI: 10.1111/5.1474-9726.2007.00304.x. ISSN 14749718.

SCHWER, Bjoern, Mark ECKERSDORFF, Yu LI et al. Calorie restriction alters
mitochondrial protein acetylation. Aging Cell. 2009, 8(5), 604-606. DOI:
10.1111/5.1474-9726.2009.00503.x. ISSN 14749718.

SOHAL, Rajindar a Richard WEINDRUCH. Oxidative Stress, Caloric Restriction, and
Aging. Science. 1996, 5(2735271, 59-63.

JO, Seung-Hee, Mi-Kyung SON, Ho-Jin KOH et al. Control of Mitochondrial Redox
Balance and Cellular Defense against Oxidative Damage by Mitochondrial NADP -
dependent Isocitrate Dehydrogenase. Journal of Biological Chemistry. 2001, 276(19),
16168-16176. DOI: 10.1074/jbc.M010120200. ISSN 0021-9258.

SCHLICKER, Christine, Melanie GERTZ, Panagiotis PAPATHEODOROU, Barbara
KACHHOLZ, Christian BECKER a Clemens STEEGBORN. Substrates and
Regulation Mechanisms for the Human Mitochondrial Sirtuins Sirt3 and Sirt5. Journal
of Molecular Biology. 2008, 382(3), 790-801. DOI: 10.1016/j.jmb.2008.07.048. ISSN
00222836.

SOMEY A, Shinichi, Wei YU, William HALLOWS et al. Sirt3 Mediates Reduction of
Oxidative Damage and Prevention of Age-Related Hearing Loss under Caloric
Restriction. Cell. 2010, 143(5), 802-812. DOI: 10.1016/j.cell.2010.10.002. ISSN

63



(44)

(45)

(46)

(47)

(43)

(49)

(50)

(5D

(52)

(53)

(54)

(35)

(56)

(57)

00928674.

HAIGIS, Marcia, Raul MOSTOSLAVSKY, Kevin HAIGIS et al. SIRT4 Inhibits
Glutamate Dehydrogenase and Opposes the Effects of Calorie Restriction in Pancreatic
B Cells. Cell. 2006, 126(5), 941-954. DOI: 10.1016/j.cell.2006.06.057. ISSN 00928674.

AHUIJA, Nidhi, Bjoern SCHWER, Stefania CAROBBIO, David WALTREGNY, Brian
NORTH, Vincenzo CASTRONOVO, Pierre MAECHLER a Eric VERDIN. Regulation
of Insulin Secretion by SIRT4, a Mitochondrial ADP-ribosyltransferase. Journal of
Biological Chemistry. 2007, 282(46), 33583-33592. DOI: 10.1074/jbc.M705488200.
ISSN 0021-9258.

LAURENT, Gaélle, Natalie J. GERMAN, Asish K. SAHA et al. SIRT4 coordinates the
balance between lipid synthesis and catabolism by repressing malonyl CoA
decarboxylase. Molecular Cell. 2013, 50(5), 686-98. ISSN 10972765.

MATHIAS, Rommel A., Todd M. GRECO, Adam OBERSTEIN et al. Sirtuin 4 Is a
Lipoamidase Regulating Pyruvate Dehydrogenase Complex Activity. Cell. 2014,
159(7), 1615-1625. DOI: 10.1016/j.cell.2014.11.04. ISSN 00928674.

ANDERSON, Kiristin, Frank HUYNH, Kelsey FISHER-WELLMAN et al. SIRT4 Is a
Lysine Deacylase that Controls Leucine Metabolism and Insulin Secretion. Cell
Metabolism. 2017, 25(4), 838-855. DOI: 10.1016/j.cmet.2017.03.003. ISSN 15504131.

HOUTKOOPER, Riekelt, Eija PIRINEN a Johan AUWERX. Sirtuins as regulators of
metabolism and healthspan. Nature Reviews Molecular Cell Biology. 2012, 13(4), 225-
238. DOI: 10.1038/nrm3293. ISSN 1471-0072.

WOOD, Jason, Bjoern SCHWER, Priyan WICKREMESINGHE et al. Sirt4 is a
mitochondrial regulator of metabolism and lifespan in Drosophila melanogaster.
Proceedings of the National Academy of Sciences. 2018, 115(7), 1564-1569. DOI:
10.1073/pnas.1720673115. ISSN 0027-8424.

HE, Wenjuan, John NEWMAN, Margaret WANG, Linh HO a VERDIN. Mitochondrial
sirtuins: regulators of protein acylation and metabolism. Trends in endocrinology and
metabolism. 2012, 23(9), 467-76. DOI: 10.1016/j.tem.2012.07.004. ISSN 10432760.

NAKAGAWA, Takashi, David LOMB, Marcia HAIGIS a Leonard GUARENTE.
SIRTS5 Deacetylates Carbamoyl Phosphate Synthetase 1 and Regulates the Urea Cycle.
Cell. 2009, 137(3), 560-570. DOI: 10.1016/j.cell.2009.02.026. ISSN 00928674.

YEFIMENKO, Igor, Vicente FRESQUET, Clara MARCO-MARIN, Vicente RUBIO a
Javier CERVERA. Understanding Carbamoyl Phosphate Synthetase Deficiency: Impact
of Clinical Mutations on Enzyme Functionality. Journal of Molecular Biology. 2005,
349(1), 127-141. DOI: 10.1016/j.jmb.2005.03.078. ISSN 00222836.

PENG, Chao, Zhike LU, Zhongyu XIE et al. The First Identification of Lysine
Malonylation Substrates and Its Regulatory Enzyme. 2011, 10(12). DOI:
10.1074/mcp.M111.012658. ISSN 1535-9476.

KAWAHARA, Tiara, Eriko MICHISHITA, Adam ADLER et al. SIRT6 Links Histone
H3 Lysine 9 Deacetylation to NF-kB-Dependent Gene Expression and Organismal Life
Span. Cell. 2009, 136(1), 62-74. DOI: 10.1016/j.cell.2008.10.052. ISSN 00928674.
KAWAHARA, Tiara, Nicole RAPICAVOLI, Angela WU, Kun QU, Stephen QUAKE,
Howard CHANG a Jason LIEB. Dynamic Chromatin Localization of Sirt6 Shapes
Stress- and Aging-Related Transcriptional Networks. PLoS Genetics. 2011, 7(6). DOI:
10.1371/journal.pgen.1002153. ISSN 1553-7404.

MOSTOSLAVSKY, Raul, Katrin CHUA, David LOMBARD et al. Genomic Instability
and Aging-like Phenotype in the Absence of Mammalian SIRT6. Cell. 2006, 124(2),

64



(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

315-329. DOI: 10.1016/j.cell.2005.11.044. ISSN 00928674.

KANFI, Yariv, Shoshana NAIMAN, Gail AMIR, Victoria PESHTI, Guy ZINMAN,
Liat NAHUM, Ziv BAR-JOSEPH a Haim COHEN. The sirtuin SIRT6 regulates
lifespan in male mice. Nature. 2012, 483(7388), 218-221. DOI: 10.1038/nature10815.
ISSN 0028-0836.

KANFI, Yariv, Ronnie SHALMAN, Victoria PESHTI et al. Regulation of SIRT6
protein levels by nutrient availability. FEBS Letters. 2008, 582(5), 543-548. DOI:
10.1016/j.febslet.2008.01.019. ISSN 00145793.

FORD, E. Mammalian Sir2 homolog SIRT7 is an activator of RNA polymerase |
transcription. 2006, 20(9), 1075-1080. DOI: 10.1101/gad.1399706. ISSN 0890-9369.

MICHISHITA, Eriko, Jean PARK, Jenna BURNESKIS, J. BARRETT a Izumi
HORIKAWA. Evolutionarily Conserved and Nonconserved Cellular Localizations and
Functions of Human SIRT Proteins. Molecular Biology of the Cell. 2005, 16(10), 4623-
4635. DOI: 10.1091/mbc.e05-01-0033. ISSN 1059-1524.

BARBER, Matthew, Eriko MICHISHITA-KIOI, Yuanxin XI et al. SIRT7 links H3K18
deacetylation to maintenance of oncogenic transformation. Nature. 2012, 487(7405),
114-118. DOI: 10.1038/nature11043. ISSN 0028-0836.

MOAZED, Danesh. Enzymatic activities of Sir2 and chromatin silencing. Current
Opinion in Cell Biology. 2001, 13(2), 232-238. DOI: 10.1016/S0955-0674(00)00202-7.
ISSN 09550674.

VAKHRUSHEVA, Olesya, Christian SMOLKA, Praveen GAJAWADA, Sawa
KOSTIN, Thomas BOETTGER, Thomas KUBIN, Thomas BRAUN a Eva BOBER.
Sirt7 Increases Stress Resistance of Cardiomyocytes and Prevents Apoptosis and
Inflammatory Cardiomyopathy in Mice. Circulation Research. 2008, 102(6), 703-710.
DOI: 10.1161/CIRCRESAHA.107.164558. ISSN 0009-7330.

FINKEL, Toren, Chu-Xia DENG a Raul MOSTOSLAVSKY. Recent progress in the
biology and physiology of sirtuins. Nature. 2009, 460(7255), 587-591. DOI:
10.1038/nature08197. ISSN 0028-0836.

BOUTANT, Marie a Carles CANTO. SIRT1 metabolic actions: Integrating recent
advances from mouse models. Molecular Metabolism. 2014, 3(1), 5-18. DOI:
10.1016/j.molmet.2013.10.006. ISSN 22128778.

MCBURNEY, M., X. YANG, K. JARDINE, M. HIXON, K. BOEKELHEIDE, J.
WEBB, P. LANSDORP a M. LEMIEUX. The Mammalian SIR2 Protein Has a Role in

Embryogenesis and Gametogenesis. Molecular and Cellular Biology. 2003, 23(1), 38-
54.DOI: 10.1128/MCB.23.1.38-54.2003. ISSN 0270-7306.

CHENG, H.-L., R. MOSTOSLAVSKY, S. SAITO et al. Developmental defects and
p53 hyperacetylation in Sir2 homolog (SIRT1)-deficient mice. Proceedings of the
National Academy of Sciences. 2011, 100(19), 10794-10799. DOI:
10.1073/pnas.1934713100. ISSN 0027-8424.

BOILY, Gino, Erin SEIFERT, Lisa BEVILACQUA et al. SirT1 Regulates Energy

Metabolism and Response to Caloric Restriction in Mice. PLoS ONE. 2008, 3(3). DOI:
10.1371/journal.pone.0001759. ISSN 1932-6203.

BRACHMANN, C,J SHERMAN, S DEVINE, E CAMERON, L PILLUS a J BOEKE.
The SIR2 gene family, conserved from bacteria to humans, functions in silencing, cell
cycle progression, and chromosome stability. 1995, 9(23), 2888-2902. DOI:
10.1101/gad.9.23.2888. ISSN 0890-93609.

65



(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

BHEDA, Poonam, Hui JING, Cynthia WOLBERGER a Hening LIN. The Substrate
Specificity of Sirtuins. Annual Review of Biochemistry. 2016, 85(1), 405-429. DOLI:
10.1146/annurev-biochem-060815-014537. ISSN 0066-4154.

ROGINA, B. a S. HELFAND. Sir2 mediates longevity in the fly through a pathway
related to calorie restriction. Proceedings of the National Academy of Sciences. 2004,
101(45), 15998-16003. DOI: 10.1073/pnas.0404184101. ISSN 0027-8424.

PALLOS, Judit, Laszlo BODAI, Tamas LUKACSOVICH, Judith PURCELL, Joan
STEFFAN, Leslie THOMPSON a J. MARSH. Inhibition of specific HDACs and
sirtuins suppresses pathogenesis in a Drosophila model of Huntington’s disease. Human
Molecular Genetics. 2008, 17(23), 3767-3775. DOI: 10.1093/hmg/ddn273. ISSN 1460-
2083.

CHEN, D. Increase in Activity During Calorie Restriction Requires Sirt1. Science.
2005, 310(5754), 1641-1641. DOI: 10.1126/science.1118357. ISSN 0036-8075.

FRANKEL, Stewart, Tahereh ZIAFAZELI a Blanka ROGINA. DSir2 and longevity in
Drosophila. Experimental Gerontology. 2011, 46(5), 391-396. DOI:
10.1016/j.exger.2010.08.007. ISSN 05315565.

MAIER, B. Modulation of mammalian life span by the short isoform of p53. 2004,
18(3), 306-319. DOI: 10.1101/gad.1162404. ISSN 0890-9369.

WASKAR, Morris, Gary LANDIS, Jie SHEN et al. Drosophila melanogaster p53 has
developmental stage-specific and sex-specific effects on adult life span indicative of
sexual antagonistic pleiotropy. Aging. 2009, 1(11), 903-936. DOI:
10.18632/aging.100099. ISSN 1945-4589.

PARTRIDGE, Linda a David GEMS. Benchmarks for ageing studies. Nature. 2007,
450(7167), 165-167. DOI: 10.1038/450165a. ISSN 0028-0836.

WOOD, Jason, Blanka ROGINA, Siva LAVU, Konrad HOWITZ, Stephen HELFAND,
Marc TATAR a David SINCLAIR. Sirtuin activators mimic caloric restriction and
delay ageing in metazoans. Nature. 2004, 430(7000), 686-689. DOI:
10.1038/mature02789. ISSN 0028-0836.

BANERJEE, Kushal, Champakali AYYUB, Samudra SENGUPTA a Ullas
KOLTHUR-SEETHARAM. DSir2 deficiency in the fatbody, but not muscles, affects
systemic insulin signaling, fat mobilization and starvation survival in flies. Aging. 2012,
4(3), 206-223. DOI: 10.18632/aging.100435. ISSN 1945-4589.

WEN, Deng-Tai, Lan ZHENG, Fan YANG, Han-Zhe LI a Wen-Qi HOU. Endurance
exercise prevents high-fat-diet induced heart and mobility premature aging and
<i>dsir</i>2 expression decline in aging <i>Drosophila</i>. Oncotarget. 2018, 9(7).
DOI: 10.18632/oncotarget.23292. ISSN 1949-2553.

PARASHAR, Vijay a Blanka ROGINA. DSir2 mediates the increased spontaneous
physical activity in flies on calorie restriction. Aging. 2009, 1(6), 529-541. DOI:
10.18632/aging.100061. ISSN 1945-4589.

PALU, Rebecca, Carl THUMMEL a Seung KIM. Sir2 Acts through Hepatocyte
Nuclear Factor 4 to maintain insulin Signaling and Metabolic Homeostasis in
Drosophila. PLOS Genetics. 2016, 12(4). DOI: 10.1371/journal.pgen.1005978. ISSN
1553-7404.

GRISWOLD, A., K. CHANG, A. RUNKO, M. KNIGHT a K.-T. MIN. Sir2 mediates
apoptosis through JNK-dependent pathways in Drosophila. Proceedings of the National
Academy of Sciences. 2008, 105(25), 8673-8678. DOI: 10.1073/pnas.0803837105.
ISSN 0027-8424.

66



(85)

(86)

87

(88)

(89)

(90)

C2))

92)

93)

(94)

95)

(96)

7

KOH, Hyongjong, Hyunjin KIM, Min KIM, Jeehye PARK, Hye-Jeong LEE a
Jongkyeong CHUNG. Silent Information Regulator 2 (Sir2) and Forkhead Box O
(FOXO) Complement Mitochondrial Dysfunction and Dopaminergic Neuron Loss in
Drosophila PTEN-induced Kinase 1 ( PINK1 ) Null Mutant. Journal of Biological
Chemistry. 2012, 287(16), 12750-12758. DOI: 10.1074/jbc.M111.337907. ISSN 0021-
9258.

FURUYAMA, Takehito, Rakhee BANERIJEE, Thomas BREEN a Peter HARTE. SIR2
Is Required for Polycomb Silencing and Is Associated with an E(Z) Histone
Methyltransferase Complex. Current Biology. 2004, 14(20), 1812-1821. DOI:
10.1016/j.cub.2004.09.060. ISSN 09609822.

WALLACE, Douglas. A Mitochondrial Paradigm of Metabolic and Degenerative
Diseases, Aging, and Cancer: A Dawn for Evolutionary Medicine. Annual Review of
Genetics. 2005, 39(1), 359-407. DOI: 10.1146/annurev.genet.39.110304.095751. ISSN
0066-4197.

RAHMAN, Motiur, Niraj NIRALA, Alka SINGH et al. Drosophila Sirt2/mammalian
SIRT3 deacetylates ATP synthase B and regulates complex V activity. The Journal of
Cell Biology. 2014, 206(2), 289-305. DOI: 10.1083/jcb.201404118. ISSN 0021-9525.

LUTHI-CARTER, Ruth, David TAYLOR, Judit PALLOS et al. SIRT2 inhibition
achieves neuroprotection by decreasing sterol biosynthesis. Proceedings of the National
Academy of Sciences. 2010, 107(17), 7927-7932. DOI: 10.1073/pnas.1002924107.
ISSN 0027-8424.

PARIK, Sweta, Sandipan TEWARY, Champakali AYYUB a Ullas KOLTHUR-
SEETHARAM. Loss of mitochondrial SIRT4 shortens lifespan and leads to a decline in
physical activity. Journal of Biosciences. 2018, 43(2), 243-247. DOI: 10.1007/s12038-
018-9754-5. ISSN 0250-5991.

PARASKEVI, Tziortzouda. Creation of Drosophila melanogaster mutant for Sirt2 and
Sirt6 genes. Budweis, 2017. Bachelor thesis. University of South Bohemia in Budweis.
Vedouci prace RNDr. Alena Krej¢i, Ph.D.

JEAN DAVID, R., Patricia GIBERT, Eliane PLA, Georges PETAVY, Dev KARAN a
Brigitte MORETEAU. Cold stress tolerance in Drosophila: analysis of chill coma
recovery in D. Melanogaster. Journal of Thermal Biology. 1998, 23(5), 291-299. DOI:
10.1016/S0306-4565(98)00020-5. ISSN 03064565.

XIE, Heng a Kent GOLIC. Gene Deletions by Ends-In Targeting in Drosophila
melanogaster. Genetics. 2004, 168(3), 1477-1489. DOI: 10.1534/genetics.104.030882.
ISSN 0016-6731.

COLINET, Hervé, Siu LEE a Ary HOFFMANN. Temporal expression of heat shock
genes during cold stress and recovery from chill coma in adult Drosophila
melanogaster. FEBS Journal. 2010, 277(1), 174-185. DOI: 10.1111/j.1742-
4658.2009.07470.x. ISSN 1742464X.

HOSLER, Jay, John BURNS a Harald ESCH. Flight muscle resting potential and
species-specific differences in chill-coma. Journal of Insect Physiology. 2000, 46(5),
621-627. DOI: 10.1016/S0022-1910(99)00148-1. ISSN 00221910.

JINDRA, Marek, Ivana GAZIOVA, Mirka UHLIROVA, Masataka OKABE, Yasushi
HIROMI a Susumu HIROSE. Coactivator MBF1 preserves the redox-dependent AP-1
activity during oxidative stress in Drosophila. The EMBO Journal. 2004, 23(17), 3538-
3547. DOL: 10.1038/sj.emboj.7600356. ISSN 0261-4189.

ZHU, Chen-Tseh, David RAND a Lisa LYONS. A Hydrazine Coupled Cycling Assay

67



Validates the Decrease in Redox Ratio under Starvation in Drosophila. PLoS ONE.
2012, 7(10). DOI: 10.1371/journal.pone.0047584. ISSN 1932-6203.

(98) WILLIAMSON, D, Patricia LUND a H KREBS. The redox state of free nicotinamide-
adenine dinucleotide in the cytoplasm and mitochondria of rat liver. Biochem J. 1967,
1967(1032, 514-527.

(99) VAQUERO, Alejandro. The conserved role of sirtuins in chromatin regulation. The
International Journal of Developmental Biology. 2009, 53(2-3), 303-322. DOIL:
10.1387/ijdb.082675av. ISSN 0214-6282.

(100) REIS, Tania, Marc VAN GILST, Iswar HARIHARAN a Eric RULIFSON. A
Buoyancy-Based Screen of Drosophila Larvae for Fat-Storage Mutants Reveals a Role
for Sir2 in Coupling Fat Storage to Nutrient Availability. PLoS Genetics. 2010, 6(11).
DOI: 10.1371/journal.pgen.1001206. ISSN 1553-7404.

(101) PICARD, Frédéric, Martin KURTEV, Namjin CHUNG et al. Sirt] promotes fat
mobilization in white adipocytes by repressing PPAR-y. Nature. 2004, 429(6993), 771-
776. DOI: 10.1038/nature02583. ISSN 0028-0836.

(102) ARANY, Zoltan, Shi-Yin FOO, Yanhong MA et al. HIF-independent regulation of
VEGF and angiogenesis by the transcriptional coactivator PGC-1a. Nature. 2008,
451(7181), 1008-1012. DOI: 10.1038/nature06613. ISSN 0028-0836.

(103) JUNGER, Martin, Felix RINTELEN, Hugo STOCKER, Jonathan WASSERMAN,
Matyas VEGH, Thomas RADIMERSKI, Michael GREENBERG a Ernst HAFEN. The
Drosophila Forkhead transcription factor FOXO mediates the reduction in cell number
associated with reduced insulin signaling. Journal of Biology. 2003, 2(3), 20. DOI:
10.1186/1475-4924-2-20. ISSN 14754924.

(104) KOBAYASHI, Yosuke, Yoko FURUKAWA-HIBI, Chen CHEN, Yoshiyuki HORIO,
Kenichi ISOBE, Kyoji IKEDA a Noboru MOTOYAMA. SIRT]1 is critical regulator of
FOXO-mediated transcription in response to oxidative stress. International Journal of
Molecular Medicine. 2005. DOI: 10.3892/ijmm.16.2.237. ISSN 1107-3756.

(105) HIPKISS, Alan. Energy metabolism, altered proteins, sirtuins and ageing: converging
mechanisms?. Biogerontology. 2008, 9(1), 49-55. DOI: 10.1007/s10522-007-9110-x.
ISSN 1389-5729.

(106) JUMBO-LUCIONI, Patricia, Julien AYROLES, Michelle CHAMBERS, Katherine
JORDAN, Jeff LEIPS, Trudy MACKAY a Maria DE LUCA. Systems genetics analysis
of body weight and energy metabolism traits in Drosophila melanogaster. BMC
Genomics. 2010, 11(1), 297. DOI: 10.1186/1471-2164-11-297. ISSN 1471-2164.

(107) MAZUCANTI, Caio, Joao CABRAL-COSTA, Andrea VASCONCELOS, Diana
ANDREOTTI, Cristoforo SCAVONE a Elisa KAWAMOTO. Longevity Pathways
(mTOR, SIRT, Insulin/IGF-1) as Key Modulatory Targets on Aging and
Neurodegeneration. Current Topics in Medicinal Chemistry. 2015, 15(21), 2116-2138.
DOI: 10.2174/1568026615666150610125715. ISSN 15680266.

(108) PAN, Haihui a Toren FINKEL. Key proteins and pathways that regulate lifespan.
Journal of Biological Chemistry. 2017, 292(16), 6452-6460. DOI:
10.1074/jbc.R116.771915. ISSN 0021-9258.

(109) HONG, Sungki, Bin ZHAO, David LOMBARD, Diane FINGAR a Ken INOKI. Cross-
talk between Sirtuin and Mammalian Target of Rapamycin Complex 1 (mTORC1)
Signaling in the Regulation of S6 Kinase 1 (S6K1) Phosphorylation. Journal of
Biological Chemistry. 2014, 289(19), 13132-13141. DOI: 10.1074/jbc.M113.520734.
ISSN 0021-9258.

68



(110) STOUT, R.W., R W. HENRY a K.D. BUCHANAN. Triglyceride Metabolism in Acute
Starvation: The Role of Secretin and Glucagon. European Journal of Clinical
Investigation. 1976, 6(1), 179-185. DOI: 10.1111/j.1365-2362.1976.tb00509.x. ISSN
0014-2972.

(111) NEUMANN-HAEFELIN, C., A. BEHA, J. KUHLMANN et al. Diabetes. 2004, 53(3).
DOI: 10.2337/diabetes.53.3.528. ISSN 0012-1797.

(112) HEDESKOV, Carl a Kirsten CAPITO. The effect of starvation on insulin secretion and
glucose metabolism in mouse pancreatic islets. Biochemical Journal. 1974, 140(3),
423-433. DOI: 10.1042/bj1400423. ISSN 0264-6021.

(113) WIGGLESWORTH, J. The Utilization of Reserve Substances in Drosophila During
Flight. Journal of Experimental Biology. 1949, 1949(26), 150-163.

(114) YAMADA, Takayuki, Okiko HABARA, Hitomi KUBO a Takashi NISHIMURA. Fat
body glycogen serves as a metabolic safeguard for the maintenance of sugar levels in
Drosophila. Development. 2018, 145(6). DOI: 10.1242/dev.158865. ISSN 0950-1991.

(115) RODGERS, J. a P. PUIGSERVER. Fasting-dependent glucose and lipid metabolic
response through hepatic sirtuin 1. Proceedings of the National Academy of Sciences.
2007, 104(31), 12861-12866. DOI: 10.1073/pnas.0702509104. ISSN 0027-8424.

(116) BORDONE, Laura, Maria MOTTA, Frederic PICARD et al. Sirtl Regulates Insulin
Secretion by Repressing UCP2 in Pancreatic B Cells. PLoS Biology. 2005, 4(2), 31.
DOI: 10.1371/journal.pbio.0040031. ISSN 1545-7885.

(117) LIN, Y. Extended Life-Span and Stress Resistance in the Drosophila Mutant
methuselah. Science. 1998, 282(5390), 943-946. DOI: 10.1126/science.282.5390.943.

(118) BALDAL, Egon, Paul BRAKEFIELD a Bas ZWAAN. MULTITRAIT EVOLUTION
IN LINES OF DROSOPHILA MELANOGASTER SELECTED FOR INCREASED
STARVATION RESISTANCE: THE ROLE OF METABOLIC RATE AND
IMPLICATIONS FOR THE EVOLUTION OF LONGEVITY. Evolution. 2006, 60(7),
1435-1444. DOI: 10.1111/3.0014-3820.2006.tb01222.x. ISSN 00143820.

(119) HARSHMAN, , HOFFMANN a CLARK. Selection for starvation resistance in
Drosophila melanogaster : physiological correlates, enzyme activities and multiple
stress responses. Journal of Evolutionary Biology. 2001, 12(2), 370-379. DOI:
10.1046/j.1420-9101.1999.00024.x. ISSN 1010-061X.

(120) NASIRT MOGHADAM, Neda, Martin HOLMSTRUP, Tommaso MANENTI, Marie
BRANDT MOURIDSEN, Cino PERTOLDI, Volker LOESCHCKE a Jill
BETTINGER. The Role of Storage Lipids in the Relation between Fecundity,
Locomotor Activity, and Lifespan of Drosophila melanogaster Longevity-Selected and
Control Lines. PLOS ONE. 2015, 10(6). DOI: 10.1371/journal.pone.0130334. ISSN
1932-6203.

(121) HORVATH, Tamas, Zane ANDREWS a Sabrina DIANO. Fuel utilization by
hypothalamic neurons: roles for ROS. 2009, 20(2), 78-87. DOI:
10.1016/j.tem.2008.10.003. ISSN 10432760.

(122) FURUKAWA, Shigetada, Takuya FUJITA, Michio SHIMABUKURO et al. Increased
oxidative stress in obesity and its impact on metabolic syndrome. Journal of Clinical
Investigation. 2004, 114(12), 1752-1761. DOIL: 10.1172/JCI121625. ISSN 0021-9738.

(123) MLINAR, Barbara a Janja MARC. New insights into adipose tissue dysfunction in
insulin resistance. Clinical Chemistry and Laboratory Medicine (CCLM). 2011, 49(12).
DOI: 10.1515/CCLM.2011.697. ISSN 1437-4331.

69



(124) BJEDOV, Ivana, Janne TOIVONEN, Fiona KERR, Cathy SLACK, Jake JACOBSON,
Andrea FOLEY a Linda PARTRIDGE. Mechanisms of Life Span Extension by
Rapamycin in the Fruit Fly Drosophila melanogaster. Cell Metabolism. 2010, 11(1), 35-
46. DOI: 10.1016/j.cmet.2009.11.010. ISSN 15504131.

(125) BROUGHTON, S., M. PIPER, T. IKEYA et al. Longer lifespan, altered metabolism,
and stress resistance in Drosophila from ablation of cells making insulin-like ligands.
Proceedings of the National Academy of Sciences. 2005, 102(8), 3105-3110. DOI:
10.1073/pnas.0405775102. ISSN 0027-8424.

(126) SHUKLA, Arvind, Prakash PRAGY A, Hitesh CHAOUHAN, D.K. PATEL, M.Z.
ABDIN a Debapratim KAR CHOWDHURI. A mutation in Drosophila methuselah
resists paraquat induced Parkinson-like phenotypes. Neurobiology of Aging. 2014,
35(10), 24191-241916. DOI: 10.1016/j.neurobiolaging.2014.04.008. ISSN 01974580.

(127) BAILEY, Andrew P., Grielof KOSTER, Christelle GUILLERMIER, Elizabeth M. A.
HIRST, James I. MACRAE, Claude P. LECHENE, Anthony D. POSTLE a Alex P.
GOULD. Antioxidant Role for Lipid Droplets in a Stem Cell Niche of Drosophila. Cell.
2015, 163(2), 340-353. DOI: 10.1016/j.cell.2015.09.020. ISSN 00928674.

(128) FURUKAWA, Ayako, Sacko TADA-OIKAWA, Shosuke KAWANISHI a Shinji
OIKAWA. H<sub>2</sub>O<sub>2</sub> Accelerates Cellular Senescence by
Accumulation of Acetylated p53 via Decrease in the Function of SIRT1 by NAD<sup>
</sup> Depletion. Cellular Physiology and Biochemistry. 2006, 20(1-4), 045-054. DOI:
10.1159/000104152. ISSN 1015-8987.

(129) SHI, Tong, Fei WANG, Emily STIEREN et al. SIRT3, a Mitochondrial Sirtuin
Deacetylase, Regulates Mitochondrial Function and Thermogenesis in Brown
Adipocytes. Journal of Biological Chemistry. 2005, 280(14), 13560-13567. DOI:
10.1074/jbc.M414670200. ISSN 0021-9258.

(130) BANERJEE, Kushal Kr., Champakali AYYUB, Syed Zeeshan ALI, Vinesh MANDOT,
Nagaraj G. PRASAD a Ullas KOLTHUR-SEETHARAM. DSir2 in the Adult Fat Body,
but Not in Muscles, Regulates Life Span in a Diet-Dependent Manner. Cell Reports.
2012, 2(6), 1485-1491. ISSN 22111247.

(131) ASTROM, S, T CLINE a J RINE. The Drosophila melanogaster sir2+ Gene Is
Nonessential and Has Only Minor Effects on Position-Effect Variegation. Genetics.
2003, 2003(1633, 931-7.

(132) DJAWDAN, Minou, Tina SUGIYAMA, Lisa SCHLAEGER, Timothy BRADLEY a
Michael ROSE. Metabolic Aspects of the Trade-Off between Fecundity and Longevity
in Drosophila melanogaster. Physiological Zoology. 1996, 69(5), 1176-1195. DOI:
10.1086/physz001.69.5.30164252. ISSN 0031-935X.

(133) CHIPPINDALE, Adam, Armand LEROI, Sung KIM a Michael ROSE. Phenotypic
plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of
reproduction. Journal of Evolutionary Biology. 1993, 6(2), 171-193. DOI:
10.1046/5.1420-9101.1993.6020171.x. ISSN 1010-061X.

(134) PACHOLEC, Michelle, John BLEASDALE, Boris CHRUNYK et al. SRT1720,
SRT2183, SRT1460, and Resveratrol Are Not Direct Activators of SIRT1. Journal of
Biological Chemistry. 2010, 285(11), 8340-8351. DOI: 10.1074/jbc.M109.088682.
ISSN 0021-9258.

(135) KAEBERLEIN, Matt, Thomas MCDONAGH, Birgit HELTWEG et al. Substrate-

specific Activation of Sirtuins by Resveratrol. Journal of Biological Chemistry. 2005,
280(17), 17038-17045. DOI: 10.1074/jbc.M500655200. ISSN 0021-9258.

70



