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Abstract 
 
 

Ageing is the major risk factor for all age-related diseases such as cancer, diabetes, 
cardiovascular disorders, and neurodegenerative diseases. Moreover, the rate of ageing is 
controlled, at least to some extent, by genetic pathways and biochemical processes 
conserved in evolution. With age, there is a general loss of histones, global and local change 
in DNA methylation and an imbalance of activating and repressive histone modifications. 
The use of Drosophila melanogaster as a model to study ageing is well established and 
posses many advantages, such as a rich genetic toolbox. Therefore, I investigated whether 
and how chromatin status is associated with ageing in Drosophila, in specific through 
histone lysine methylation. In order to do so, I carried out an RNAi screen of many of the 
most relevant histone lysine methyltransferases and demethylases in flies. From this screen, 
I identified five longevity genes that, when downregulated by RNAi, can extend the lifespan. 
Thus, I successfully established a link between these specific chromatin modifiers with 
epigenetic changes and lifespan in Drosophila. Moreover, among these five genes, I further 
characterized two, Lsd1 an H3K4me1/me2 demethylase and Set1, and an H3K4me2/me3 
methyltransferase. In addition, I examined the long-lived flies for resistance to stresses such 
as starvation and oxidative stress, and measured their health through fecundity assays. 
Furthermore, I observed by western blotting that there was no change in global H3K4 
methylation levels in long-lived Lsd1 heterozygous flies, nor in long-lived flies in which Set1 
has been downregulated (~60%) in the intestine/gut fat body, suggesting that lifespan 
extension might result as a consequence from changes in specific loci and/or alterations in 
non-histone targets. Insulin/IGF-1 signalling (IIS), mTOR and RAS-ERK-ETS are highly 
evolutionary conserved longevity pathways in which many of the anti-ageing interventions 
converge. By ascertaining the levels of known markers of these pathways by western 
blotting in different tissues, I found that Lsd1 and Set1 longevity do not converge on the IIS, 
mTOR, or Ras-Erk-ETS pathways. Therefore, downregulation of Lsd1 and Set1 constitute a 
novel anti-ageing intervention in Drosophila, which could be combined with inhibitors of the 
aforementioned pathways for a more pronounced lifespan extension. Finally, I tested 
whether any relationship was discernible between the lifespan extension mediated by Lsd1 
and Set1 and genomic integrity. Interestingly, downregulation of Lsd1 and Set1 exhibited 
increased bleomycin resistance. Therefore, lifespan extension that results from 
downregulation of Lsd1 and Set1 might arise from changes in specific loci and/or alterations 
in non-histone targets, which might play a part in the DNA damage response triggered by 
double-strand breaks. 
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Impact Statement 
 
 

Major public health achievements such as sanitation and vaccination have determined a 
dramatic decline in morbidity and mortality from communicable diseases over the last 
century. These major achievements have enabled us to experience much longer lives and 
with great regularity for the first time the biological ageing of our bodies. However, while 
communicable diseases once killed us at young ages, today many more people live long 
enough for the disadvantage of experiencing chronic degenerative diseases. Nevertheless, 
a healthier and more productive ageing can and should be nurtured.   
 
The use of genetic tractable model organisms has enormously benefitted the ageing 
research in discovering genetic and pharmacologically interventions that are capable of 
increasing lifespan and healthspan. Remarkably, as of 2017 eight Nobel prizes had been 
awarded for research using Drosophila, which constitutes the best model organism for 
genetic studies. In addition, epigenetic dysregulation is a driver of ageing and cancer. 
Therefore, this thesis making use of Drosophila as model organism, provides some of the 
first evidence that alterations in epigenetic modifiers which are evolutionary conserved, can 
accelerate or decelerate the ageing process. In future, discoveries that arise from this work 
could potentially be translated into anti-ageing therapies.  
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Chapter 1 
 

GENERAL INTRODUCTION 
 

 

1.1 Ageing  

 

Ageing is a deleterious trait, characterized by a progressive physiological decline that 

ultimately leads to death. Additionally, ageing is the major risk factor for age-related 

diseases such as cancer, diabetes, cardiovascular disorders, and neurodegeneration such 

as Alzheimer’s and Parkinson’s disease. Therefore, ageing research is of remarkable 

importance for a society in which life expectancy has been risen, and is accompanied by an 

increase in age-related diseases, consequently leading to shrinking in workforce and higher 

demand for health care, social care and social pensions (Beard and Bloom 2015).  

 

Interestingly, ageing is not only the major risk factor for age-related diseases such as cancer 

(Figure 1.1), but also ageing shares common origins with cancer (de Magalhaes 2013). In 

fact, accumulation of cellular damage is widely considered to be the general cause of 

ageing; and cellular damage may occasionally provide aberrant advantages to certain cells, 

which can eventually produce cancer (de Magalhaes 2013). Therefore, cancer and ageing 

can be regarded as two different manifestations of the same underlying process, the 

accumulation of cellular damage (de Magalhaes 2013). Additionally, most genetic and 

dietary manipulations that affect ageing in rodents also have an impact on cancer incidence 

and/or progression (de Magalhaes 2013). For instance mice with extra copies of Trp53 

(which encodesp53) exhibit strong cancer resistance, increased longevity and lower levels of 

ageing-associated oxidative damage (Matheu et al. 2007). 

 

However, it remains to be clarified whether ageing-associated changes contribute to create 

a more fertile ground for cancer development rather than cancer occurring simply because 

the probability of tumour initiation increases with time (de Magalhaes 2013). Some ageing 

processes, such as the accumulation of senescent cells and increased inflammation seem to 

act synergistically to promote cancer initiation and growth; whereas others, such as vascular 

ageing and a decline in GH levels seem to antagonize cancer initiation and growth (de 

Magalhaes 2013). 
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Figure 1.1 The incidence of cancer diagnosis as a function of age. Cancer rate (per 100,000 people, in a 
logarithmic scale) from the entire United States population (1999-2009) by age for a) all cancers; b) selected 
sites in which cancer incidence increases exponentially with age after maturity. Figure and description of the 
figure taken from (de Magalhaes 2013). 

 

Gerontology refers to the integral study of ageing, and it involves social, psychological and 

biological aspects of ageing. Additionally, biogerontology is the biological study of ageing, 

oriented towards its biomedical implications. The final goal of biogerontology is to promote 

healthspan during ageing, by preventing or reducing the presence of the age related disease 

period that accompanies ageing, termed morbidity. Healthspan is defined as the duration of 

time for which an organism remains free of chronic disease. Lifespan can be defined as the 

duration of life of an individual or organism in a particular environment and/or specific 

circumstances. However, interventions that extend healthspan are likely to increase lifespan, 

as interventions in model organisms have suggested (Kenyon 2010; Lopez-Otin et al. 2013). 

 

Ageing was seen as stochastic process, until the isolation of the first long-lived strain in 

Caenorhabditis elegans (Klass 1983). Nowadays, however, it is well recognized that ageing 

is a malleable process, which means that the rate of ageing is controlled, at least to some 

extent, by genetic pathways and biochemical processes which are evolutionary conserved 

(Kenyon 2010). Moreover, the unprecedented advance of the ageing field, over recent 

years, is to a large extent due to the study of ageing in genetic tractable model organisms 

such as Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster and 

Mus musculus. In fact, studies in model organism have shown that single mutations are 

capable of extending the healthspan and lifespan of these animals, and that these mutations 

are evolutionary conserved from yeast to mammals (Kenyon 2010).  
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1.2 The evolutionary theories of ageing  

 

There are a number of biological and evolutionary theories that attempt to explain the origins 

and causes of ageing (Weinert and Timiras 2003). Molecular and cellular theories are 

categorised as “mechanistic” theories of ageing. “Mechanistic” theories attempt to explain 

what causes ageing and how do we age. Evolutionary theories of ageing on the other hand 

attempt to explain the origins of the ageing process and why do we age.  

 

John Burdon Sanderson Haldane, when studying Huntington’s disease (HD), made a 

ground-breaking observation into the understanding of the evolution of ageing. He observed 

that diseases that occur later in life are under less evolutionary selection than those that 

occur early in life. Therefore, as individuals age, the force of natural selection decreases 

(Haldane 1941). Haldane then, hypothesised that ageing occurs as a result of late-acting 

deleterious mutations. Moreover, these mutations would be under low or no natural selection 

(Haldane 1941).  

 

Later on, Peter Medawar proposed the mutation accumulation theory of ageing, which 

proposes that the accumulation of late-acting deleterious mutations results in what we know 

now as ageing (Figure 1.2 A) (Medawar 1957). Coming after, George Williams proposed that 

these late-acting deleterious mutations would be favoured by natural selection, if they are 

able to contribute positively to reproductive fitness early in life, regardless of their 

disadvantage later in life (Williams 1957). William’s proposal is known as the antagonistic 

pleiotropic theory of ageing (Figure 1.2 B). Kirkwood later phrased this concept in terms of a 

physiological trade–off caused by the need to optimally allocate resources for reproduction 

and somatic maintenance, known as the disposable soma theory of aging (Kirkwood 2000). 

 

More recently, Mikhail Blagosklonny has proposed a new theory, based on the pleiotropic 

theory of ageing and, on the recent understanding of how certain pathways, especially the 

mechanistic target of rapamycin (mTOR) pathway, regulate ageing. The mTOR pathway is 

crucial for development and growth as it promotes protein synthesis and prevents their 

degradation (Wei et al. 2013) . Blagosklonny’s theory proposes that ageing arises from the 

continuation of the developmental programmes, such as the mTOR pathway, which do not 

switch off and continue operating (Blagosklonny and Hall 2009; Blagosklonny 2013).   
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Figure 1.2 Evolutionary theories of ageing. A) Mutation accumulation theory of ageing. B) Antagonisitic 
pleiotropy theory of ageing. At late ages, selection is weak (shaded area) and therefore it allows late-life 
deleterious genetic variants represented as (-). Late-acting deleterious mutations that are able to contribute 
positively to reproductive fitness early in life are represented as (+). Figure and description of the figure taken 
from (Fabian and Flatt 2011). 

1.3 The use of model organisms in ageing research 

 

The ageing research field has enormously benefitted from the use genetic tractable model 

organism such as S. cerevisiae, C. elegans, Drosophila and Mus musculus (Kenyon, 2010). 

S. cerevisiae has been used to investigate both replicative lifespan, measured by the 

maximum number of mitotic divisions a cell can undergo, and chronological lifespan, 

measured by the length of time a cell can survive in a post-mitotic stage. However, the lack 

of complex interaction derived of multi-cellularity is a major disadvantage of the yeast. In 

contrast, C. elegans possess a complex organised tissue and yet has a very short lifespan 

of about 2 to 3 weeks at 25oC, making it one of the preferable organisms to study ageing. 

Worms are transparent so dividing cells can be observed and recorded. Its disadvantage is 

a very low percentage of males (0.05 %), most worms are hermaphrodites, making it very 

complicated to study sex-specific effects in ageing. Vertebrate models such as Mus 

musculus possess the advantage of genetic proximity to humans and the availability of gene 

knockout and progeroid premature ageing models. However, as mice live on avarage 3 

years in the laboratory conditions, its longevity studies are more time consuming and 

expensive. Therefore, it has been recently proposed that an alternative short-lived vertebrate 

model could be the African turquoise killifish, which lives for 4-6 months and recapitulates 
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many of the age-related pathological changes found in humans, bridging the gap between 

yeast, worms and flies on one side and mice on the other (Harel et al. 2016).  

 

The first use of Drosophila as a model to study ageing date back from 1916, when Loeb and 

Northrop studied the effects of temperature and food on fly longevity (Loeb and Northrop 

1916). Indeed, the use of Drosophila in ageing research has many advantages. First, flies 

have a relatively short lifespan of about 2 to 3 months. Second, flies are relatively easy to 

maintain and relatively inexpensive, making it practical to have hundreds individuals in a 

single longevity experiment. Third, most cells in Drosophila are post-mitotic, with the 

exception of gut stem cells and the gonads, allowing to study a continuously ageing 

organism. Additionally, other prominent advantage of using Drosophila as a model to study 

ageing is the rich genetic toolbox that exists for the fly. Of remarkable importance is the 

UAS-GAL4 system and its variation the Gene Switch system that allows for any gene of 

interest to be downregulated or overexpressed in a specific tissue at a specific time during 

adult life (Osterwalder et al. 2001; Poirier et al. 2008). Drosophila genome is about 5% the 

size of the human genome. Drosophila genome also contains approximately 13,600 genes, 

of which 60% are evolutionary conserved in humans. Moreover, more than 75% of known 

human disease genes, covering a broad range of disorders, have fly homologs; making 

Drosophila an attractive tool to model human diseases (Rogina 2011).  

 

1.4 The hallmarks of ageing  

 

The molecular and cellular decline that characterizes the ageing process has been 

categorized into several evolutionary conserved hallmarks of ageing (López-Otín et al. 

2013). These hallmarks are: genomic instability, telomere attrition, epigenetic alterations, 

loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular 

senescence, stem cell exhaustion, and altered intracellular communication (López-Otín et al. 

2013). The proposed nine hallmarks of ageing are grouped into three categories: primary, 

antagonistic and integrative hallmarks (López-Otín et al. 2013). Hallmarks considered to be 

the primary causes of cellular damage are: genomic instability, telomere attrition, epigenetic 

alterations and loss of proteostasis. Hallmarks considered to be part of compensatory or 

antagonistic responses to the damage are: deregulated nutrient sensing, mitochondrial 

dysfunction and cellular senescence.  
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Figure 1.3 Epigenomic changes are a hub in the progression of ageing. Epigenomic changes indeed can 
trigger the emergence of other hallmarks of ageing and can also be affected by them Figure taken from (Booth & 
Brunet, 2016). 

 

Compensatory or antagonistic responses initially mitigate the damage, but eventually, if 

chronic or exacerbated, they become deleterious themselves. Lastly, integrative hallmarks, 

such as stem cell exhaustion, and altered intracellular communication, are the end result of 

the previous two groups of hallmarks and are ultimately responsible for the functional decline 

of the organism (López-Otín et al. 2013). Moreover, these authors propose that each 

hallmark should ideally fulfil the following criteria: (1) it should manifest during normal 

ageing; (2) its experimental aggravation should accelerate ageing; and (3) its experimental 

amelioration should retard the normal ageing process and hence increase healthy lifespan. 

Unexpectedly, the hallmarks of ageing are interconnected and perturbations of one can 

affect the others. Similarly, amelioration of one particular hallmark may impinge on others 

(López-Otín et al. 2013.)  
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Booth and Brunet propose that while all the hallmarks play a crucial role in the progression 

of ageing, epigenomic changes are particular important because of the following reasons 

(Booth and Brunet 2016). Epigenetic regulation is a natural hub in the cell, therefore, 

epigenomic changes constitute a hub that links many hallmarks of ageing, and therefore, the 

study of age-dependent epigenomic changes is central to understand how are the hallmarks 

of ageing related to each other (Figure 1.3) (Booth and Brunet, 2016). Moreover, epigenomic 

changes can occur extremely early in the ageing process and be causative, suggesting that 

understanding age-dependent epigenomic changes will yield fundamental insights into how 

ageing begins and progresses (Booth and Brunet, 2016). In addition, chromatin marks are 

long lasting and show a progressive change with age that persists through cellular divisions. 

Thus, they can act as a memory that helps to propagate age-associated cellular dysfunction 

(Booth and Brunet, 2016).  

 

1.5 A brief introduction to epigenetics  

 

The word epigenetics has its origins in the Greek prefix epi, “on”, and literally means "above" 

or "on top of" genetics. Epigenetics is described as a heritable alteration in a cell or 

organism’s phenotype that does not result from changes in the nucleotide sequence of DNA, 

rather from chemical modifications to the DNA or to the proteins in which it is wrapped, the 

histones. The history of epigenetics has been linked to study of evolution and development 

and it has its early days in 1930 with the work of H.J. Muller (Muller and Altenburg 1930). 

One of the first mutations identified in Drosophila was white, a mutation that result in a fly 

with a white eye, rather than the characteristic red pigmentation. Using X rays as a mutagen, 

Muller observed an unusual phonotype, in which the eye was variegating, with some 

patches of red and some patches of white facets. This phenotype suggested him that the 

white gene itself was not damaged; but that the white gene had clearly been silenced in 

some of the cells in which it is normally expressed. Further genetic analysis indicated that 

such phenotypes are the consequences of chromosomal rearrangement. Because the 

change is caused by a change in the position of the gene in the genome, rather than a 

change in the gene itself, this constitute an epigenetic phenomenon, termed position-effect 

variegation (PEV) (Felsenfeld 2014).  

 

Epigenetic changes involve alterations in DNA methylation patterns, post-translational 

modifications of histones, and chromatin remodeling RNA-based pathways (Figure 1.4).  
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Figure 1.4 Epigenetic mechanisms of gene regulation. Epigenetic mechanisms are important in the control of 
gene expression and comprise 3 highly interrelated pathways: DNA methylation, histone posttranslational 
modifications, and RNA-based pathways. DNA methylation is depicted as red balls. Posttranslational 
modifications of the histone amino terminal tails are depicted as light and dark blue balls. RNA-based 
mechanisms, which have recently emerged as important regulators of chromatin structure and gene expression, 
are depicted as red strands coating chromatin. Figure and description of the figure taken from (Matouk and 
Marsden 2008). 

 

The DNA in eukaryotes is tightly packaged into nucleosomes, which are the basic unit of a 

chromatin fiber. The nucleosome consists of 145–147 base pairs of DNA wrapped around a 

histone octamer that is composed of two copies of each histone: H2A, H2B, H3 and H4. 

Nucleosomes are spaced at intervals of about 200 nucleotides pairs, and they are usually 

packed together with the aid of histone H1 molecules, into quasi-regular arrays to form a 30-

nm chromatin fiber (Felsenfeld, 2014). Even though compact, the structure of chromatin 

must be highly dynamic to allow access to the DNA during many cellular processes such as 

DNA replication and repair, recombination, cell cycle progression and transcription 

(Felsenfeld 2014).  
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For many years, it was speculated that proteins bound to DNA in the eukaryotic nucleus 

might be involved in modifying the properties of DNA. The solution of this problem began in 

1964 when Allfrey and Mirsky speculated that histone acetylation might be correlated with 

gene activation (Allfrey et al. 1964). Nowadays it is well recognized that histones can be 

covalently modified, for instance by methylation, phosphorylation, acetylation, ubiquitylation 

and sumoylation, which constitute the most common post-translational histone modifications 

(PTMs); among other PTMs less common are crotonylation, proline isomerization, arginine 

citrullination and carbonylation. Moreover, these PTMs are capable of maintaining 

differential patterns of gene expression, either by direct physical modulation of nucleosomal 

structure, or by providing a signaling platform to recruit downstream ‘reader’ or ‘effector’ 

proteins. In this way, chromatin structure plays an important role in the development, growth, 

and maintenance of all eukaryotic organisms.  

 

Histone modifications are known to occur in coordinate sets. Additionally, some 

combinations are known to have a specific meaning for the cell in the sense that they 

determine how and when the DNA packaged in the nucleosomes is to be accessed or 

manipulated, a fact that led to the idea of a histone code. The establishment of a 

combinatorial pattern of histone modifications in a given cellular and developmental context 

is caused by a series of ‘writing’ and ‘erasing’ events carried out by histone-modifying 

enzymes. The writer of histone modification refers to an enzyme (for example, a histone 

methyltransferase) that catalyzes a chemical modification of histones in a residue-specific 

manner. The eraser of histone modification refers to an enzyme (for example, a histone 

demethylase) that removes a chemical modification from histones. The specific 

interpretation or the ‘reading’ of the histone code is accomplished by the ‘reader’ or ‘effector’ 

proteins, which specifically bind to a certain type or a combination of histone modification 

and translate the histone code into a meaningful biological outcome such as transcriptional 

activation or silencing. In addition to such a recruitment or trans mechanism, the 

manifestation of histone modification can be also achieved by direct physical modulation of 

chromatin structure or alteration of intra-nucleosomal and inter-nucleosomal contacts 

through steric or charge interaction, for instance, neutralization of the positive charges of 

histones by acetylation of lysines (Felsenfeld 2014).  
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1.6 The ageing epigenomic landscape 

 

With age, there is a general loss of histones, an imbalance of activating and repressive 

histone modifications, and transcriptional changes in all ageing models (Figure 1.4). In 

addition, in mammals, during ageing there is global and local change in DNA methylation, 

nuclear reorganization and site-specific loss and gain of heterochromatin (Figure 1.4).  

 

1.6.1 Transcriptional deregulation as a consequence of epigenetic change  

 

In ageing cells, from yeast to humans there is a general loss of histones. A consequence of 

general histone loss in replicative aged yeast is global transcriptional amplification (Hu et al. 

2014). Most genes induced with age, show a stronger nucleosome loss at the promoter and 

therefore a greatest induction in transcript levels in old cells (Hu et al. 2014). Additionally, in 

replicative aged yeast spurious cryptic transcripts originating from within gene bodies, as a 

consequence of losing a histone mark in old cells, leads to an altered transcriptome 

detrimental to longevity (Sen et al. 2015). Furthermore, age has been linked to increased 

transcriptional noise, defined as a stochastic deregulation of gene expression. For instance, 

transcriptional profiling of single cardiomyocytes isolated from mice showed considerable 

variation in transcript levels of a subset of heart-specific housekeeping genes compared to 

young controls (Bahar et al. 2006).  

 

1.6.2 Imbalance of activating and repressive histone modifications 

 

A comprehensive overview of the role of histone lysine methylation in the regulation of 

ageing will be further discussed in the introduction of Chapter 3. However, as a summary, 

studies in C. elegans have shown that downregulation of H3K4me3 levels, an activating 

histone modification, and increased in H3K27me3 levels, a repressing histone mark, 

positively regulate longevity. Thus, the opposite effects of H3K4me3 and H3K27me3 on 

worm lifespan favour the model in the ageing field that propose gain of activating marks and 

loss of repressive marks as hallmarks of ageing (Han and Brunet 2012). However, in flies, in 

which compared to worms and yeast less epigenetic studies in relation to ageing exist, 

histone lysine methylation affects longevity, but it does not entirely resemble the model in C. 

elegans. Therefore, more investigation is needed in order to understand how histone 

modifications can regulate ageing. Moreover, there is increasing evidence that suggest that 

histone modifications, specially histone lysine methylation, influence lifespan by altering the 
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expression of specific key longevity genes, rather than by affecting global levels of 

transcription (Booth and Brunet, 2016).   

	
Figure 1.5 The Epigenetic Hallmarks of Senescence and Ageing. (A–J) Senescence and ageing are 
characterized by (A) loss of histones, (B) imbalance of activating and repressive modifications, (C) transcriptional 
changes, (D) losses and gains in heterochromatin, (E) breakdown of nuclear lamina, (F) global hypomethylation 
and focal hypermethylation, and (G) chromatin remodelling. These changes are heavily dictated by (H) 
environmental stimuli and (I) nutrient availability that in turn (J) alter intracellular metabolite concentrations. 
Figure and description of the figure taken from (Sen et al. 2016). 

In contrast to histone lysine methylation, the link between global histone acetylation and 

longevity is better understood. The polyamine spermidine, a small organic molecule derived 

from amino acids, inhibits acetyltransferase activity to generate hypoacetylated chromatin 

states. Interestingly, the level of spermidine declines from yeast to humans with age and 

spermidine supplementation extends the lifespan of yeast, worms, flies and human cells, 

and the longevity phenotype correlates with improved stress response (Eisenberg et al. 

2009). Moreover, senescent cells show strong enrichment of acetylated H4K16, at promoter 

elements of active genes in which they overlap with HIRA (Histone cell cycle regulation 
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defective homolog A) and newly synthesized H3.3 peaks (Rai et al. 2014). HIRA, a DNA-

replication-independent histone chaperone that deposits variant histone H3.3 and H4 is 

required for the steady-state maintenance of H4K16ac (Rai et al. 2014).  

 

The role of ubiquitylation and sumoylation is less understood due to the multitude of targeted 

substrates. These modifications involve the covalent addition of small peptides such as 

ubiquitin or SUMO (small ubiquitin related modifier) to lysine groups on histones and other 

proteins. Interestingly, in yeast, strains lacking subunits of the SAGA/SLIK deubiquitinase 

module such as Sfg73 are exceptionally long lived (McCormick et al. 2014). Sgf73 impacts 

yeast replicative lifespan through multiple related pathways mediated by Sir2, an NAD+ 

dependent histone deacetylase (McCormick et al. 2014). In senescent cells, which is a state 

of cell-cycle arrest in response to stress, linked to age-associated tissue decline, the levels 

of many ubiquitylated and sumoylated proteins are upregulated including telomerase, p53, 

histone H2A, and PCNA resulting in proteasomal degradation (Grillari et al. 2010). In 

addition, SUMO expression is increased in old rats and senescent fibroblasts, and 

overexpression of SUMO causes premature ageing in worms (Rytinki et al. 2011). SUMO-

induced senescence acts through an interconnected network of pathways that involve 

sumoylation of proteins in promyelocytic leukemia (PML) nuclear bodies and p53/pRb and 

its interacting proteins to impact senescence-specific transcription programs (Ivanschitz et 

al. 2013).  

 

1.6.3 Loss and gains of heterochromatin  

 

Constitutive heterochromatin, found at telomeres, centromeres, and pericentromeres, is lost 

in senescence and ageing and is triggered by telomere shortening, transcription changes at 

boundaries and by breakdown of the nuclear periphery (Sen et al. 2016). Interestingly, in 

contrast to a loss of constitutive heterochromatin, in senescent fibroblasts a focal increase 

occurs in heterochromatin in otherwise euchromatic regions, called SAHFs (Senescence 

associated heterochromatin foci) (Di Micco et al. 2011). In fact, senescent cells form SAHFs 

that are foci of γH2AX, HP1G, H3K9me3, macro H2A, HMGA (High mobility Group AT-Hook 

2) proteins, and hypoacetylated histones, therefore repressing transcription. SAHFs 

formation has been proposed to be induced by a histone chaperone system that deposits 

H3.3 into chromatin, which is believed to take place in an attempt to ameliorate histone loss 

and consequent increase in transcriptional noise (Ricketts et al. 2015). 

1.6.4 Alterations in DNA methylation with age  
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In addition to histone modifications, epigenetic changes include chemical modifications 

directly on DNA. DNA methylation occurs mostly on the 5-carbon of cytosine residues in 

CpG dinucleotides. DNA methylation is also correlated with transcriptional repression and is 

important in X chromosome silencing, centromeric repetitive sequence repression, and 

genomic imprinting. Yeast does not have DNA methylation. Worms and flies lack DNA 

cytosine methylation (5mC), but methylation on N6 adenine (6mA) has been recently 

discovered (Greer et al. 2015; Zhang et al. 2015). 6mA marks suppresses transposons 

(Zhang et al. 2015), which are derepressed in senescent mammalian cells, suggesting a 

possible role of 6mA in ageing. DNA methylation in mammalian systems is achieved by the 

action of three DNA methyltransferases: DNMT1, which has a maintenance role, and 

DNMT3a and 3b, which are the novo methylases. Interestingly, with age, mammalian cells 

undergo global DNA hypomethylation and local DNA hypermethylation (Cruickshanks et al. 

2013). Thus, this pattern favours the ageing model of global heterochromatin deregulation 

coupled with focal increase in repressive modifications. Loss of methylation occurs primarily 

in repetitive regions of the genome that correlate with constitutive heterochromatin while 

hypermethylation occurs at promoter CpGs. Additionally, a remarkable study in which 

human tissue and cell types including liver, kidney, immune and brain cells were analysed, 

identified that DNA methylation at 353 CpGs accurately predicts age, and algorithm for age 

calculation is named the epigenetic clock (Horvath 2013). Moreover, a parallel study in blood 

cells, identified a smaller set of 71 CpGs that also have a high accuracy of age prediction 

and occur near genes associated with ageing (Hannum et al. 2013). 

 

1.6.5 Chromatin remodelling complexes in ageing  

	
ATP-dependent chromatin remodelling complexes use ATP hydrolysis to restructure 

chromatin, either promoting or repressing transcription (Bartholomew 2014). Interestingly, 

deletion of ISW2, a SWI/SNF class of chromatin remodelers associated with gene activation, 

robustly extends lifespan in yeast (Dang et al. 2014). Moreover, ISW2 derepresses a cohort 

of stress response genes acting through the homologous recombination DNA repair 

pathway, and ISW2 deletion improves resistance to DNA-damaging agents (Dang et al. 

2014). In addition, the worm ortholog of the ISW2 complex extends lifespan, while 

knockdown of BAZ1A, a human homologue of ITC1 (Imitation switch two complex protein 1), 

which acts in remodelling the chromatin, increases expression of many stress response 

genes, suggesting that the effect of ISW2 on longevity is evolutionary conserved from yeast 

to humans (Dang et al. 2014). Therefore, the SW1/SNF class of chromatin remodelers 
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regulate longevity through gene-specific effects, which activate stress response mechanisms 

(Dang et al. 2014). 

 

 

1.7 Epigenomic regulation is connected to other ageing hallmarks.   

 

Booth and Brunet propose that epigenomic changes during ageing are of particular 

importance since they constitute an intrinsic hub in the cell, thereby linking other hallmarks 

of ageing (Booth and Brunet, 2016). Therefore, in this section I will discuss recent advances 

in other hallmarks of ageing and its possible link with epigenetic regulation.  

 

1.7.1 Genome Stability and Telomeres 

 

Normal ageing is accompanied by telomere attrition in mammals. Moreover, pathological 

telomere dysfunction accelerates ageing in mice and humans, whereas experimental 

stimulation of telomerase can delay ageing in mice (López-Otín et al. 2013). Interestingly, 

normal physiological ageing can be delayed without increasing the incidence of cancer in 

adult wild-type mice by systemic viral transduction of telomerase (de Jesus and Blasco 

2012). Telomeres are normally maintained in a heterochromatic state by several chromatin 

modifiers. In yeast, histone deacetylases (sirtuins) are key for telomere silencing. Age 

related loss of Sir2 in yeast with ageing, leads to increased levels of H4K16 acetylation at 

telomeres (Dang et al. 2009). Interestingly, increasing the levels of Sir2 in yeast increases 

lifespan (Kaeberlein et al. 1999; Kaeberlein 2010). In human cells, loss of SIRT6, an H3K9 

deacetylase that silences telomeres, causes telomere dysfunction and premature cellular 

senescence (Michishita et al. 2008).  

 

Loss of genomic integrity is another hallmark of ageing that is linked to age-dependent 

epigenomic changes. The integrity and stability of DNA are continuously challenged by 

exogenous physical, chemical, and biological agents, as well as by endogenous threats, 

including DNA replication errors, spontaneous hydrolytic reactions, and reactive oxygen 

species. The genetic lesions arising from extrinsic and/or intrinsic damages include point 

mutations, translocations, chromosomal gains and losses and gene disruption caused by the 

integration of viruses or transposons. In order to minimize these lesions, a complex network 

of DNA repair mechanisms have evolved in the organisms (Lord and Ashworth 2012). This 

complex network of DNA repair mechanisms is collectively capable of dealing with most of 

the damage caused to nuclear DNA damage (Lord and Ashworth, 2012). In addition to the 
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directed lesions in the DNA, defects in the nuclear architecture, known as laminopathies, 

can cause genome instability and result in premature ageing syndromes (Worman 2012). A 

link between genomic damage and ageing has arisen from studies showing that deficiencies 

in DNA repair enzymes cause accelerated ageing in mice and underlie several human 

progeroid syndromes, such as Werner syndrome (Gregg et al. 2012). Werner syndrome is a 

progeroid syndrome that arises from mutations in the WRN ATP-dependent helicase, a 

protein that separates the two annealed nucleic acid strands in cellular processes such as 

DNA replication, transcription, recombination and DNA repair. Thus, cells lacking WRN are 

defective in DNA repair, particularly double-stranded breaks. Furthermore, transgenic mice 

overexpressing BubR1, a mitotic checkpoint component that ensures accurate segregation 

of chromosomes, shows an increased protection against aneuploidy and cancer, as well as 

extended healthy lifespan, suggesting that further reinforcement of nuclear DNA repair 

mechanisms may delay ageing and protects against cancer (Baker et al. 2013). Moreover, 

sensing and responding to DNA damage involves the recruitment of chromatin modifiers, 

suggesting that an accumulation of DNA damage during life could be a source for age-

associated epigenomic changes and that changes in chromatin state could affect DNA repair 

(Burgess et al. 2012). For instance, some sirtuins, such as SIRT6 and SIRT1, play an 

important role in the DNA damage response. The recruitment of SIRT6 to sites of DNA 

damage helps to remodel the local chromatin environment through deacetylation of H3K56 

and allow DNA repair machinery to access the DNA (Toiber et al. 2013). In addition, deletion 

of SIRT6 activity causes more rapid ageing in mice and increased genomic instability, 

suggesting a link between histone acetylation, DNA damage repair and ageing 

(Mostoslavsky et al. 2006). More research is needed in order to elucidate the interconnected 

mechanisms between epigenetic regulation and genomic instability, and its effect on the 

regulation of ageing. 

 

1.7.2 Proteostasis  

 

Protein homeostasis or proteostasis referrers to the adequate balance between synthesis, 

folding, trafficking and secretion, and degradation of proteins. The ability to maintain protein 

homeostasis is achieved through the proteostasis network (PN). The PN includes control of 

protein translation, molecular chaperones, the ubiquitin-proteasomal system (UPS) and the 

autophagy-lysosomal (AL) system. All of these systems function in a coordinate fashion to 

restore the structure of misfolded protein polypeptides or to remove and degrade them 

completely, thus preventing the accumulation of damaged components and assuring the 

continuous renewal of intracellular proteins. Interestingly, many studies have demonstrated 
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that proteostasis is altered with ageing; and there are also remarkable examples of 

pharmacological and genetic interventions in yeast, worms, flies and mammals, which have 

shown to improve proteostasis and delay ageing. In addition, appropriate epigenomic 

regulation has been shown to be key to proteostasis, and age-associated epigenomic 

changes can alter the ability of a cell to respond to proteostatic stress (Labbadia and 

Morimoto 2015). Moreover, chronic expression of unfolded, misfolded, or aggregated 

proteins contribute to the development of some age-related pathologies, such as 

Alzheimer’s disease, Parkinson’s disease, and cataracts. In addition, PN is coupled with 

several stress responses including the heat shock response, the endoplasmic reticulum (ER) 

unfolded protein response (UPR) and the mitochondrial UPR (UPRmt). The heat shock 

transcription factor (HSF), HSF-1, along with other transcription factors, including SRF 

(Serum response factor) and HSF-2, is responsible for the transcriptional response to heat 

shock. Indeed, the transcription factor HSF-1 activates expression of protein-folding 

chaperones in response to elevated levels of unfolded proteins, and HSF-1 response decline 

with age (Labbadia & Morimoto, 2015). 

 

Interestingly, Labbadia and Morimoto, showed that heat shock response (HSR) declines 

precipitously over a 4 hr period in early adulthood coincident with the onset of reproductive 

maturity (Labbadia & Morimoto, 2015). In order to understand the underlying mechanism of 

the HSR collapse, Labbadia and Morimoto focused on the regulation of heat shock 

transcription factor HSF-1. Unexpectedly, they observed that steady-state mRNA levels of 

HSF-1 are unchanged during early adulthood, suggesting that altered HSF-1 expression 

does not underlie repression of the HSR. Therefore, they next examined the occupancy of 

HSF-1 by chromatin immunoprecipitation coupled to qPCR (ChIP- qPCR) at specific heat 

shock (HS) gene loci, such as hsp-70 and hsp 16.11. They found that the levels of HSF-1 at 

the hsp-70 and hsp 16.11 promoters increased following HS on day 1 of adulthood. On the 

contrary, on day 2 of adulthood the association of HSF-1 with HS genes was reduced by 

50% relative to day 1 adults. Additionally, they observed decreased levels of RNA Pol-II 

relative to levels in day 1 adults, at the promoter and gene body of hsp-70 following stress, 

suggesting that transcriptional repression of HSF-1 target genes was primarily due to 

impaired transcription initiation. Moreover, in order to determine whether changes in 

histones marks could contribute to transcriptional repression at day 2, they used antibodies 

against specific marks of transcriptional activation or repression to perform ChIP- qPCR. 

They found no significant change in H3K9me3, H3K4me3, H4K8ac, H4K16ac at the hsp-70 

locus. However, they found that levels of the repressive mark, H3K27me3, increased 2- to 3-

fold at both hsp-70 and hsp 16.11 in day 2 adults. Therefore, Labbadia and Morimoto’s data 

suggest that at day 2 of adulthood, the promoter regions of HSF-1 target genes are in a 
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more repressed state, which leads to a decline in HSR. Next, Labbadia and Morimoto 

demonstrated that the repression of the HSR occurs due to an increase in H3K27me3 marks 

at stress gene loci, determined by reduced expression of H3K27me3 demethylase jmjd-3.1. 

Therefore, jmjd-3.1 controls the timing of the switch to stress response repression in 

adulthood. In addition, overexpression of the H3K27me3 demethylase JMJD-3.1 extends the 

lifespan of C. elegans and improves stress tolerance (Labbadia & Morimoto, 2015). Lastly, 

since HSR collapse coincides with the onset of reproduction, they decided to examine 

whether signals form the germline are involved in the regulation of the HSR through jmjd-3.1 

and H3K27me3 levels. They found that the removal of germline stem cells, but not the 

removal of oocytes, sperm, or the entire gonad, preserves jmjd-3.1 expression, supress the 

accumulation of H3K27me3 at stress gene loci, and maintains the HSR. Therefore, 

Labbadia and Morimoto propose that the repression of cell stress response pathway is 

deployed at the organismal level to reset the proteostasis network in favour of reproduction 

over stress resistance, a model in agreement with the disposable soma theory of ageing 

(Labbadia & Morimoto, 2015). In the context of the epigenomic changes as an important 

driver of the ageing process, this data reinforce the hypothesis that epigenomic changes are 

one of the first to occur during ageing and that these changes trigger the emergence of other 

hallmarks of ageing (Booth & Brunet, 2016).  

 

1.7.3 Mitochondria  

 

As cells age, mitochondrial turnover declines and mitochondrial dysfunction increases (Sun 

et al. 2016). In addition, disruption of mitochondrial activity, for instance by knocking down 

components of the electron transport chain, mutations in mtDNA, and changes in 

mitochondrial biogenesis have been functionally implicated in the progression of ageing 

(Sun et al. 2016). For instance, dysfunctional mitochondria, induced by inhibition of the 

mitochondrial complex I in dopaminergic neurons leads to parkinsonism in humans and 

rodents (Schapira 2010). On the contrary, mild reductions of the function of several of the 

mitochondrial respiratory complexes (I, III, IV and ATPase) in C. elegans and Drosophila 

extends lifespan and protects against paraquat-induced oxidative stress (Dillin et al. 2002; 

Lapointe et al. 2012). This apparent contradiction can be conciliated by a hormesis process 

in the organism, referred as mitohormesis. Hormesis refers to the lifespan and healthspan 

benefits derived from sublethal exposure to toxins or stressors, in this case mild 

mitochondrial dysfunction. Interestingly, the hormetic response is not limited to mitochondrial 

dysfunction, since pro-longevity effects of dietary restriction are thought to elicit a stress-

adaptive mechanism that increases cellular maintenance and repair (Masoro 2006; 
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Schmeisser et al. 2013). Moreover, gradual adaptation to heat stress can increase the 

lifespan of C. elegans, and resistance to consequent heat shock (Epel and Lithgow 2014).  

The unfolded protein response in the mitochondria (UPRmt) monitor and respond to the 

presence of unfolded proteins in the mitochondria. In addition to the presence of high levels 

of unfolded proteins in the mitochondria, the UPRmt responds to unbalanced levels of 

nuclear: mitochondrial-encoded oxidative phosphorylation enzymes, mtDNA depletion, and 

decline of the respiratory chain (Schulz and Haynes 2015). In C. elegans, the UPRmt is 

activated primarily by a change in the subcellular localization, from the mitochondria to the 

nucleus, of the transcription factor ATFS-1. Once present in the nucleus, ATFS-1 regulates 

the expression of many genes, including genes important for proteostasis, detoxification, 

and metabolism (Schulz and Haynes 2015). Interestingly, changes in the methylation of 

H3K9 and H3K27 have recently been found to be important for the induction of genes 

involved in the UPRmt in C. elegans, mice and human cells (Merkwirth et al. 2016; Tian et al. 

2016).  

 

Mitochondrial dysfunction early in development, for instance induced by perturbations in the 

electron transport chain (ETC), extends lifespan, and this lifespan extension has been 

shown to be dependent on several genes characterized for their role in the regulation of the 

UPRmt (Durieux et al. 2011). Interestingly, perturbations of mitochondria during larval 

development in C. elegans not only delays ageing but also maintains UPRmt signalling, 

suggesting the presence of an epigenetic mechanism that modulates both longevity and 

mitochondrial proteostasis throughout life (Durieux et al. 2011). Indeed, recently Merkwirth 

and colleagues successfully identified H3K27me3 conserved histone lysine demethylases 

jmjd-1.2/PHF8 and jmjd-3.1/JMJD3 as positive regulators of lifespan in response to 

mitochondrial dysfunction across species (Merkwirth et al. 2016). Reduction of function of 

the demethylases jmjd-1.2 and jmjd-3.1 potently supresses longevity and UPRmt induction, 

while gain of function is sufficient to extend lifespan in an UPRmt –dependent manner 

(Merkwirth et al. 2016). Furthermore, using a systems genetics approach, they find that the 

mammalian orthologs exhibit positive genetic correlations with UPRmt core components in 

the BXD mouse genetic reference population (Merkwirth et al. 2016). Merkwirth and 

colleagues’ data reinforce the idea that epigenomic changes are of special importance in 

driving the ageing process, since these changes are long lasting and persists through 

cellular divisions (Booth & Brunet, 20116). Indeed, epigenomic changes occur in response to 

the UPRmt signalling, and act as a memory in the cell, in which case they maintain the 

activation of stress responses and ensure increased resistance to the future mitochondrial 

insults (Merkwirth et al. 2016).  
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Moreover, mitochondrial stress induced by knockdown of the cytochrome c oxidase or 

Complex IV, cco-1, during development increases lifespan and induces the UPRmt (Dillin et 

al. 2002; Durieux et al. 2011). Tian and colleagues recently demonstrated that H3K9 histone 

dimethylase met-2 and the nuclear co-factor lin-65, mediate mitochondrial stress response 

activation and lifespan extension induced by loss of cco-1 during development (Tian et al. 

2016). met-2 in contrast to H3K27me3 demethylases jmjd-1.2 and jmjd-3.1 promote a 

repressed state of the chromatin through dimethylation of H3K9, H3K9me2 (Merkwirth et al. 

2016; Tian et al. 2016). However, met-2 and the nuclear co-factor lin-65, while globally 

promoting silencing of the chromatin, allow for portions of the chromatin to remain open up, 

at which point the binding of canonical stress responsive factors such as DVE-1 occurs, 

thereby maintaining UPRmt signalling (Tian et al. 2016). Therefore, Tian and colleague’s 

results further suggest the importance of epigenomic changes in mediating the UPRmt long-

lasting stress response into the adulthood of animals, and the consequent increased of the 

lifespan (Merkwirth et al. 2016; Tian et al. 2016).  

 

1.7.4 Deregulated nutrient sensing  

 

The insulin and insulin-like growth factor 1 (IGF-1), IIS pathway, is the most conserved 

ageing controlling pathway in evolution (Lopez-Otin et al. 2013; Fontana and Partridge 

2015). The growth hormone (GH), is produced by the anterior pituitary, which in turn 

stimulates many cells, such as hepatocytes which produce insulin-like growth factor 1 (IGF-

1) in response to GH. Among multiple targets of IIS pathway, are the FOXO family of 

transcription factors and the mTOR complexes. Interestingly, genetic polymorphisms or 

mutations that reduce the functions of GH, IGF-1 receptor, insulin receptor, or downstream 

intracellular effectors such as AKT, mTOR, and FOXO have been linked to longevity, both in 

humans and in model organisms (Kenyon 2010; Fontana and Partridge 2015). In line with 

the relevance of deregulated nutrient sensing as a hallmark of ageing, dietary restriction 

(DR), which is a reduction of food intake without malnourishment, is the most successful 

environmental intervention that has probed to extend lifespan and/or healthspan in 

organisms ranging from yeast to mammals, including nonhuman primates (Fontana et al. 

2010; Mattison et al. 2012; Colman et al. 2014).  
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Figure 1.6 Major metabolic pathways that regulate longevity. Life span can be modulated by genetic, 
pharmacologic, and dietary interventions in model systems. 1) Dietary restriction represents the most robust 
intervention to extend life span in all organisms, perhaps due to the magnitude of pathways affected by it. 2) In 
response to these changes, numerous downstream cellular pathways are engaged, including SIRT1 activation 
(grey), IIS/phosphatidylinositol 3-kinase (PI3K)/Akt signalling (yellow), AMPK/mTOR signalling (purple), and 
extracellular signal-regulated kinase 1/2 (Erk1/2) signalling (green). 3) These pathways in turn promote cellular 
fitness and ultimately longevity via activation of autophagy, stress defence mechanisms, and survival pathways 
while attenuating pro-inflammatory mediators and cellular growth. Moreover, lifespan extension can be achieved 
with pharmacologic approaches, such as rapamycin, via mTOR signalling blockade, resveratrol, by activating 
SIRT1 activity, and metformin, which seems to be a robust stimulator of AMPK activity. (IRS-1, insulin receptor 
substrate-1). Figure taken from (Barzilai et al. 2012). 

Organisms with a decreased IIS live longer because lower IIS signalling activates genes 

involved in cellular protection such as those involved in stress response, proteostasis, 

immunity, and neuronal function (Webb et al. 2016), at the expense of minimizing cell growth 

and metabolism (Garinis et al. 2008). Interestingly, whereas genetic manipulations that 

downregulate IIS pathway at different levels consistently increase the lifespan across the 

taxa; it has also been observed that GH and IGF-1 levels decline during normal ageing, what 

seems to be a contradiction. Thus, in order to solve this paradox, it has been suggested that 

physiological or pathological aged organisms decrease IIS in an attempt to extend their 

lifespan; however, defensive response against ageing may have the risk of eventually 

becoming deleterious and aggravating ageing (Fontana & Partridge, 2015). For instance, in 



	 38	

progeroid mice with very low levels of IGF-1, supplementation of IGF-1 can ameliorate 

premature ageing (Marino et al. 2010).  

 

In addition to the IIS pathway which plays a role in glucose sensing, mTOR, an 

interconnected nutrient sensing system, senses high amino acid concentrations, and 

essentially regulates all aspects of anabolic metabolism (Laplante and Sabatini 2012). The 

mTOR kinase is part of two multiprotein complexes, mTORC1 and mTORC2. Interestingly, 

genetic interventions that downregulate mTORC1 activity in yeast, worms, and flies, extend 

longevity and attenuate further longevity benefits from DR, suggesting that mTOR inhibition 

mimics DR (Johnson et al. 2013). Moreover, treatment with mTOR inhibitor rapamycin can 

increased the lifespan of middle-aged mice (Harrison et al. 2009). The lifespan-extending 

effect of rapamycin is strictly dependent on the induction of autophagy in yeast, worms and 

flies (Bjedov et al. 2010; Rubinsztein et al. 2011). However, in mammalian ageing, inhibition 

of the ribosomal S6 protein kinase 1 (S6K1), implicated in protein synthesis, seems to 

mediate mTOR inhibition pro-longevity effects (Selman et al. 2009).  

 

In contrast to IIS and mTOR pathways which signal nutrient abundance and anabolism, two 

other nutrient sensors, AMPK and sirtuins, signal nutrient scarcity and catabolism. AMPK 

senses low energy states by detecting high AMP levels; and sirtuins senses low energy 

states by detecting high NAD+ levels. Accordingly, upregulation of AMPK and sirtuins, 

increases lifespan and/or healthspan. AMPK activation has multiple effects on metabolism 

and, remarkably, inhibits mTORC1 (Alers et al. 2012). In addition, AMPK activation has been 

suggested to mediate metformin lifespan extension in C. elegans and mice (Onken and 

Driscoll 2010; Anisimov et al. 2011). Overexpression of Sir2, the single sirtuins gene in 

yeast, worms and flies, was shown to extend the lifespan in these organisms (Kaeberlein et 

al. 1999). However, a more careful study of the effect of Sir2 on the lifespan of worms and 

flies indicated that the original lifespan extension observed was mostly due to confounding 

genetic backgrounds differences (Burnett et al. 2011). Nevertheless, in mammals, several of 

the seven sirtuins family of NAD-dependent protein and ADP ribosyltransferases, can 

ameliorate various aspects of ageing in mice (Sebastian et al. 2012). For instance, 

transgenic overexpression of SIRT1, which is the closest homolog to invertebrate Sir2, 

however it does not extend lifespan, improves aspects of health during ageing (Herranz et 

al. 2010). In addition, mutant mice that are deficient in SIRT6 exhibit accelerated ageing 

(Mostoslavsky et al. 2006), whereas male transgenic mice overexpressing SIRT6 have 

longer lifespan than control animals, associated with reduced serum IGF-1and other 

components of IGF-1 signalling (Kanfi et al. 2012). Additionally, overexpression of SIRT3 

has been reported to improve the regenerative capacity of aged hematopoietic stem cells 



	 39	

(Brown et al. 2013).  Lastly, sirtuins, such as SIRT1, possesses non histone targets that can 

modulate the increased in lifespan. SIRT1 can deacetylase and activate the PPARγ 

coactivator-1α (PGC-1α) (Rodgers et al. 2005). PGC-1α orchestrates a complex metabolic 

response that induces mitochondriogenesis, enhanced antioxidant defences, and improved 

fatty acid oxidation (Fernandez-Marcos and Auwerx 2011). Finally, to date the lifespan 

extension mediated by NAD+ depended sirtuins constitute the best example of the 

interconnection between nutrient sensing and epigenomic regulation (Berger and Sassone-

Corsi 2016). However, most chromatin-modifying enzymes use cofactors, which are 

products of metabolic process, suggesting that there is a dynamic interplay between 

metabolic processes and gene regulation via the remodelling of chromatin (Berger and 

Sassone-Corsi 2016).   

 

1.8 Aims 

 

Imbalance of activating and repressive marks is a hallmark of the epigenetic dysregulation 

that occurs with ageing. In worms, it has been shown that downregulation of H3K4me3 

levels, an activating mark, and upregulation of H3K27me3, a repressive mark extends the 

lifespan of this animal (Greer et al. 2011; Maures et al. 2011). The findings in C.elegans are 

in agreement with the model that suggests that epigenetic dysregulation that occurs with 

ageing is characterized by a gain of activating marks and open chromatin, and by a loss of 

repressing marks and closed chromatin. However, in Drosophila, in contrast to the model put 

forward in C.elegans, downregulation of the repressive mark H3K27me3 extends longevity 

(Siebold et al. 2010); and the role of other activating and repressive histone marks in the 

regulation of longevity in Drosophila has not been explored so far. Therefore, I aimed to 

examine how alterations of the main histone lysine methyltransferases (KMTs) and 

demethylases (KDMs) regulate the lifespan in Drosophila. In order to do so, I downregulated 

by RNAi KTMs and KDMS that are known to affect methylation of the Lys 4, 9, 27 and 36 of 

the H3, and analyzed their possible effect on the lifespan and on the resistance to starvation 

and oxidative damage. The second part of my thesis consisted in the characterization of the 

lifespan extension that results from downregulation of Lsd1 and Set1, both H3K4 modifiers. 

The characterization consisted in the analysis of the lifespan of the Lsd1 mutant and the 

tissue specific downregulation of Lsd1 and Set1 in different genetic backgrounds. In order to 

elucidate the mechanism of lifespan extension of Lsd1 and Set1, I focused on the canonical 

longevity pathways, ISS and mTOR and on the role of the DNA damage response. 
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 Chapter 2 
 

MATERIALS AND METHODS 
 

 
2.1 Drosophila melanogaster, strains and genetics 

2.1.1 Maintenance of Drosophila stocks and crosses 

	
Fly stocks in Bjedov’s lab are maintained in cultured vials with overlapping generations at 

18 oC and 65% humidity on a 12-hour light/dark cycle using standard sugar-yeast (SY) 

medium. The same conditions of maintenance applied for the experimental crosses, except 

that these are kept at 25 oC. Fly stocks can only be maintained by live culturing, as they do 

not survive freezing and therefore need to be transfered to new fresh food vials every 3-4 

weeks, when kept at 18 oC.  

 

2.1.2 Drosophila wild-type strains: white
1118

, white Dahomey and white Dahomey (Wolbachia 

-) 

 

The Drosophila white
1118

 (w
1118

) is an inbred and isogenic lab strain, which bears a null allele 

of the white gene w
1118

. The white Dahomey (w
Dah+

) stock was obtained by incorporation of 

the w
1118

 mutation into the outbred Dahomey background by backcrossing (Bass et al. 

2007). The wild-type (w
Dah

) strain has been maintained in large population cages with 

overlapping generations since 1970 (Bass et al. 2007). Dahomey flies are naturally infected 

by the intracellular bacteria Wolbachia pipientis. Noteworthy, this endosymbiotic bacterium 

Wolbachia can also play a role in the regulation of longevity of Drosophila (Ikeya et al. 2009; 

Gronke et al. 2010). The wild-type white Dahomey (Wolbachia-) (w
Dah-

) flies were generated 

by treating white Dahomey (w
Dah+

) flies with tetracycline to remove Wolbachia (Gronke et al. 

2010). 
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2.1.2 Backcrossing  

	
Backcrossing is necessary to ensure that any differences seen between mutant and control 

flies are due to the expression of the gene alone and not due to non-specific mutations 

(Partridge and Gems 2007). In order to achieve this, it is fundamental to place the mutation 

in a genome that is otherwise identical to that of the strain used as the control; and this is 

best done by repeatedly crossing carriers of the mutations with a standard genetic strain 

(Partridge and Gems 2007). For instance, in the first cross, I mated transgenic males with 

wDah (Wolbachia-) or wDah+ (Wolbachia+) virgin females; thereby ensuring that the 

cytoplasmic content (including mitochondrial genome and Wolbachia status), passed to the 

offspring comes from the wDah (Wolbachia-) and is the same for all the backrossed lines. 

After this first cross virgin females were selected by a visible phenotype like the eye colour 

for example, and then crossed to wild type males. This cross was repeated at least another 

5 times, having 6 backcrossing events completed. Transgenic lines were then made 

homozygous and kept as a stock for further experimentation.  

 

2.1.4 GAL4-UAS system 

 

In 1993, Brand and Perrimon described the development of the milestone system for 

targeted gene expression in Drosophila, the GAL4-UAS system (Brand and Perrimon 1993a; 

Duffy 2002). This binary expression system is constituted by two components, the responder 

and the driver, and represents nowadays the most powerful technique for targeting gene 

expression temporally and spatially in Drosophila (Brand and Perrimon 1993a; Duffy 2002). 

GAL4 encodes a protein of 881 amino acids, first discovered in the yeast Saccharomyces 

cerevisiae, that regulates the transcription of GAL10 and GAL1 genes by directly binding to 

four related 17 base pairs (bp) sites located between these loci. These sites constitute an 

Upstream Activating Sequence (UAS) element, which is analogous to an enhancer element 

described in multicellular eukaryotes (Brand and Perrimon 1993a; Duffy 2002).  

In my experiments using the GAL4/UAS system, one parental line expressed GAL4 under 

the control of a specific promoter known as the driver. The other parental line carried the 

gene of interest, the responder, which expression is controlled by the UAS element. The 

transcription of the responder requires the presence of GAL4, and its absence in the 

responder lines maintains them in a transcriptionally silent state. To activate the transcription 

of the transgene, responder lines are mated to flies expressing GAL4, which results in 

progeny who expresses the transgene in the particular way termed by the driver (Brand and 

Perrimon 1993a; Duffy 2002).  
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2.1.5 Gene-switch system 

	
Another approach that makes use of hormone responsive GAL4 chimeras (Gene-Switch 

system) has provided an additional level of spatial and or temporal control to the GAL4/UAS 

system (Figure 2.1) (Osterwalder 2001; Duffy 2002). 

	

Figure 2.1 Gene-Switch expression system. This diagram illustrates the cross between a Gene-Switch driver 
and a UAS-line to obtain progeny having both UAS-GAL4 components. Responder gene is only expressed when 
RU486 is present. Flies with identical genotype but not fed with RU486 are a perfect experimental controls. 

 

The GAL4-progesterone receptor-human p65 activation domain chimera, termed Gene-

Switch, is a hormone responsive GAL4 chimera, which function is dependent of the 

presence of its activator the steroid RU486 (mifepristone). Therefore, in the Gene-Switch 

system (GS) in contrast with the GAL4/UAS system, the progeny that carries the UAS 

transgene and express the hormone responsive GAL4 chimera, will not express the UAS 

transgene in absence of the RU486 compound. Whereas, in the flies fed with the RU486 

compound the GAL4 chimera will bind the UAS element, allowing the transcription of the 

UAS transgene and providing another layer of gene expression control (Osterwalder et al. 

2001). Another advantage of the GS system that makes it especially attractive for ageing 

studies, is that it allows to compare flies with identical genetic backgrounds, with the only 
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difference that they will express or not the gene of interest depending of the presence of the 

RU486 in the fly food (Figure 2.1) (Poirier et al. 2008).  

 

2.1.6 Double mutant generation 

	
One of the great advantages of Drosophila melanogaster as model organism is the 

availability of balancer chromosomes. These chromosomes suppress recombination with 

their homologues, allowing the maintenance of lethal and sterile mutants as balanced 

heterozygotes (Roote and Prokop 2013). In addition, all balancers carry dominant markers 

that are visible in adult flies. Thus, taking advantage of this genetic tool in Drosophila, I 

generated a double transgenic mutant WDah; UAS-Set1-RNAi/CyO; UAS-Lsd1-RNAi/TM6B 

by crossing UAS-Lsd1-RNAi and UAS-Set1-RNAi lines with flies carrying a double balancer 

(sp/CyO; MKRS/TM6B), and selecting for the desirable marker. The balancer CyO carries a 

dominant mutation, Cy, which causes curly wings. CyO is a balancer for the second 

chromosome. sp (sternopleural) results in multiple bristles on the sternum near the leg and 

is a marker for the second chromosome. The TM6B balancer carries the Tb1 dominant 

mutation, which results in the Tubby phenotype, a shortened larvae and pupae. TM6B is a 

balancer for the third chromosome. The MKRS results in a stubble bristle phenotype and is a 

marker for the third chromosome.  

 

 

  



	 44	

2.2 Drosophila food medium 

2.2.1 Standard sugar-yeast food medium  

 

A standard sugar-yeast (SY) medium is used for the rearing and maintenance of all the flies 

(Bass et al. 2007). The steps to prepare this standard sugar-yeast medium consist of firstly 

dissolving 15g of agar (Sigma-Aldrich A7002) in 700 ml of ion exchange water by stirring 

and bringing it to boil. Secondly, 100g of autolysed yeast powder (Brewer’s yeast MP 

No.903312) and 50 gm of sugar are added and continuously stirred until it starts to boil 

again in order to assure that the food is completely mixed. Once this point has been 

reached, 170 ml of distilled water are added to help the food to cool down to 60oC.  

Following the addition of 30 ml of nipagin (100g/L) and 3 mL propionic acid (both anti-fungal 

preservatives) the food is then dispensed into plastic vials (7 mL per vial), set at room 

temperature, and finally stored at 4oC until use (Bass et al. 2007).  

 

2.2.2 Grape juice medium 

 

Grape plates are used as a surface for egg laying. Grape plates are made as follows: 25g 

agar is dissolved in 500 ml distilled water and brought to boil. To this 300ml of red grape 

juice are added and brought to boil again. To help the medium to cool down, 50 ml of 

distilled water are added, and as with the SY medium, once the temperature of the food 

goes below 60oC, 21ml of nipagin (100g/L) is added. Finally, the grape juice medium is 

dispensed into plastic dishes and allowed to set at room temperature before storing at 4oC. 

 

2.2.3 Starvation medium 

	
Interventions that extend fly lifespan are often associated with resistance to various stresses 

such as oxidative stress (section 2.4.2) and starvation (Bubliy and Loeschcke 2005; 

Shaposhnikov et al. 2015). Starvation medium was prepared by just adding 15g of agar to 

1L of ion exchange water.  
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2.3 Fly husbandry and culturing 

2.3.1 Collecting flies for Drosophila transgenic lines crosses 

	
Virgin collection was carried out by distinguishing female virgin from female flies, by the pale 

pigmentation and a dark spot in the translucent abdomens of the former ones. This dark spot 

constitutes the leftovers in the intestine from their last meal as larvae, and it is the fly’s 

version of meconium. Around 10-20 flies were placed to a vial and a few days later, female 

virgins were corroborated by making certain that no larvae begin to churn up the food. Males 

flies were at least 3 days old and less than 10 days old, since old males do not mate 

efficiently. I used about 100 female virgins and 50 males males to set up the intended cross 

in small cages.  

For virgin collection and for examining markers, most of the time I used CO2 to anesthetize 

the flies; although, in some cases it was required to collect virgins on a Petri dish filled with 

ice, since it has been observed that carbon dioxide has a marked effect on the longevity and 

fecundity of very young adult flies, and some stocks may be more sensitive to CO2 than 

others (Perron 1972).  

 

2.3.2 Egg lay 

	
In order to recover the progeny of an intended cross, and importantly to raise experimental 

flies under standard laboratory density, I pipetted 18 µl of a determined egg squirt in the fly 

food bottles. An egg lay also allow me to synchronize the eclosing of the offspring over a 

short period of time, what it is crucial for longevity experiments.  

Egg lays were done as follows. Grape plates are put along with live yeast paste in egg laying 

cages (purps), in which the intended crosses would take place. After 24 hours of mating, the 

old flies purps were changed for new ones, and these new flies purps were used for egg 

squirts. Eggs were washed from purps with PBS, removing with a paintbrush, into a 15ml 

falcon tube and allow to settle. Using a wide-bore tip and a 20 µl pipette, eggs were pipetted 

into SY food bottles, allowing 18µl per bottle. Flies emerged after 10 days and these were 

transferred to fresh SY food bottles.  
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2.4 Drosophila survival and stress assays 

2.4.1 Lifespan assay  

	
As described earlier, an “egg squirt’” protocol was undertaken to ensure that flies that would 

be tested for age-specific survival and mortality, would emerge over a period of time <24 

hours. Importantly, an “egg squirt’” protocol was used to make certain that all flies in the 

experiment were raised at similar larval density (∼300 eggs per bottle containing 70ml of 

food), thereby avoiding the possibility that any differences in lifespan could be an effect of 

the differences in larval density within which flies were reared (Priest et al. 2002; Sun et al. 

2013).  

After ten days of development the synchronized eclosing population was transferred into 

fresh bottles and then allowed to mate for 48 hours. Subsequently, flies of each genotype 

were anesthetized using CO2, and female flies were split onto two different vials 

supplemented or not with RU486 (200µM), up to reaching 10 vials with 15 female flies each 

per condition/genotype. RU486 induces the expression of the UAS-transgenes by binding 

the product of the Gene-Switch (Osterwalder et al. 2001). Importantly, in order to 

corroborate that the drug does not affect longevity, control wild type flies were split as well 

into vials with and without RU486 (200µM).  

For longevity analysis flies were being transferred to fresh food three times a week. At each 

transfer, flies are being scored as either dead or censored, latter being in the case of an 

accidental death or escapees. At the end of the experiment, a survivorship graph was 

plotted in order to compare survival curves over time between different genotypes.  

 

2.4.2 Stress assays 

	
In order to determine the resistance of a genetic intervention to chemicals such as paraquat 

(section 2.5.2), which induces oxidative stress, and bleomycin (section 2.5.3), which induces 

DNA damage, survival curves in the presence of the cellular stressor were performed in a 

similar manner than for lifespan experiments (section 2.4.1). For stress assays, 10-day-old 

flies were used and scored multiple times during the day. 
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2.5 Drugs and other chemicals 

2.5.1 Mifepristone (RU486) 

The GeneSwitch system uses mifepristone (RU486) as an inducer of gene expression of 

GeneSwitch GAL4 drivers are being used (Section 2.1.5). Importantly, the dose of 

mifepristone used in my experiments does not impair longevity, fecundity or metabolism 

(Osterwalder 2001; Poirier et al. 2008). RU486 (Cayman Chemical Company No. 100063) 

was dissolved in 100% ethanol at a final concentration of 200 µM and supplemented to 

standard SY medium before dispensing into vials. Food supplemented with RU486 and 

control food, that contained the same volume of ethanol, was stored at 4°C until use.  

 

2.5.2 Paraquat 

Flies were kept in similar conditions to those in lifespan assays for 10 days after they were 

transferred in to food containing the oxidative stressor paraquat. Paraquat N,N′-dimethyl-

4,4′-bipyridinium dichloride (alternative name methyl viologen) (Sigma, 856177) induces 

superoxide production in the mitochondrial matrix and mitochondrial complex I is its the 

major site of superoxide production (Cocheme and Murphy 2008) For paraquat preparation 

1M was dissolved in sterile dH2O after which was added to 1 SY medium (20mM final 

concentration).  

 

2.5.3 Bleomycin 

Flies were kept in pre-determined conditions similar to those in lifespan assays for 10 days 

after they were transferred in to food containing bleomycin. Bleomycin sulfate, (Adooq 

Biosciences, A10152-10) was prepared by dissolving 10 mg in 1ml of ddH2O (10mg/ml final 

concentration) after which was added to 1 SY medium.  

 

2.5.4 Insulin  

Insulin (Sigma No. I1882) was resuspended at 10 mg/ml in sterile dH20 containing 1% 

glacial acetic acid. After shaking the solution for 10-15 min to allow complete reconstitution, 

aliquots were stored at -20°C.  

 

2.6 Drosophila adult fat body insulin assay 

	
In order to measure insulin resistance, I carried out a Drosophila adult fat body insulin assay. 

With this aim, I first dissected adult fat bodies in cold Drosophila Express5-SFM (GIBCO 

No.10486025). These abdominal carcasses (4 to 5) were transferred to 1.5ml Eppendorf 

tube containing 1ml of Express5-SFM on ice. Eppendorf tubes were next transferred to a 
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rotating platform at room temperature and incubated for 10 min, after which I added 6ul of 

bovine insulin at 1mg/ml. Abdominal carcasses were incubated still on the rotating platform 

at room temp for another 30 min, thereby allowing insulin stimulation. After this time, tubes 

were spinned at 1,500 rpm for 5 mins and all the liquid was removed. Finally, samples were 

homogenized in 40µl of 2x Laemmli BUFFER and incubated at 95°C for 5 minutes followed 

by protein quantification using BCA method. Samples were then storage at -20°C. 

 
2.7 Biochemistry and molecular biology methods 

2.7.1 Quantitative Real Time PCR (qRT-PCR) 

 

Total RNA was extracted from 6 abdomens without ovaries using Trizol (Ambion 

No.15596026) according to the manufacturer’s instructions. The concentration of total RNA 

purified for each sample was measured using a Thermo Scientific™ NanoDrop™ 

spectrophotometer. 1 µg of total RNA was then subjected to DNA digestion using DNAse I 

(Ambion Catalog ID: AM2222) immediately followed by reverse transcription using the 

ProtoScript II First Strand cDNA Synthesis Kit (New England BioLabs E6560S) with oligo 

(dT) primers. Quantitative PCR was performed using the Power SYBR Green (Applied 

biosystems No. 4367659) by following manufacturer’s instructions. Each sample was 

analysed in triplicate with both target gene and two reference genes (RPL32 and Act5c) 

primers in parallel. 

 

2.7.2 Protein quantification 

 

Protein quantification assay was achieved by using the BCA (Bicinchoninic acid assay) 

Protein Assay Kit (Thermo Scientific No. 23227). 1µL of each sample were dispensed into a 

microplate well in duplicates, and 100µL of the ‘working reagent’ was added. The plates 

were next left to incubate at 37°C for 30 minutes. The absorbance was then measured at 

562 nm.  

 

2.7.3 Western blotting  

 

The western blots were carried out as follows. Whole flies bodies or specific tissue, such as 

head, thorax, abdomen without ovaries and ovaries, were homogenised in 2x Laemmli 

loading sample buffer (Bio-rad order number; 100mM Tris-HCL pH6.8, 20% glycerol, 4% 

SDS) containing 5% DTT (Sigma, order number), at a ratio of one whole fly body per 20 µL. 

Samples were heated at 95°C for 5 minutes after which extracts were cleared by 
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centrifugation, and 20 µg up to 40µg protein were loaded per lane on a polyacrylamide gel. 

After separation, proteins were transferred to a nitrocellulose membrane and then incubated 

overnight with a selected primary antibody and subsequently incubated with and 

appropriated secondary antibody. Blots were developed by ECL reaction (Thermo scientific, 

West Pico No. 340777), and quantified by using FIJI software.  

 

2.8 Statistical analyses 

	
Statistical analyses were performed using Excel and GraphPad Prism. Survival experiments 

were analysed using log rank test. Data coming from western blots or qPCRs were tested by 

t-test, which compares the means of two groups, and one-way analyses of variance 

(ANOVA) when compare three or more groups.  

 

2.9 List of qPCR primers 

	
Table 1 shows the list of the qPCR primers used through this work.  

 
Table 1. List of qPCR primers  

Gene  Sequence 

Lsd1 (Forward) (Di Stefano et al. 2007) ACGGTTTTGTCTGGCCAAGA 

Lsd1 (Reverse) (Di Stefano et al. 2007) GAGCGACTGATGTCCGGAAA 

Lsd1 (Forward) (Set of primers 1) ACCGACCTAGCGATGTGTAC 

Lsd1 (Reverse) (Set of primers 1) GTCATCGTCCTGATCCCAGT 

Lsd1 (Forward) (Set of primers 2) GCGAGTAGAGGAGAAATGTT 

Lsd1 (Reverse) (Set of primers 2) ACAACGCCCGATTATGATGT 

Set1 (Forward) (Set of primers 1) GGAACCGTACGCTATGTTTTTA 

Set1 (Reverse) (Set of primers 1) CGGATCAGTTCGTCGTCTTT 

Set1 (Forward) (Set of primers 2) AGGAACCGTACGCTATGTTTTT 

Set1 (Reverse) (Set of primers 2) TTCGCGCACATCCAGTCTTA 

Act5C (Forward) GCAGCAACTTCTTCGTCACA  

Act5C (Reverse) CATCAGCCAGCAGTCGTCTA  

Rpl32 (Forward) GCTAAGCTGTCGCACAAATG 

Rpl32 (Reverse) GTTCGATCCTAACCGATGT 
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2.10 List of antibodies 

	
Table 2 shows the list of antibodies used for experiments in this thesis.  

 
Table 2. List of antibodies 

Antibody  Company 

H3K4me1 
Mono-methyl-Histone H3 (Lys4) 

Abcam #ab8895 (1:1000) 

H3K4me2 

Di-methyl-Histone H3 (Lys4) 
Abcam, #ab32356 (1:1000) 

H3K4me3 

Tri-methyl-Histone H3 (Lys4) 
Cell signaling Technologies #9751, (1:1000) 

H3 Cell signaling Technologies #4499, (1:1000) 

Phospho-Ser505-AKT Cell Signaling Technologies #4054, (1:1000) 

Phospho-Thr342-AKT Phospho Solutions #p104-342, (1:1000) 

AKT Cell Signaling Technologies #9272, (1:1000) 

Phospho-Thr398-p70S6 Kinase Cell Signaling Technologies # 9209, (1:1000) 

S6K Custom made (1:1000) 

Phospho-GSK-3α/β (Ser21/9) Cell Signaling Technologies # 9331, (1:1000) 

GSK3 Custom made (1:1000) 

Phospho-p44/42 MAPK (Erk 1/2) 
(Thr202/Tyr204) 

Cell Signaling Technologies # 4370, (1:1000) 

p44/42 MAPK (Erk 1/2)  Cell Signaling Technologies # 4695, (1:1000) 

GAPDH GeneTex  #GTX100118 (1:1000) 

Anti-rabbit IgG, HRP-conjugated secondary 

antibody 
Cell Signaling Technologies #7074, (1:2000) 

Anti-mouse IgG, HRP-conjugated secondary 
antibody 

Cell Signaling Technologies #7076, (1:2000) 
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2.11 Drosophila lines used in this thesis 

	
Table 3 shows the UAS-RNAi lines used through thesis. In addition, I used three drivers, 

actGS, S1106 and elavGS, which derived from the original lines (Osterwalder 2001; Roman 

et al. 2001) and the three were obtained from Partridge’s lab.   

 
Table 3. List of UAS-RNAi lines  

Stock centre Targeted 
gene CG  # Stock # Library Histone 

mark Activity 

VDRC Trr CG3848 10749 GD H3K4 KTM 
VDRC Set1 CG40351 40682 GD H3K4 KTM 

Bloomington Trx CG8651 JF01557  H3K4 KTM 
VDRC Trx  CG8651 108122 KK H3K4 KTM 
VDRD Ash2 CG6677 100718 KK H3K4 KTM 
VDRC Ash2 CG6677 7141 GD H3K4 KTM 

 
UAS-Lsd1 

O.E. 
Di Stefano's construction  
(Di Stefano et al. 2007) H3K4 KDM 

 Lsd1ΔN/ΔN Di Stefano's construction  
(Di Stefano et al. 2007) H3K4 KDM 

VDRC Lsd1 CG17149 25218 GD H3K4 KDM 
VDRC Lsd1 CG17149 106147 KK H3K4 KDM 
TRIP Lsd1 CG17149 32853  H3K4 KDM 

Bloomington Lid CG9088 JF02689  H3K4 KTM 
VDRC Lid CG9088 103830 KK H3K4 KTM 
VDRC Lid CG9088 42204 GD H3K4 KTM 
VDRC Kdm2 CG11033 31402 GD H3K4 KDM 
VDRC Kdm2 CG11033 109295 KK H3K4 KDM 

Bloomington E(z) CG6502 JF02826  H3K27 KTM 
Bloomington Su(z) CG3905 HMS00281  H3K27 KTM 

VDRC Su(z) KK CG3905 100096 KK H3K27 KTM 
Bloomington Utx CG5640 34076  H3K27 KDM 

VDRC Utx CG5640 37664 GD H3K27 KDM 
VDRC Jarid2 CG3654 109290 KK H3K27  
VDRC Ash1 CG8887 108832 KK H3K36 KTM 
VDRC Set2 CG1716 106459 KK H3K36 KTM 
VDRC Kdm4A CG15835 107868 KK H3K36 KDM 
VDRC Kdm4B CG33182 46444 GD H3K36 KDM 
VDRC Su(var)205 CG8409 31994 GD H3K36 CB 
VDRC Eggless CG12196 21172 GD H3K9 KTM 
VDRC G9a CG2995 25474 GD H3K9 KTM 
VDRC Grappa CG42803 110264 KK H3K79 KTM 
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 Chapter 3  
 

 

HISTONE LYSINE METHYLASES AND 
DEMETHYLASES AS POTENTIAL EPIGENETIC 
ANTI-AGEING TARGETS IN DROSOPHILA.  
 

 

Abstract  
 

Epigenetic modifiers, especially those who target reversible histone marks such as histone 

lysine methylation, constitute an attractive target for anti-ageing interventions. First, 

epigenetic modifications are capable of responding to environmental inputs such as diet, so 

drugs targeting these modifications could be dietary restriction mimetics. Second, epigenetic 

modifications might promote changes in transcription that long after the presence of the 

initial stimulus. Therefore, this study constitutes in my knowledge, the first targeted RNAi-

based screen in Drosophila, which attempted to identify histone lysine methylases and 

demethylases as a potential epigenetic anti-ageing targets. Studies in C. elegans have 

shown that downregulation of H3K4me3 levels, an activating histone modification, and 

increased in H3K27me3 levels, a repressing histone mark, positively regulate longevity. 

Thus, the opposite effects of H3K4me3 and H3K27me3 on worm lifespan favour the model 

in the ageing field that propose gain of activating marks and loss of repressive marks as 

hallmarks of ageing. However, in flies, in which compared to yeast and worms less 

epigenetic studies in relation to ageing exist, the role of histone lysine methylation in ageing 

remained elusive. Interestingly, I successfully identified two conserved histone lysine 

methyltransferases, Set1 and Set2, and two conserved histone lysine demethylases, Lsd1 

and Kdm2, and Su(z) 2 which is a member of the PRC2 complex, as positive regulators of 

longevity, when ubiquitously downregulated. Additionally, my results indicate that 

presumably higher levels of H3K4me1/me2, and lower levels of H3K4me3, H3K36me3 and 

H3K27me3 at a specific subset of genes extend the lifespan.  
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3.1 INTRODUCTION  
 

3.1.1 H3K4 as an activating histone mark  

3.1.1.1 The COMPASS family of H3K4 methylases   

 

The COMPASS family of H3K4 methylases has been involved in a number of processes 

including embryonic development, stem cell biology, and the regulation of lifespan 

(Shilatifard 2012). In addition, misregulation of H3K4 methylation results in pathogenesis of 

human diseases, such as cancer (Rao and Dou 2015).  

 

The COMPASS family of H3K4 methylases is highly conserved from yeast to plant and to 

human. Yeast Set1/COMPASS was the first histone H3K4 methyltransferase identified, and 

consists of eight subunits, including Set1, Cps60, Cps50, Cps40, Cps35, Cps30, Cps25 and 

Cps15 (Figure 3.1), with each of the subunits having a specific function in the assembly and 

regulation of the pattern of H3K4 mono-, di-, and trimethylation. SET domain-containing 

proteins utilize the cofactor S-adenosyl-L-methionine (SAM) to achieve methylation of its 

substrate. SET domain was initially identified in three Drosophila proteins, from which its 

acronym was derived: Suppressor of variegation 3-9, Enhancer of zeste E(z) and Trithorax . 

Unlike most other SET domain-containing proteins, Set1 is only active once the complex is 

formed with the components of COMPASS (Shilatifard 2012). Drosophila has three 

COMPASS-like complexes and three independent genes each capable of methylating H3K4 

with not redundant functions - dSet1, trithorax (trx) and trithorax related (trr) which are 

homologs of yeast Set1 (Figure 3.1). Mammals have six COMPASS-like complexes, Set1A, 

Set1B, MLL1, MLL2, MLL3, and MLL4, which are homologs of yeast Set1 and not 

redundant, as demonstrated by the embryonic lethality caused by deletion of individual MLL 

genes (Yu et al. 1995; Yu et al. 1998) (Figure 3.1). The first mammalian homolog of 

Drosophila trx, the mixed lineage leukemia (MLL1) gene, was cloned by the identification of 

its random translocation found in patients suffering from haematological malignancies (Gu et 

al. 1992).  

 

The shared subunits between yeast COMPASS and the metazoan Set1/MLL/COMPASS-

like complexes include Ash2 (related to Cps60), RbBP5 (related to Cps50), Wdr5 (related to 

Cps30), and Dpy30 (related to Cps25). In addition, structural studies have demonstrated that 

the COMPASS family has a conserved Y-shaped architecture with Cps50/RbBp5 and 

Cps30/Wdr5 localizing on the top two adjacent lobes and Cps60/Ash2-Cps25/Dpy30 forming 
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the base. Lastly, the catalytic SET domain is located at the junction, where a central channel 

may act as the platform for regulative processing of various degrees of H3K4 methylation 

(Reviewed in Shilatifard (2012)). 

 

	
Figure 3.1 The COMPASS family of H3K4 methyltransferases. Set1-complex of proteins associated with Set1 
(COMPASS) was first identified in yeast. Drosophila Set1-COMPASS is the homologue of the yeast complex 
(shown by a solid arrow). There are two COMPASS-like complexes in Drosophila (shown by a dashed arrow): 
trithorax-containing complex and trithorax-related-containing complex. The known common subunits shared 
between yeast, Drosophila and the human complexes are shown in grey. COMPASS component SWD2 (Cps35) 
in yeast and Drosophila and its homologue in human, WD repeat-containing protein (WDR82), are found only in 
COMPASS and the SET1A and SET1B complexes. The common subunits in COMPASS from yeast to human 
are shown in blue. The shared subunits among the trithorax-related and MLL3 and MLL4 complexes are shown 
in green. Figure and description of the figure taken from (Mohan et al. 2010). 
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Regarding the regulation of H3K4 mono-, di-, and trimethylation by yeast Set1/COMPASS 

subunits, it has been found that Cps35 null strains have a significant reduction in H3K4 di- 

and trimethylation levels, with no detectable change in H3K4 monomethylation (Schneider et 

al. 2005). Therefore, the Cps35 subunit of Set1/COMPASS is required for proper H3K4 di- 

and trimethylation, but not monomethylation. Similarly, Cps25 and Cps60 subunits appear to 

be required for proper H3K4 di- and trimethylation, but not monomethylation (Schneider et 

al. 2005). Finally, the Cps40 subunit is required for proper H3K4 trimethylation, as in its 

absence, yeast cells lack over 80% of H3K4 trimethylation with very little effect on H3K4 

mono- and dimethylation (Schneider et al. 2005). Therefore, Cps40 subunit of 

Set1/COMPASS is required for proper H3K4 trimethylation, but not mono- and 

dimethylation.   

 

In addition to the shared subunits with the yeast COMPASS, the metazoan Set1/COMPASS 

possesses CXXC1 and Wdr82 proteins, which are related to yeast Cps40 (alternative name 

Spp1) and Cps35 (alternative name Swd2) respectively. However, these proteins are not 

detected within the MLL1-MLL4 complex (Wu et al. 2008). Interestingly, the loss of Wdr82 

levels in mammalian cells results in the reduction of Set1A/B protein levels, followed by a 

global loss in H3K4 trimethylation levels; suggesting that Set1A/B-specific factor, Wdr82, is 

required for the majority of proper H3K4 trimethylation by Set1 (Wu et al. 2008).   

 

Set1A/B complexes in mammalian cells are the major H3K4 methylases; and the generality 

of the role of Set1/COMPASS as a major histone H3K4 methylase in other organisms has 

also been confirmed (Ardehali et al. 2011; Mohan et al. 2011). For instance, Drosophila 

ortholog Set1, has a major role in the genome wide H3K4 dimethylation and trimethylation 

through the COMPASS complex; and importantly the depletion of the other two H3K4 

methyltransferases in Drosophila, Trx and Trr, has some impact on H3K4me2 and -me3 

levels, but their overall contribution is substantially smaller compared with Set1 (Ardehali et 

al. 2011; Mohan et al. 2011; Hallson et al. 2012).  

 

Moreover, Ardehali and colleagues (2011) conducted RNAi-mediated down-regulation 

studies in Drosophila S2 cells to determine the contribution of Set1, Trx and Trr to genome 

wide H3K4me1, -me2, and –me3. These authors found first that down-regulation of each 

H3K4 methyltransferase had no noticeably effect on the protein levels of the other factors, 

and that each had a different impact on H3K4 methylation. For instance, the loss of Trr most 

strongly affected H3K4me1, and to a lesser extent H3K4me2 and H3K4me3; and decrease 

in Trx had the least effect on H3K4me1, -me2, and –me3. The same authors found that in 

Set1-depleted cells, H3K4me1 was unaffected, while H3K4me2 and –me3 showed the 
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greatest decrease. A similar result regarding the specificity of this histone lysine 

methyltransferases (KMTs) was reported by Hallson and colleagues (2012), who determined 

global levels of H3K4me1, -me2, and –me3 levels at different stages of Drosophila larva 

development in Trx, Trr and Set1 mutants. Finally, Ardehali and colleagues also account for 

a combinatorial down-regulation of Trx/Trr, Trx/Set1, Trr/Set1, and triple Trx/Trr/Set1, which 

did not show additive effects, suggesting that these KMT’s act rather independently in H3K4 

methylation.  

 

Additionally, a revealing study on the methylation activity of Trx and Trr was carried out by 

Tie and colleagues (2014). These authors demonstrated that the SET domains of Trx, Trr 

and their human orthologs possess intrinsic H3K4 monomethyltransferase activities, and are 

prevented from having H3K4 trimethyltransferase activities, by the presence of the bulkier 

Tyr residue at their respective F/Y switch positions, as previously shown for MLL1 (Patel et 

al. 2009). Indeed, MLL1 has also a robust H3K4 monomethyltransferase activity (Patel et al. 

2009). The product specificity of SET domain methyltransferases depends on several key 

residues in the active site, including a so-called “Phe/Tyr switch” position. Di- and 

trimethyltransferases tend to have a Phe at this position, whereas monomethyltransferases 

tend to have the bulkier Tyr residue; changing Tyr (Y) to Phe (F) can convert 

monomethyltransferases to di- and trimethyltransferases (Collins et al. 2005). Interestingly, 

reduced H3K4me1 and apparently normal H3K4me3 levels in the catalytically inactive trxZ11 

and trr3 mutant strongly suggest that H3K4 monomethylation is the predominant activity of 

TRX and TRR in vivo (Tie et al. 2014). Additionally, individual contributions of Trr, or Trx to 

general H3K4 monomethylation seems to be conserved in humans, since it has been found 

that MLL/COMPASS complex subunits Wdr5, RbBP5, Ash2, and Dpy30 form a complex 

(known as WRAD) that monomethylates recombinant histone H3 at lysine 4 in vitro (Patel et 

al. 2009; Patel et al. 2011). Furthermore, the involvement of a Drosophila form of WRAD in 

H3K4me1 seems plausible as ash2 mutants as well as wdr5 and RbBP5 RNAi knockdown 

result in decreased levels of H3K4me1 (Hallson et al. 2012).  

 

MLL1-MLL4 do not function globally as the major regulators of H3K4 trimethylation, 

however, have gene-specific functions. For instance, Drosophila Trithorax (Trx) and the 

human MLL1 and MLL2 complexes, which are part of the same COMPASS branch, 

positively regulate homeotic or Hox gene expression. Hox genes is a family of homeodomain 

containing transcription factors that are conserved across all animals with bilateral 

symmetry; they are expressed in sequence along the anterior-posterior axis and are 

involved in conferring axial identity. Hox genes expression in the Drosophila embryo, 

therefore, defines the positions of structures and appendages along the anterior-posterior 
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axis of the adult body. Indeed, MLL1 heterozygous (+/-) mice show retarded growth, 

hematopoietic abnormalities, and, similar to the loss of the trx gene in Drosophila, 

bidirectional homeotic transformations (Yu et al. 1995). In addition, the global pattern of 

H3K4 methylation was tested in null- and wild-type mouse embryonic fibroblasts for MLL1, 

demonstrating that MLL1 is required for the H3K4 trimethylation of only less than 5% of the 

promoters carrying this modification (Wang et al. 2009a). Lastly, in Drosophila, Trx 

methylates H3K4 at heat-shock loci upon induction and appears to be required for mediating 

stress response to heat stimuli (Smith et al. 2004). 

 

Drosophila Trithorax-related (Trr) and the human MLL3 and MLL4 complexes which are part 

of another COMPASS branch, are involved in regulating hormone-responsive genes; and 

UTX, and H3K27 demethylating enzyme, is restricted to this COMPASS branch (Cho et al. 

2007). Indeed, the major steroid hormone pathway receptor in Drosophila, the ecdysone 

receptor (EcR) colocalizes extensively with Trr on polytene chromosomes (Sedkov et al. 

2003). In addition, analogously to EcR and Trr in Drosophila, the MLL4 complex has been 

found to be recruited to the promoters of the estrogen receptor (ER) target genes following 

estrogen stimulation (Mo et al. 2006).  

 

Finally, in C. elegans, it has been proposed that there are two of the three branches of the 

COMPASS family of H3K4 methylases. One is Set2, which is very similar to the Drosophila 

Set1 and human Set1A/B proteins. The other is Set-16, which bears resemblance to 

Drosophila Trr and human MLL3/MLL4. The loss of Trx/MLL1/MLL2 in C. elegans can be 

explained by the fact that this organism does not possess a large number of homeotic genes 

for development (Smith et al. 2011). Similar to studies in mammalian cells (Wu et al. 2008), 

the loss of the C. elegans Set2, results in a major decrease in bulk H3K4 trimethylation; 

however, removal of the only MLL3-MLL4 homolog in C. elegans, Set16, did not have a 

global effect on the pattern of H3K4 methylation (Li and Kelly 2011).  
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3.1.1.2 Differences in mono-, di- and tri H3K4 methylated states in transcription 

 

Transcription involves the highly-regulated recruitment of proteins and assembly complexes 

at specific sites within the genome to facilitate the action of RNA polymerases. Moreover, 

histones contribute to the specificity of transcription, at least in part, through their diverse 

array of post-translational modifications (PTMs). Histone lysine methylation, one of the most 

well characterized PTMs, occurs primarily on histone H3 at lysines 4, 9, 14, 18, 23, 27, 36 

and 79 and on histone H4 at lysine 20. Interestingly, a number of these methylation events 

have been linked to transcriptional regulation, including those at H3 lysines 4, 36 and 79, 

associated with active transcription; and those at H3 lysines 9 and 27, associated with gene 

repression and heterochromatin formation (Wozniak and Strahl 2014).  

 

H3K4me3 is a universal chromatin modification at the transcription start site (TSS) of 

transcriptionally active genes in eukaryotes from yeast to human (Figure 3.2 A). The amount 

of H3K4me3 on both yeast and mammalian genes is related to the levels of nascent sense 

transcription, with highly expressed genes having more H3K4me3. In addition, both 

H3K4me3 peak height and breadth correlate positively with expression in a range of 

organisms. Interestingly, the promoters of antisense transcription at the 3’ ends of yeast and 

human genes are also marked with a peak of H3K4me3, indicating that this modification is 

not specific to sense TSS (Figure 3.2 B). Interestingly, the distribution of H3K4me1, 

H3K4me2 and H3K4me3 are distinct (Figure 3.2 A). Thus, the differing correlations with 

transcription suggest that there are methylation state-specific functions (Howe et al. 2017).  

 

Whereas H3K4me3 is associated with promoter regions, monomethylation, H3K4me1, is 

enriched at enhancer regions with other PTMs including H3K27 acetylation (Calo and 

Wysocka 2013). To date only one known reader protein has been described to specifically 

bind H3K4me1, which is the histone acetyltranferase Tip60. Binding of Tip60 to enhancers is 

important for proper gene expression, although the exact mechanism of action has yet to be 

elucidated (Jeong et al. 2011).  

 

H3K4me3 has been well-studied with regard to its ability to affect protein recruitment to 

chromatin and a number of highly conserved structural domains, in particular the PHD  

(plant homeodomain) fingers, have been identified that can bind this modification. Using 

H3K4me3 histone peptides to immunoprecipitate complexes from nuclear extracts, 

Vermeulen and colleagues (2007) identified the general transcription factor TFIID as a 

complex that was directly associated with H3K4me3 (Vermeulen et al. 2007). Further in vitro 

analysis revealed that the interaction with H3K4me3 is mediated by a PHD-finger of the 
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subunit TAF3. In cells, the PHD finger of TAF3 was shown to be important for the 

recruitment of TFIID at a subset of promoters enriched for H3K4me3 (Lauberth et al. 2013).  

 

	
Figure 3.2 Distribution of H3K4 methylation on genes. A) The distribution of H3K4 methylation on yeast 
genes (left) and mammalian (HeLa) genes (right) 3000 bp upstream or downstream of the sense transcription 
start site (TSS, dashed line) for highly expressed genes (dark blue) or poorly expressed genes (light blue). B) 
H3K4me3 distribution on all genes with a defined antisense TSS. Figure and description of the figure taken from 
(Howe et al. 2017). 

 

In addition to recruiting the general transcription factors, H3K4me3 may also modulate 

transcription by mediating interactions with RNA polymerase associated proteins. For 

instance, in yeast RNA polymerase binding protein called Bye1 also interacts with H3K4me3 

through its PHD finger. Lysine methylation is important for the chromatin interaction of a 

number of other proteins with chromatin–modifying activity. One class of chromatin-

modifying enzymes that read H3K4me3 are ATP-dependent chromatin remodelers, such as 

CHD1, which binds H3K4me3 through its tandem chromodomains. A chromodomain is a 

protein structural domain of about 40-50 amino acid residues commonly found in proteins 

associated with the remodeling and manipulation of chromatin. Another chromatin 
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remodelling complex is the NURF (Nucleosome Remodelling Factor) complex, which 

interacts with H3K4me3 through the PHD finger-containing protein BPTF 

(Bromodomain PHD Finger Transcription Factor) (Li et al. 2006). Interestingly, both the 

MLL1-MLL4 and SET1A/B complexes have been show to bind the histone modification that 

they catalyse. In fact, MLL1 contains a PHD finger that binds H3K4me3, while the SET1A/B 

interacting protein CFP1 serves the same function through its PHD finger.  

 

	
Figure 3.3 Binding modes of H3K4me3 readers. H3K4me3 can be read in multiple ways leading to distinct 
functional outcomes. Examples include recruitment and binding of chromatin remodeling complexes (A) or 
modifying enzymes (B) and (C), which can further modulate chromatin structure on the same or neighbouring 
nucleosome. Lysine methylation can also repel proteins that would otherwise counteract the function of a given 
modification (D). Lastly, methyl lysine functions in the context of other modifications to facilitate transcription. A 
single reader protein. (E) or protein complex (F) can recognize multiple modifications at once, which confers 
specificity to chromatin binding. Figure and description of the figure taken from (Wozniak and Strahl 2014). 

 

In addition to chromatin-remodelling activity, H3K4me3 can also recruit proteins with 

histone-modifying activity; meaning that one histone modification in this case, H3K4me3, 

can regulate the outcome of others, known as “cross-talk” or “trans-tail” regulation. One 

class of proteins with histone-modifying activity that H3K4me3 serves to recruit is histone 

acetyltransferases (HATs). HATs deposit acetyl moieties on lysine residues of histones and 

are typically associated with accessible chromatin and active transcription. The first HAT 

complex identified to bind H3K4me3 was the yeast NuA3 complex, which acetylates the 

histone H3 N-terminal tail. H3K4me3 has also been identified to be important for the 

recruitment of another histone H3-specific acetyltransferases complex, the SAGA complex. 

SAGA (Spt-Ada-Gcn5 acetyltransferase) is a chromatin-modifying complex conserved from 
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yeast to humans, which posses two enzymatic modules that mediate the acetylation and 

deubiquitination of histones. Both human and yeast SAGA are capable of binding H3K4me3 

through the subunit Sgf29, which, unlike many readers of H3K4me3, facilitates binding 

through a tandem Tudor domain (TTD) (Bian et al. 2011). Lastly, the HBO1 

acetyltransferase complex has been shown to bind H3K4me3 through the PHD finger-

containing subunits ING4 and ING5 (Hung et al. 2009; Lalonde et al. 2013). This interaction 

is important for transcription of selected genes involved in apoptosis and the suppression of 

anchorage independent growth.  

 

While H3K4me3 is often associated with active transcription, it is important to note that there 

are several examples where its serves to recruit repressive proteins. For instance, H3K4me3 

recruits the PHD finger containing protein ING2, which is a member of the mSin3a-HDAC1 

histone deacetylases complex, which removes acetyl groups from lysine 14 of histone H3 - a 

modification associated with transcriptional activation (Shi et al. 2006). ING2 is recruited to 

proliferation genes in response to genotoxic stress to turn off transcription and promote 

suppression of oncogenic growth (Shi et al. 2006). Therefore, H3K4me3 can be associated 

with both activation and repression of transcription at a small subset of genes.  

 

H3K4me3 is frequently described as an “activating” histone modification, given strong 

association between H3K4me3, active genes, and RNA levels. Thus, H3K4me3 is 

commonly assumed to have an instructive role in the transcription. However, Mellor and 

colleagues discusses that for almost 15 years many groups have searched for causality in 

this relationship and failed to find any overarching mechanism for how H3K4me3 is 

instructive for transcriptional activation (Howe et al. 2017). On the contrary, they argue that 

genome-wide studies show that actually very little transcription changes occur upon removal 

of most H3K4me3 under steady state or dynamically changing conditions (Howe et al. 

2017). 

 

Yeast Set1 complex have a subunit, Cps40, also known as Spp1, that when ablated 

specifically reduce H3K4me3 with little effect on global levels of H3K4me1 or me2. Similar to 

Spp1, Drosophila dSet1, and human Set1A/B complexes have the subunit, CXXC1 finger 

PHD domain, CpG-binding protein, also known as CFP1. Deletion of CFP1 from mouse 

embryonic stem cells (mESCs) causes loss of most H3K4me3 from expressed CpG island-

associated genes but there are minimal changes in transcript levels at these genes, 

assessed by microarray, or nascent transcription as measured by levels of RNA polymerase 

II by ChIP and genomic run-on sequencing (Clouaire et al. 2012). Interestingly, similar to 

mammalian systems, upon deletion of SPP1, which results in gene-specific H3K4me3 
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reduction, only 57 (1.0%) genes are significantly (p<0.05) upregulated and 23 (0.4%) genes 

are significantly downregulated at the level of transcription among the genes that lose 

H3K4me3 (Lenstra et al. 2011; Margaritis et al. 2012). Therefore, deletion of SPP1 has 

virtually no effect on steady state or dynamically changing mRNAs or transcription (Lenstra 

et al. 2011; Margaritis et al. 2012). 

 

Moreover, Mellor and colleagues propose that whilst H3K4me3 can influence the 

transcription of some genes positively and negatively, H3K4me3 rather than having a major 

role in instructing transcription, H3K4me3 could also be deposited after or independently of 

transcription (Howe et al. 2017). This has been supported by evidence coming from time 

resolved experiments, in which the recruitment of Pol II to gene promoters, the levels of 

H3K4 trimethylation, as well as the accumulation of mRNAs at different time points were 

quantified in time, which showed that the absence of the majority of H3K4me3 does not 

have pervasive effects on nascent transcription (Vastenhouw et al. 2010; Le Martelot et al. 

2012). Interestingly, these authors suggest that H3K4me3 deposited as a result of 

transcription, can influence processes as splicing, transcription termination, memory of 

previous states and transcriptional consistency between cells in a population (Howe et al. 

2017). 

 

Regarding the latter, many genes can be expressed at very different levels in individual cells 

in a large population. This variation generates phenotypic heterogeneity and can be 

advantageous. For instance, if not all cells in a population respond to a particular signal, the 

non-responders are primed for expression if conditions change again or return to pre-

signalling. This variability is often referred to as gene expression noise. The association 

between H3K4me3 and transcriptional consistency, the opposite of transcriptional “noise”, 

are supported by a study of the breadth of the H3K4me3 peak in a range of cell types and 

organisms (Benayoun et al. 2014; Benayoun et al. 2015b). The broadest peaks of H3K4me3 

are found on the most essential genes for a particular cell type or key genes for basic cell 

functions across all cell types and correlate with transcriptional consistency. Moreover, in 

mouse, neural progenitor cells, knockdown of WDR, a component of all the Set1/Set1-like 

complexes in mammals, decreases both H3K4me3 peak breadth and transcriptional 

consistency whereas depletion of one of the H3K4 demethylases JARID1B (Kooistra and 

Helin 2012) increases both H3K4me3 peak breadth and transcriptional consistency at 

selected genes (Benayoun et al. 2014) (Figure 3.4). Therefore, on a population level, 

H3K4me3 may not influence the mean level of transcripts or transcription, but could be 

affecting the spread of transcriptional responses between individual cells (Howe et al. 2017).  
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Figure 3.4 H3K4me3 influences events in single cells. A) Schematic showing the relationship between the 
breadth of the H3K4me3 peak in a population of cells and the variation in transcript levels in single cells 
(transcriptional spread). At some genes, knockdown of WDR5 reduces H3K4me3 peak breadth and increases 
transcriptional noise. At other genes, knockdown of JARID1B increases H3K4me3 peak breadth and increases 
transcriptional consistency/reduces noise. Not all genes show changes in peak breadth upon knockdown of 
WDR5 or JARID1B. Figure and description of the figure taken from (Howe et al. 2017). 

 

3.1.2.3 The role of H3K4 in the regulation of longevity 

 

Studies in worms by the Brunet group have indicated that lowering components of the 

complex composed of ASH-2, WDR-5 and the H3K4me3 methyltransferase SET-2 extends 

lifespan in C. elegans (Greer et al. 2010). Worm SET-2 is phylogenetically related to 

methyltransferases in the COMPASS complex. Knockdown of ASH-2, WDR-5 or SET-2 in 

fertile worms reduces global H3K4me3 levels and significantly extends worm lifespan (Greer 

et al. 2010). Conversely, deficiency in RBR-2, an H3K4me3 demethylase with homology to 

human JARID1A/KDM5A, increases H3K4me3 levels and shortens C.elegans lifespan 

(Maures et al. 2011). In line with these results, overexpression of RBR-2 is sufficient to 

extend lifespan in C. elegans (Maures et al. 2011). Thus, RBR-2 counteracts the ASH-2 

complex H3K4me3 levels and in longevity. Overall, these studies suggest that limiting the 

H3K4me3 level is beneficial for longevity in C. elegans (Greer et al. 2011). The role of the 

H3K4me3 demethylase RBR-2 in promoting longevity appears to be conserved in 

Drosophila, where consistent with the worm studies, deficiencies in Lid, the only fly ortholog 

of the worm RBR-2, shortened male fly lifespan and result in elevated global H3K4me3 (Li et 

al. 2010).  

  



	 64	

Interestingly, Greer and colleagues (2010) examined the effects of ash-2, wdr-5, set-2 and 

rbr-2 knockdown in glp-1(e2141ts) sterile mutant worms, which develop only 5–15 meiotic 

germ cells instead of 1,500 when shifted to the restrictive temperature at the L1 stage. They 

found that none of these mutants extended the lifespan of glp-1(e2141ts) mutant worms. 

Therefore, it seems that the presence of an intact germline is necessary for lifespan 

regulation by ASH-2, WDR-5, SET-2 and RBR-2. Additionally, Greer and colleagues (2010) 

used the rrf-1(pk1417) mutant worms in which RNAi is efficient in the germline, but not in 

somatic cells, and found that ash-2 or set-2 knockdown still extended lifespan in rrf-

1(pk1417) mutants. Furthermore, these authors showed that ash-2, set-2, wdr-5 and rbr-2 

mutant worms were mostly fertile and did not have significant differences in number of eggs 

laid (Greer et al. 2010).  

 

Furthermore, a link between lipid metabolism, H3K4 methylation and longevity has been 

pointed out by a recent work carried out by Brunet and colleagues (Han et al. 2017). The 

authors showed that deficiency in the COMPASS chromatin complex, and corresponding 

decrease in H3K4me3 in the germline, leads to the accumulation of monounsaturated fatty 

acids (MUFAs) in the intestine of C.elegans (Figure 3.5); and that this accumulation of 

MUFAs extends the lifespan of the animal. Indeed, upon profiling fatty acids, an increased in 

MUFAs was found, but not in saturated fatty acids or polyunsaturated fatty acids, indicating 

that COMPASS specifically influences MUFA metabolism. In addition, by performing 

transcriptome analysis, the authors identified fat-5 and fat-7, which encode delta-9 fatty acid 

desaturases and are involved in MUFA synthesis, being up regulated in the intestine of the 

worms upon ash-2 knockdown (Han et al. 2017). Further analysis confirmed that the switch 

to MUFA metabolism, that is induced by COMPASS deficiency, is driven by fat-7 

upregulation in the intestine (Han et al. 2017) (Figure 3.3.). Interestingly, silencing 

expression of H3K4me3 modifiers in the intestine did not promote fat accumulation or 

lifespan extension, suggesting that COMPASS functions outside the intestine to regulate fat 

accumulation in the intestine of the worms, and that a possible communication mechanism 

between the germline and the intestine might responsible of mediating this effect. Indeed, 

Han and colleagues (2017) found that rsks-1, which encodes a putative ribosomal protein S6 

kinase (S6K), was downregulated in the germline and led to intestinal fat-7 upregulation with 

an increased in MUFA-levels. However, the mechanism that links RSKS-1 in the germline to 

transcription factor activity in the intestine remains to be identified. Finally, Han and 

colleagues (2017) confirmed a key role for MUFAs in promoting longevity, by giving oleic 

acid and other MUFAs as dietary supplements to the worms, and verifying a lifespan 

extension in them.   
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Figure 3.5 Proposed model by Han and colleagues by which WDR-5, ASH-2 and SET-2 deficiency in the 
germline could lead to the fat metabolic switch in the intestine.  Figure taken from (Han et al. 2017). 

 

H3K4me1/me2 demethylase LSD1 regulates ageing in C.elegans 

 

In C. elegans, there are three KDM1 genes. KDM1 family is composed of the H3K4me1/me2 

demethylases (LSD1A and LSD1B). amx-1 encodes the sole KDM1B enzyme, while there 

are two paralogous KDM1A enzymes encoded by the spr-5 and lsd-1 genes (Eimer et al. 

2002; Jarriault and Greenwald 2002). Animals with a reduced function for lsd-1 are long-

lived (McColl et al. 2008; Maures et al. 2011). McColl and colleagues found that lithium 

treatment results in lifespan extension and in reduced expression of the worm ortholog of 

lsd-1 (McColl et al. 2008). Moreover, McColl and colleagues found that knockdown by RNA 

interference of lsd-1 is sufficient to extend longevity, and therefore they suggested that 

lithium regulates survival by modulating histone methylation and chromatin structure. Since 

knockdown of lsd-1 was found to increase lifespan in worms, these results might seem to be 

in contradiction to the lifespan reduction observed by deficiency in RBR-2 (Greer et al. 

2011). However, LSD-1, an H3K4me1/me2 demethylase, and RBR-2, an H3K4me3 
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demethylase, may regulate lifespan in an opposite manner, possibly because they have 

non-overlapping age-related gene targets, different gene distribution sites, act in distinct 

tissues or function at different times of life (Han and Brunet 2012). 

 

 

3.1.2 H3K36 as an activating histone mark enriched on the gene body 

 

H3K36me3 is a histone modification mark enriched on the gene body region and associated 

with active transcription (Hampsey and Reinberg 2003). H3K36me3 can be deposited by 

elongating RNA polymerase II (Pol II) (Hampsey and Reinberg 2003) and is important for 

regulating Pol II elongation and preventing cryptic transcription (Carrozza et al. 2005; 

Venkatesh et al. 2012). Cryptic transcription can be described as the aberrant transcription 

initiation from within coding regions. Interestingly, H4K36me3 has also been implicated in 

RNA splicing, as evidence have shown that exons are preferentially marked with H3K36me3 

relative to introns, and to alternatively spliced exons (Kolasinska-Zwierz et al. 2009; Kim et 

al. 2011; Pradeepa et al. 2012). In addition, H3K36me3, has been found to be involved in 

DNA mismatch repair, since this histone mark is required in vivo to recruit the mismatch 

recognition protein hMutSα (hMSH2-hMSH6) onto chromatin through direct interactions with 

the hMSH6 PWWP domain (Li et al. 2013).  
 

3.1.2.1 H3K36 modifiers in the regulation of longevity 

 

Pu and colleagues explored the global profile of trimethylation of Lys36 on histone H3 

(H3K36me3) in the somatic cells of young and old C. elegans; and concluded that 

H3K36me3 restricts gene expression change with age and maintains lifespan (Pu et al. 

2015). Firstly, they found that genome-wide distribution of H3K36me3 is largely stably 

maintained during ageing in C. elegans through chromatin immunoprecipitation (ChIP) 

coupled with deep sequencing (ChIP-seq). Next, they performed mRNA sequencing (mRNA-

seq) at the identical ageing time points using worms prepared in parallel to those for ChIP-

seq analysis, in order to compare H3K36me3 marks with mRNA expression during ageing. 

They found that genes with low H3K36 levels have a higher frequency of dramatic gene 

expression change with age in both increase and decrease directions. On the contrary, 

genes with high H3K36me3 levels have relatively stable expression profiles with age. 

Moreover, a similar correlation was also observed in Drosophila, suggesting a conserved 

mechanism for H3K36 in suppressing age-dependent mRNA expression alterations. Lastly, 

Pu and colleagues further showed that reduction of global H3K36me3 levels through 
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inactivation of the methyltranferases met-1 causes an increase in mRNA expression change 

with age and shortens lifespan (Pu et al. 2015). 
 

On the other side, Ryu and colleagues (2014) found that loss of the H3K36 

methyltransferase, Set2 (Do not confuse with Set-2 in C.elegans which is a H3K4 

methyltransferase) increases cellular lifespan in yeast cells, through a mechanism that 

involves regulation of telomeric silencing (Ryu et al. 2014). Telomeres protect the ends of 

chromosomes from DNA repair and degradation mechanisms. In general, genes located 

near telomeres are transcriptionally silenced, a phenomenon known the “telomere position 

effect” (TPE) in budding yeast. The TPE is an example of position-effect variegation, in 

which the expression of a gene reversibly switches within heterochromatin. An intermediate 

state of chromatin, namely, unstable ON telomeres, exists when a gene is switched on near 

telomeres. This unstable state of chromatin is temporally maintained in a transcription-

dependent manner and is preferentially restored to its original heterochromatin state, 

namely, OFF telomeres. Ryu and colleagues (2014) found that Set2 suppress the 

restoration of unstable ON telomeres to the stable OFF state; and observed that replicative 

lifespan of set2∆ mutants was significantly extended compared to that of wild type cells, 

suggesting that Set2 promotes cellular ageing at least in part through the preservation of 

unstable telomeres in the ON state.  
 

Lastly Sen and colleagues showed that suppression of cryptic transcript initiation extends 

lifespan in the yeast by replenishing H3K36me3 histone mark in the aged cells. Deletion of 

the dimethyl and trimethyl K36 demethylase Rph1, but not the monomethyl and dimethyl 

demethylase, Jhd1, increased lifespan, and suppressed cryptic transcript formation (Sen et 

al. 2015). H3K36me3 recruits the deacetylases complex, Rpd3S, which erases transcription 

elongation associated acetylation, which in turn prevents intragenic transcription initiation 

(Carrozza et al. 2005). Loss of H3K36me3 therefore, causes inefficient recruitment of the 

Rpd3S complex resulting in hyperacetylation and increased levels of cryptic transcript 

formation (Figure 3.6) (Sen et al. 2015).  
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Figure 3.6 Model showing the ageing in wild-type and rph1Δ yeast cells. Wild-type cells lose H3K36me3 
from gene bodies with age, thus resulting in hyperacetylation, increased chromatin accessibility (marked by 
yellow nucleosomes), and high levels of cryptic transcription that is detrimental to life span. In 
contrast, rph1Δ cells retain moderate levels of H3K36me3, promoting deacetylation and closing down chromatin 
over intragenic cryptic promoters (marked by light-orange nucleosomes), resulting in suppression of cryptic 
transcription and lifespan extension. Figure and description of the figure taken from (Sen et al. 2015). 
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3.1.3 H3K27 as a silencing histone mark 

 

While trimethylated lysine 4 on histone H3 (H3K4me3) is associated with active chromatin 

and is present at transcriptional start sites (Bernstein et al. 2002; Santos-Rosa H 2002); 

trimethylated lysine 27 on histone H3 (H3K27me3) is associated with facultative 

heterochromatin and transcriptionally silenced chromatin regions (Cao et al. 2002; Bernstein 

et al. 2006).  

3.1.3.1 Polycomb repressive complexes (PRCs) 

 

Polycomb group (PcG) proteins function as transcriptional repressors that silence specific 

sets of genes through chromatin modifications. Although initially known for their role in 

maintaining cell identity during the establishment of the body plan; PcG members have now 

been implicated in the control of cellular proliferation and neoplastic development. Moreover, 

their oncogenic function might be associated with their well-established role in the 

maintenance of embryonic and adult stem cells (Reviewed in Sparmann and van Lohuizen 

(2006) and Schwartz and Pirrotta (2007)). 

 

PcG proteins were originally identified in the Drosophila as repressors of Hox genes based 

on mutant phenotypes involving posterior transformation of body segments. Indeed, the term 

‘Polycomb’ was used to describe the first PcG mutations –extra sex combs (esc) and 

Polycomb (Pc)- because of additional sex combs on the second and third legs of male flies, 

a structure that is normally restricted to the first legs. In vertebrates, this function is 

essentially conserved with several Polycomb mutants exhibiting skeletal malformations. PcG 

proteins associate into three distinct classes of multimeric complexes, termed Polycomb 

repressive complexes (PRCs), PRC1, PRC2 and PhoRC complex (Figure 3.7). One group, 

the PRC2 complex, consists of mammalian homologues of the Drosophila proteins 

Enhancer of zeste, E(z), Suppressor of zeste 12, Su(z) 12, P55, and extra sex combs 

(ESC), which form the core of the PRC2 complex that is involved in the initiation of gene 

repression (Figure 3.7). E(z), the catalytically active component of PRC2, trimethylates 

lysine 27, H3K27me3, and to a lesser extent lysine 9 of histone H3, H3K9me3. The more 

diverse, PRC1 complex, which comprises the core components Polycomb (PC), 

polyhomeotic (PH), Posterior sex combs (PSC), and Sex combs extra (SCE/RING), can 

recognize the H3K27me3 mark through the chromodomain of the PC protein (Figure 3.7). 
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Figure 3.7 Polycomb repressive complexes (PRCs). The core proteins are shown as solid coloured spheres. 
Figure taken from Schwartz and Pirrotta (2007) 

 

A third pleiohomeotic (PHO) repressive complex (PHORC1) (Figure 3.7), purified from 

Drosophila embryos, combines sequence-specific DNA binding activity with a unique ability 

to recognize methylated histones, and could therefore mediate long-range interactions 

between locally bound PcG proteins and methylated nucleosomes in the flanking chromatin. 

In addition, RNAi factors might increase PcG-mediated silencing through an effect on 

nuclear organization. Furthermore, the mammalian genome encodes multiple orthologues of 

each Drosophila PcG protein, which despite partial functional redundancy exhibit unique 

biochemical properties, suggesting that PRC core components can assemble into various, 

functionally distinct sub-complexes depending on the cellular context, challenging the 

concept of two static PcG complexes.  

 

Jarid2 (Jumonji, AT-rich interactive domain 2) is a critical component of the Polycomb 

Repressor complex 2 (PRC2), implicated in guiding the deposition of H3K27me3 across the 

genome (Landeira and Fisher 2011).  Although, Jarid2 is the founding member of the 

Jumonji family of proteins that can demethylate histones, Jarid2 itself has been found to be 

unable to do so (Landeira and Fisher 2011). 
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3.1.3.2 The role of Trithorax proteins in repressing PcG silencing 

 

All PcG target genes that have been studied are also known to be positively regulated by 

Trithorax and other proteins including ASH1 and ASH2, which seem to work antagonistically 

to the PcG proteins (Poux et al. 2002; Klymenko and Muller 2004). In trx or ash1 fly mutants, 

expression of target genes is depressed in a PcG dependent manner. If both PcG silencing 

and trx are impaired, expression returns to near normal. Moreover, careful analysis shows 

that the loss of trx causes PcG target genes to be silenced, even in regions in which they 

should remain derepressed. Therefore, it seems that the main role of ASH1 and TRX in the 

regulation of Hox genes is to prevent PcG silencing, rather than simply to activate their 

transcription (Poux et al. 2002; Klymenko and Muller 2004). 

 

3.1.3.3 H3K27 modifiers in the regulation of longevity 

 

An age-dependent loss of chromatin repression has been observed in species ranging from 

C.elegans to humans (Lund et al. 2002; Bennett-Baker et al. 2003). However, whether and 

how maintenance of repressed chromatin affects longevity is only starting to emerge 

(Maures et al. 2011). Interestingly, studies in C.elegans, have shown that RNAi knockdown 

or heterozygous mutation of UTX-1, a H3K27me3 demethylase, extends lifespan and leads 

to elevated global H3K27me3 levels, establishing a first connection between chromatin 

repression and ageing (Jin et al. 2011; Maures et al. 2011).   

 

In contrast, in Drosophila, heterozygous mutations in the complex that methylates H3K27, 

notably the PRC2 components E(z) and ESC, reduce global H3K27me3 levels and extend 

the longevity (Siebold et al. 2010). Heterozygous mutation of the H3K4me3 

methyltransferase Trx reverts the long lifespan of PRC2 mutants, and leads indirectly to a 

modest restoration of global H3K27me3 levels, suggesting that the H3K4me3 Trx complex 

counteracts the H3K27me3 PRC2 complex to regulate lifespan (Siebold et al. 2010). 
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3.2 RESULTS 
 

3.2.1 RNAi-based screen in Drosophila 

 

I performed an RNAi-based screen in Drosophila, in order to uncover histone lysine 

methyltransferase (KMT) and histone lysine demethylase (KDM) genes that could exert a 

positive effect on longevity. A complete list of the genes that were tested can be find the in 

the Table 3 of the Chapter II: materials and methods.  

 

Knockdown of KMT and KDM genes by RNA interference (RNAi) was achieved using the 

Gene-Switch (GS) system; which is a modified inducible version of the commonly used 

GAL4/UAS system (Brand and Perrimon 1993b; Osterwalder 2001; Duffy 2002) One 

advantage of using the Gene Switch (GS) system is that it allowed me to the test the effects 

on longevity of KMTs and KDMs genes in the adulthood; avoiding any possible detrimental 

effect that downregulation of KMTs and KDMs genes could have during development. In 

order to test the effects on longevity of ubiquitous downregulation of KMTs and KDMs, I 

used the ActGS driver, which drives the expression of the UAS-linked hairpin construct 

under the ubiquitin actin promoter. In addition, I used the S1106 driver, which drives the 

expression in the gut and the fat body (Poirier et al. 2008). Half of the female progeny was 

fed food supplemented with 200µM RU486, which induced UAS- KMTs and KDMs RNAi 

constructs resulting in the downregulation of KMTs and KDMs expression. The other half of 

the female progeny was fed on control food supplemented with ethanol, which was a diluent 

for RU486. Therefore, experimental and control groups are genetically identical and reared 

under the same environmental conditions, until day 2 of adulthood, when they were split into 

experimental and control group. Lastly, besides testing KMTs and KDMs knockdown effect 

on lifespan; I tested whether KMTs and KDMs knockdown would affect the resistance to 

paraquat-induced oxidative stress and starvation conditions. Increased resistance to these 

stressors is commonly associated with long-lived mutants (Sun et al. 2013).  
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3.2.2 H3K4 epigenetic modifiers regulate longevity  

 

Methylation of H3K4 is associated with actively transcribed regions of the genome. 

Interestingly, through the RNAi-based screen, I identified Set1, a conserved H3K34 KMT, 

and Lsd1 and Kdm2, conserved H3K34 KDMs, as positive regulators of longevity in 

Drosophila (Figure 3.2.1).  

	
 Figure 3.2.1 Ubiquitous knockdown of Set1 (H3K4 KMT) and Lsd1 and KdM2 (H3K4 KDMs), extends 

lifespan of Drosophila. A) Percentage change in median and maximum lifespan of H3K4 KMTs: Set1 (GD RNAi 

line), Trr (GD RNAi line), Trx (TRIP and GD RNAi lines) and Ash2 (GD and KK RNAi lines) knockdown flies 

compared to their respective control groups. Ubiquitous knockdown of Set1 increased both median and 

maximum lifespan by 3% (~2 days) and 4% (~3 days) respectively (***P = 3.49E-05, log rank test). B) 

Percentage change in median and maximum lifespan of H3K4 KDMs: Lsd1 (GD RNAi line), Lid (GD and KK 

RNAi line) and Kdm2 (GD and KK RNAi line) knockdown flies compared to their respective control groups. 

Ubiquitous knockdown of Lsd1 increased maximum (but not median) lifespan by 9.33% (~7 days) in the first 

experiment (*P = 0.017 log rank test), and both median and maximum lifespan by 4% (~2.5 days) and 9.2 % (~ 

6.5 days) respectively in the second experiment (***P = 0.0001 log rank test). Ubiquitous downregulation of 

Kdm2 in the (GD) RNAi line increased significantly median (but not maximal) lifespan by 6% (~4 days) (**P = 

0.002). Chi-squared for log rank test on survivorship data. H3K4 histone lysine methyltransferases (KMTs), are 

represented in green; whereas, H3K4 histone lysine demethylases (KDMs) are represented in red. No change 

(N.C.).  
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3.2.2.1 Downregulation of H3K4 methyltranferases effect on lifespan and survival under 

stress 

 

Previously, H3K4 KMTs and KDMs genes have been identified and characterized for their 

role in the regulation of longevity in S. cerevisiae, C. elegans and Drosophila (McColl et al. 

2008; Greer et al. 2010; Li et al. 2010; Siebold et al. 2010; Han et al. 2017). For instance, 

studies in worms by the Brunet group have indicated that lowering components of the 

complex composed of ASH-2, WDR-5 and the H3K4me3 methyltransferase SET-2 extends 

lifespan in C. elegans (Greer et al. 2010). However, the role of H3K4 methylation in longevity 

in Drosophila has not been explored yet. Drosophila has three COMPASS-like complexes 

and three independent genes each capable of methylating H3K4 with not redundant 

functions - Set1, trithorax (trx) and trithorax related (trr). Trx and Trr have been recently 

demonstrated to act as H3K4 monomethyltransferases, which together account for the 

majority of the H3K4me1 (Tie et al. 2014). On the contrary, Set1 possesses di- and tri- H3K4 

methyltransferase activity (Ardehali et al. 2011; Hallson et al. 2012). H3K4me1 is mainly 

found at the enhancers, whereas H3K4me2 is enriched at the gene bodies and H3K4me3 

peaks nearby the transcription start site (TSS). Therefore, mono-, di- and tri- H3K4 are 

histone marks enriched at different locations in the genome, which have different functions in 

transcription regulation. Therefore, I aimed to explore whether downregulation of the three 

known H3K4 KMTs in Drosophila, Set1, Trr and Trx, would affect longevity. Interestingly, I 

found that ubiquitous downregulation of Set1, using the actGS driver, resulted in lifespan 

extension and protection against paraquat-induced oxidative stress. However, it made the 

flies sensitive to starvation conditions (Figure 3.2.2). In addition, ubiquitous downregulation 

of the other two H3K4 methyltransferases, Trx and Trr, had a detrimental effect on longevity 

(Figure 3.2.3 and 3.2.4). Ubiquitous knockdown of Trr slightly shortens lifespan; however, it 

protected against paraquat-induced oxidative stress (Figure 3.2.3). A plausible hypothesis, 

however not tested, is that milder downregulation of Trr could extend lifespan. In addition, 

ubiquitous downregulation of Trx dramatically decreases lifespan and sensitises against 

paraquat-induced oxidative stress. Nonetheless, the gut and fat specific decrease in Trx 

increases lifespan and resistance to starvation and oxidative stress (Figure 3.2.4). 

Collectively, these results suggest that Trx downregulation effect on the lifespan is tissue 

dependent. 

 

In addition, I tested the effect on lifespan and stress resistance of ubiquitous and gut/fat 

body specific knockdown of Ash2, which is a member of the Drosophila COMPASS complex 

required for H3K4 methylation (Ardehali et al. 2011; Hallson et al. 2012). However, the effect 

of Ash2 on lifespan was inconclusive (Figure 3.2.5) - in the first experiment, ubiquitous 
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decrease in Ash2 slightly increased lifespan, in the second experiment it decreased lifespan, 

while in the third experiment no lifespan change was observed. In addition, ubiquitous 

downregulation of Ash2 driven by a different RNAi line (GD) did not affect lifespan. Lastly the 

gut and fat specific decrease in Ash2 shortened lifespan (Figure 3.2.5). In conclusion, this 

suggests that lowering Ash2 is not a reliable lifespan extension intervention, possibly 

influenced by fluctuation in experimental conditions.  

	
 Figure 3.2.2 Ubiquitous downregulation of Set1 extends lifespan and protects against paraquat-induced 
oxidative stress. A) Survival curves of ActGS>UAS-Set1 RNAi (GD) induced (RU 200µM) and non-induced (RU 

0µM) flies. ActGS>UAS-Set1 RNAi (GD) induced flies show a significant increase in median lifespan by 3% (~2 

days) and maximal lifespan by 4% (~3 days) compared to the control group (***P = 3.49E-05, log rank test); B) 

Paraquat-assay of ActGS>UAS-Set1 RNAi shows a significant resistance against oxidative stress (*P = 0.02, log 

rank test). C) Starvation assay of ActGS>UAS-Set1 RNAi showing increased sensitivity to starvation (**P = 

0.003, log rank test). Chi-squared for log rank test on survivorship data. Once mated females were pre-treated 

with RU486 or ethanol as control for 10 days before challenge with B) 20mM paraquat, and C) starvation . N=150 

flies per condition. 
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 Figure 3.2.3 Ubiquitous downregulation of Trr shortens lifespan; however, it protects against paraquat-

induced oxidative stress. A) Survival curves of ActGS>UAS-Trr RNAi (GD) induced (RU 200µM) and non-

induced (RU 0µM) flies. ActGS>UAS-Trr RNAi (GD) induced flies showed a significant decreased in median 

lifespan (but not maximum lifespan) by -6% compared to the control group (*P = 0.03, log rank test). B) Paraquat-

assay of ActGS>UAS-Trr RNAi (GD) shows a significant resistance against oxidative stress (***P =1.36 E-05, log 

rank test). C) Ubiquitous downregulation of Trr did not affect sensitivity to starvation conditions (P > 0.05, log rank 

test). Chi-squared for log rank test on survivorship data. Once mated females were  pre-treated with RU486 or 

ethanol as control for 10 days before challenge with B) 20mM paraquat, and C) to starvation conditions. N=150 

flies per condition. 
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 Figure 3.2.4 Ubiquitous downregulation of Trx decreases while gut/fat downregulation increases 

lifespan. A) and B) Survival curves of ActGS>UAS-Trx RNAi (TRIP) and ActGS>UAS-Trx RNAi (GD) induced 

(RU 200µM) and non-induced (RU 0µM) flies. Ubiquitous downregulation of Trx in both RNAi lines (TRIP and 

GD) significantly reduced median lifespan by -30% and by -11%, and maximal lifespan by -15.3% and by -4% 

respectively (***P = 1.79 E-31 and ***P = 3.3 E-17 log rank test respectively). C) Ubiquitous downregulation of 

Trx sensitized against paraquat-induced oxidative stress (*P < 0.05, log rank test). D) Gut/fat body specific 

downregulation of Trx in the S1106>UAS-Trx RNAi (TRIP) increased lifespan (*P =0.02 log rank test). E) and F) 

Gut/fat body specific downregulation of Trx slightly increased resistance to starvation and oxidative stress (*P = 

0.0134 E-31 and **P = 0.006 log rank test respectively). Chi-squared for log rank test on survivorship data. Once 

mated females were  pre-treated with RU486 or ethanol as control for 10 days before challenged with C) and F) 

20mM paraquat, and E) to starvation conditions. N=150 flies per condition. 
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 Figure 3.2.5 Lifespan and survival under stress upon Ash2 downregulation. A), B) and C) Survival curves 

of ActGS>UAS-Ash2 RNAi (KK) induced (RU 200µM) and non-induced (RU 0µM) flies. A) Ubiquitous 

downregulation of Ash2 increased median (but not maximum) lifespan by 6.6% (*P =0.025, log rank test). B) 

Ubiquitous downregulation of Ash2 decreased median and maximum lifespan by -15% and -6% respectively (**P 

=0.002, log rank test), and C) did not affect lifespan (P > 0.05, log rank test). D) Ubiquitous downregulation of 

Ash2 driven by a different RNAi line (GD) did not affect lifespan (P > 0.05, log rank test). E) Gut/fat body 

downregulation in S1106>UAS-Ash2 RNAi (KK) flies decreased median and maximum lifespan by -5.3% and -8% 

respectively of RU treated compared to control flies (*P =0.020, log rank test). F) Gut/fat body downregulation of 

Ash2 did not affect resistance to paraquat (P = 0.28, log rank test). Chi-squared for log rank test on survivorship 

data. Once mated females were  pre-treated with RU486 or ethanol as control for10 days before challenged with 

F) 20mM paraquat. N=150 flies per condition. 
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3.2.2.2 Downregulation of H3K4 demethylases effect on lifespan and survival under stress 

 

H3K4 KTMs affect the lifespan of Drosophila. Therefore, I sought to examine whether 

downregulation of the three known H3K4 KDMs in Drosophila, Lsd1, Lid and Kdm2 would 

affect lifespan (Figure 3.2.1). Interestingly, ubiquitous and gut/fat body specific knockdown of 

Lsd1, H3K4 mono and di- demethylase, extends lifespan (Figure 3.2.6). In addition, ectopic 

expression of Lsd1 did not affect lifespan in the first experiment; however, it decreased 

lifespan in the second experiment. Lastly, specific gut/fat body overexpression of Lsd1 did 

not affect lifespan (Figure 3.2.7).  

 

The effect on lifespan of Lid knockdown, H3K4me3 demethylase, was inconclusive (Figure 

3.2.8), as in the first experiment ubiquitous actGS-mediated down-regulation slightly 

increased lifespan; but in the second experiment no lifespan effect was observed. In 

addition, ubiquitous downregulation of Lid driven by two different RNAi lines (KK and GD) 

shortened lifespan (Figure 3.2.8).  

 

Finally, I tested the effects on longevity of Kdm2 knockdown, a second JmjC domain histone 

lysine demethylase in addition to Lid, with specificity for H3K4me3. Ubiquitous 

downregulation of Kdm2 extends lifespan and protects against paraquat-induced oxidative 

stress and starvation (Figure 3.2.9). Therefore, Lid and Kdm2, regardless of both being 

KDMs with specificity for H3K4me3, seem to rely on different targets to regulate the lifespan 

of Drosophila.  
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 Figure 3.2.6 Ubiquitous and gut/fat body specific downregulation of Lsd1 extends lifespan. A) and B) 

Survival curves of ActGS>UAS-Lsd1 RNAi (GD) induced (RU 200µM) and non-induced (RU 0µM) flies. A) 

Downregulation of Lsd1 significantly extended maximal lifespan (but not median lifespan) by 9.33% (~7 days) (*P 

= 0.017, log rank test compared to the control group). B) Downregulation of Lsd1 extended median lifespan by 

4% (~2.5 days) and maximal lifespan by 9.2 % (~ 6.5 days) (***P = 0.0001 log rank test). C) Gut/fat body specific 

downregulation of Lsd1 in the S1106>UAS-Lsd1 RNAi (GD) induced flies increased significantly extended median 

lifespan by 4.3% (~3 days) and maximal lifespan by 3.7% (~3 days) (***P = 0.0002 log rank test). D) Ubiquitous 

downregulation of Lsd1 did not affect the resistance to paraquat-induced oxidative stress. E) Gut/fat body specific 

downregulation of Lsd1 did not affect the resistance to starvation. Chi-squared for log rank test on survivorship 

data. Once mated females were pre-treated with RU486 or ethanol as control for 10 days before challenged with 

D) 20mM paraquat, and E) to starvation conditions. N=150 flies per condition. 
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 Figure 3.2.7 Lifespan and stress survival of Lsd1 overexpressor flies. A) and B) Survival curves of 

ActGS>UAS-Lsd1 induced (RU 200µM) and non-induced (RU 0µM) flies. A) Ubiquitous overexpression of Lsd1 

did not affect lifespan. B) Ubiquitous overexpression of Lsd1 decreased significantly median lifespan by -8% and 

maximum lifespan by -8.5% (**P = 0.002 log rank test). C) Overexpression of Lsd1 in the gut/fat body in 

S1106>UAS-Lsd1 flies did not affect lifespan. D) Ubiquitous overexpression of Lsd1 did not affect resistance to 

paraquat. E) Gut/fat body specific overexpression of Lsd1 conferred resistance to starvation (**P = 0.0015 log 

rank test). Chi-squared for log rank test on survivorship data. Once mated females were  pre-treated with RU486 

or ethanol as control for 10 days before challenged with D) 20mM paraquat, and E) to starvation conditions. 

N=150 flies per condition. 
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 Figure 3.2.8 Lifespan and survival under stress upon Lid downregulation. A), B), C) and D) Survival curves 

of ActGS>UAS-Lid RNAi induced (RU 200µM) and non-induced (RU 0µM) flies of different Lid RNAi lines tested: 

(TRIP) (A) and (B), (KK) (C) and (GD) (D). A) Ubiquitous downregulation of Lid (ActGS>UAS-Lid RNAi (TRIP)) 

increased median (but not maximum) lifespan by 4.6% (*P =0.025, log rank test). B) Ubiquitous downregulation 

of Lid (ActGS>UAS-Lid RNAi (TRIP)) did not increase lifespan (N.S). C) Ubiquitous downregulation of Lid 

(ActGS>UAS-Lid RNAi (KK)) decreased median (but not maximum) lifespan by -7% (*P = 0.02, log rank test). D) 

Ubiquitous downregulation of Lid (ActGS>UAS-Lid RNAi (GD)) decreased median and maximum lifespan by -3% 

and -2.6% respectively (**P = 0.007, log rank test). E) Ubiquitous downregulation of Lid (ActGS>UAS-Lsd1(KK)) 

did not affect the response to starvation (P = 0.08 log rank test). F) Specific downregulation of Lid in the gut/fat 

body of S1106>UAS-Lid1(KK) induced flies increased resistance to starvation (**P = 0.003 log rank test). Chi-

squared for log rank test on survivorship data. Once mated females were pre-treated with RU486 or ethanol as 

control for10 days before challenged to starvation conditions. N=150 flies per condition. 
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 Figure 3.2.9 Ubiquitous downregulation of Kdm2 extends lifespan and protects against paraquat-
induced oxidative stress and starvation. A) and B) Survival curves of ActGS>UAS-Kdm2 RNAi (GD) and 

ActGS>UAS-Kdm2 RNAi (KK) induced (RU 200µM) and non-induced (RU 0µM) flies. Ubiquitous downregulation 

of Kdm2 in the (GD) RNAi line, but not in the (KK) RNAi line, increased significantly median lifespan by 6% (~4 

days) but maximal lifespan (**P = 0.002 and P = 0.24 log rank test respectively). C) and D) Ubiquitous 

downregulation of Kdm2 in the the (GD) RNAi line, but not in the (KK) RNAi line, protected against paraquat (***P 

= 0.0004 and P = 0.056 log rank test respectively). E) and F) Ubiquitous downregulation of Kdm2 in the (KK) 

RNAi line, but not in the (GD) RNAi line, significantly conferred  starvation resistance (*P = 0.02 and P = 0.19 log 

rank test respectively). Chi-squared for log rank test on survivorship data. Once mated females were  pre-treated 

with RU486 or ethanol as control forfor 10 days before challenged with C) and D) 20mM paraquat, and E) and F) 

to starvation conditions. N=150 flies per condition. 
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3.2.3 H3K36 epigenetic modifiers regulate longevity  

 

H3K36me3 is a histone modification mark enriched on the gene body region and associated 

with active transcription (Hampsey and Reinberg 2003). Previously, H3K36 KMTs and KDMs 

genes were identified and characterized for their role in the regulation of longevity in S. 

cerevisiae and C. elegans, yet their role in the regulation of longevity in Drosophila remained 

undetermined (Ryu et al. 2014; Pu et al. 2015; Sen et al. 2015). Interestingly, through the 

RNAi-based screen carried out in Drosophila, I identified Set2, a conserved H3K36 KMT as 

positive regulator of longevity (Figure 3.2.10). 

	
 Figure 3.2.10 Ubiquitous knockdown of Set2, H3K36 KMT, extends the lifespan of Drosophila. Percentage 

change in median and maximum lifespan between the H3K36 KMTs: Set2 and Ash1, and the H3K36 KDMs: 

Kdm4A, Kdm4B and Su(var)205 knockdown flies and their respective control groups. Ubiquitous downregulation 

of Set2 increased both median and maximum lifespan by 3.2% (~2 days) and 11.2% (~7.5 days) respectively 

(***P = 3.9E-05, log rank test). Chi-squared for log rank test on survivorship data. H3K36 histone lysine 

methyltransferases (KMTs), are represented in green; whereas, H3K36 histone lysine demethylases (KDMs) are 

represented in red. No change (N.C.). 
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3.2.3.1 Downregulation of H3K36 methyltranferases effect on lifespan and survival under 

stress 

 

I sought to assess whether knockdown of the two known fly H3K36 KMTs, Set2 and Ash1, 

would affect longevity. Interestingly, ubiquitous knockdown of Set2, H3K36 tri- 

methyltransferase, extends lifespan and protects against paraquat-induced oxidative stress 

(Figure 3.2.11). 

	
 Figure 3.2.11 Ubiquitous downregulation of Set2 extends lifespan and protects against paraquat-induced 
oxidative stress. A) Survival curves of ActGS>UAS-Set2 RNAi (KK) induced (RU 200µM) and non-induced (RU 

0µM) flies. ActGS>UAS-Set2 RNAi (KK) induced flies showed a significant increased in both median and 

maximum lifespan by 3.2% (~2 days) and 11.2% (~7.5 days) respectively (***P = 3.9E-05, log rank test) B) 

Ubiquitous downregulation of Set2 conferred paraquat resistance  (*P = 0.0003, log rank test). C) Ubiquitous 

downregulation of Set2 did not affect starvation resistance (P = 0.35, log rank test). Chi-squared for log rank test 

on survivorship data. Once mated females were pre-treated with RU486 or ethanol as control for 10 days before 

challenged with B) 20mM paraquat, and C) to starvation conditions. N=150 flies per condition. 
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In contrast, ubiquitous knockdown of Ash1, a di- but not tri- H3K36 methyltransferase, 

decreased lifespan (Figure 3.2.12). In addition, ubiquitous downregulation of Ash1 did not 

affect the resistance to paraquat; however, it reduced the resistance to starvation (Figure 

3.2.12). Therefore, downregulation of di- and tri- H3K36 methylated levels posses an 

opposite effect on longevity.  

	
 Figure 3.2.12 Ubiquitous downregulation of Ash1 decreases lifespan and sensitises to starvation. A) 

Survival curves of ActGS>UAS-Ash1 RNAi (KK) induced (RU 200µM) and non-induced (RU 0µM) flies. 

ActGS>UAS-Ash1 RNAi (KK) RU-induced flies showed a decrease in median and maximum lifespan by -14% 

and 5.7% respectively (***P = 1.13E-11, log rank test). B) Ubiquitous downregulation of Ash1, did not affect the 

resistance to paraquat (P = 0.13, log rank test). C) Ubiquitous downregulation of Ash1 sensitised to starvation (*P 

= 0.014, log rank test). Chi-squared for log rank test on survivorship data. Once mated females were  pre-treated 

with RU486 or ethanol as control for 10 days before challenged with B) 20mM paraquat, and C) to starvation 

conditions. N=150 flies per condition. 

3.2.3.2 Downregulation of H3K36 demethylases effect on lifespan and survival under stress 

 

I aimed to investigate whether downregulation of the two H3K36 KDMs, Kdm 4A and Su(var) 

205, would affect lifespan (Figure 3.2.10). Interestingly, ubiquitous downregulation of 

Kdm4A, a JmjC domain histone lysine demethylase with specificity for H3K36me3 shortens 

lifespan (Figure 3.2.13). In addition, ubiquitous knockdown of Kdm4B, and isoform of 

Kdm4A, did not affect lifespan; however, it protects against paraquat (Figure 3.2.13). 

ActGS > UAS-Ash1 RNAi (KK) 

S
u

r
v

iv
a

l 

Days

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90 100
0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Days

ActGS > UAS-Ash1 RNAi (KK)  

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8 9 10 11 12

Days

ActGS > UAS-Ash1 RNAi (KK)  

Fig. 3 H3K36: KTM: Ash 1 KK

S
u

r
v

iv
a

l 
(S

ta
rv

a
ti

o
n

)

S
u

r
iv

a
l 

(2
0

 m
M

 P
a

r
a

q
u

a
t)

200 µM RU
    0 µM

200 µM RU
    0 µM

200 µM RU
    0 µM

A)

C)

B)

***

*



	 87	

	
 Figure 3.2.13 Ubiquitous downregulation of Kdm 4A shortens lifespan; and Kdm4B, an isoform of 

Kdm4A, protects against oxidative stress. A) and B) Survival curves of ActGS>UAS-Kdm4A RNAi (KK) and of 

ActGS>UAS-Kdm4B RNAi (GD) induced (RU 200µM) and non-induced (RU 0µM) flies. ActGS>UAS-Kdm4A 

RNAi (KK) induced flies showed a significant decreased in maximum (but not median) lifespan by -2.9% (**P = 

0.0079, log rank test). ActGS>UAS-Kdm4B RNAi (GD) induced flies lifespan was not significantly different (P = 

0.056, log rank test). C) and D) ActGS>UAS-Kdm4B RNAi (GD), but not ActGS>UAS-Kdm4A RNAi (KK), 

induced flies were significantly resistant to paraquat (*P =0.0148, log rank test). E) and F) Neither ActGS>UAS-

Kdm4A RNAi (KK) nor ActGS>UAS-Kdm4B RNAi (GD) induced flies response to starvation was significantly 

different. Chi-squared for log rank test on survivorship data. Once mated females were  pre-treated with RU486 

or ethanol as control for 10 days before challenged with C) and D) 20mM paraquat, and E) and F) to starvation 

conditions. N=150 flies per condition. 
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Su(var)205, also known as heterochromatin protein 1a (HP1a) associates with Kdm 4A and 

stimulates the H3K36 demethylation activity of this. In addition, loss of Su(var)205 has been 

shown to lead to an increased level of histone H3K36me3. Interestingly, I found that 

ubiquitous knockdown of Su(var)205, decreases lifespan while protects against paraquat 

(Figure 3.2.14).  Therefore, together with the lifespan extension observed upon Set2 

knockdown (Figure 3.2.11), these results suggest that downregulation of H3K36me3 histone 

mark might be beneficial for longevity. 

	
 Figure 3.2.14 Ubiquitous downregulation of Su(var) 205 decreases lifespan and protects against 

paraquat. A) Survival curves of ActGS>UAS-Su(var) 205 RNAi (GD) induced (RU 200µM) and non-induced (RU 

0µM) flies. ActGS>UAS-Su(var) RNAi (GD) induced flies showed a significant decreased in median and 

maximum lifespan by -8.6% and -7.38% respectively (***P = 2.02E-15, log rank test). B) Ubiquitous 

downregulation of Su(var) 205 conferred resistance to paraquat (***P = 1.74 E-09, log rank test). C) Ubiquitous 

downregulation of Su(var) 205 did not affected the response to starvation. Chi-squared for log rank test on 

survivorship data. Once mated females were  pre-treated with RU486 or ethanol as control for 10 days before 

challenged with B) 20mM paraquat, and C) to starvation conditions. N=150 flies per condition. 
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3.2.4 H3K27me3 epigenetic modifiers regulate longevity 

 

H3K27me3 is associated with facultative heterochromatin and transcriptionally silenced 

chromatin regions (Cao et al. 2002; Bernstein et al. 2006). Previously, several H3K27 KMTs 

and KDMs genes were identified and characterized for their role in the regulation of longevity 

in C. elegans and Drosophila (Siebold et al. 2010; Jin et al. 2011; Maures et al. 2011; Ni et 

al. 2012). Interestingly, through the RNAi-based screen, I identified Su(z)2, a member of the 

PRC2 complex, as a novel positive regulator of longevity (Figure 3.2.15).  

	
 Figure 3.2.15 Ubiquitous actGS-mediated downregulation of Su(z)2, H3K27me3 KDM, extends lifespan. 

Percentage change in median and maximum lifespan between the H3K27 KMT E(z) (TRIP RNAi line) and H3K27 

KDMs: Utx (TRIP and GD RNAi lines), Jarid 2 (KK line RNAi line) and Su(z) 2 (TRIP and KK RNAi lines) 

knockdown flies and their respective control groups. Ubiquitous downregulation of Su(z)2 in both RNAi lines 

significantly increased median and maximum lifespan by 4.5% and 3.7%, and 8.6% and 6.3% respectively (**P = 

0.006 and ***P = 0.0001 log rank test respectively). Chi-squared for log rank test on survivorship data. H3K27 

histone lysine methyltransferases (KMTs), are represented in red; whereas, H3K27 histone lysine demethylases 

(KDMs) are represented in green. No change (N.C.). 
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3.2.4.1 Downregultion of H3K27 methyltranferases effect on lifespan and survival under 

stress 

 

I aimed to investigate whether knockdown of the H3K27 KMT in the fly, E(z), would affect 

longevity. Ubiquitous downregulation of E(z) did not affect lifespan; however, specific gut/fat 

body decrease in E(z) increased lifespan (Figure 3.2.16), suggesting that E(z) 

downregulation effect on the lifespan is tissue-specific.  

	
 Figure 3.2.16 Effect on lifespan and stress of ubiquitous and gut/fat body specific downregulation of 

E(z). A) Survival curves of ActGS>UAS-E(z) RNAi (TRIP) induced (RU 200µM) and non-induced (RU 0µM) flies. 

Ubiquitous downregulation of E(z) in the ActGS>UAS-E(z) RNAi (TRIP) induced flies did not significantly affect 

lifespan (P = 0.82, log rank test). B) Specific downregulation of E(z) in the gut/fat body of S1106>UAS- E(z) RNAi 

(TRIP) increased median and maximum lifespan by 5.2% (~3 days) and 1.5% (~1 days) respectively (*P = 0.023, 

log rank test). C) Gut/fat body specific downregulation of E(z) did not affect the resistance to paraquat, D) nor 

starvation (P = 0.11, log rank test). Chi-squared for log rank test on survivorship data. Once mated females were  

pre-treated with RU486 or ethanol as control for 10 days before challenged with C) 20mM paraquat, and D) to 

starvation conditions. N=150 flies per condition. 
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Additionally, ubiquitous reduction in Jarid2 expression did not affect either lifespan or 

resistance to starvation conditions (Figure 3.2.17).  

	
 Figure 3.2.17 Effect on lifespan and on the response to starvation of ubiquitous downregulation of Jarid 

2. A) Survival curves of ActGS>UAS-Jarid 2 RNAi (KK) induced (RU 200µM) and non-induced (RU 0µM) flies. 

Ubiquitous downregulation of Jarid2 did not significantly affect lifespan. B) Ubiquitous downregulation of Jarid2 

did not affect the response to starvation. Flies were pre-induced for 10 days before challenged to starvation 

conditions. N=150 flies per condition. 

 

Interestingly, ubiquitous knockdown of Su(z)2 extends lifespan and protects against 

paraquat-induced oxidative stress in the two RNAi lines tested (TRIP and KK) (Figure 

3.2.18). Moreover, ubiquitous downregulation of Su(z)2 in both RNAi lines increased as well 

resistance to paraquat-induced oxidative stress, suggesting that Su(z)2 constitute a novel 

epigenetic anti-ageing intervention. 
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 Figure 3.2.18 Ubiquitous downregulation of Su(z)2 extends lifespan and protects against paraquat-

induced oxidative stress. A) and B) Survival curves of ActGS>UAS-Su(z) 2 RNAi (TRIP) and ActGS>UAS-

Su(z)2 RNAi (KK) induced (RU 200µM) and non-induced (RU 0µM) flies. Ubiquitous downregulation of Su(z)2 in 

both RNAi lines significantly increased median and maximum lifespan by 4.5% and 3.7%, and 8.6% and 6.3% 

respectively (**P = 0.006 and ***P = 0.0001 log rank test respectively). C) and D) Ubiquitous downregulation of 

Su(z)2 in both RNAi lines significantly increased resistance to paraquat-induced oxidative stress (***P = 6.78E-05 

and ***P = 0.0004 log rank test respectively). E) Ubiquitous downregulation of Su(z)2 did not confer resistance to 

starvation (P = 0.06 log rank test). Chi-squared for log rank test on survivorship data. Once mated females were 

pre-treated with RU486 or ethanol as control for 10 days before challenged with C) and D) 20mM paraquat, and 

E) to starvation conditions. N=150 flies per condition. 
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3.2.4.2 Downregulation of the H3K27 demethylases, Utx, effect on lifespan and survival 

under stress 

 

Next, I sought to explore whether downregulation of the H3K27 KDMs, Utx, would affect 

longevity (Figure 3.2.19). I found that ubiquitous knockdown of Utx did not affect lifespan in 

either of the two RNAi lines tested (TRIP and GD) (Figure 3.2.19). Moreover, gut/fat specific 

downregulation of Utx did not significantly affect lifespan either; however, it conferred 

resistance to starvation conditions (Figure 3.2.19).  

 

	
 Figure 3.2.19 Effect on lifespan and stress of ubiquitous and gut/fat body specific downregulation of Utx. 

A) and B) Survival curves of ActGS>UAS-Utx RNAi (TRIP) and ActGS>UAS-Utx RNAi (GD) induced (RU 200µM) 

and non-induced (RU 0µM) flies. Ubiquitous downregulation of Utx did not significantly affect lifespan in either of 

the two RNAi lines (TRIP) and GD) (P = 0.056 and P = 0.95 log rank test respectively). C) Gut/fat body specific 

downregulation of Utx in the S1106>UAS- Utx RNAi (TRIP) induced flies did not significantly affect lifespan (P = 

0.23, log rank test). D) Gut/fat body specific downregulation of Utx in the S1106>UAS- Utx RNAi (TRIP) made 

flies starvation resistant (***P = 1.93E-05, log rank test). Chi-squared for log rank test on survivorship data. Once 

mated females were pre-treated with RU486 or ethanol as control for 10 days before challenged to starvation 

conditions. N=150 flies per condition. 
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3.2.5. Downregulation of H3K9 methyltranferases effect on lifespan and survival under 

stress 

 

Methylation of H3K9 is associated with silenced or repressed transcribed regions of the 

genome. In Drosophila, there are three known H3K9 methyltransferases, Su(var)3-9, G9a 

and eggless (alternative name dSETDB1). G9a is required for normal Drosophila 

development and it has been shown to exhibit H3K9, H3K27 and H3K4 methyltransferase 

activity and localize to the euchromatic region. Eggless, another essential gene in 

Drosophila, trimethylates H3K9 on the fourth chromosome, and along with Su(var)3-9 

maintains H3K9me3 in the pericentric heterochromatin of all chromosomes. Eggless mutant 

received its name due to the fact that females carrying eggless homozygous mutations do 

not lay eggs. In addition, Eggless has been shown to be required in germline stem cells 

(GSCs) for controlling self-renewal and in escort cells for regulating germ cell differentiation. 

Moreover, H3K9 KMTs genes have been identified and characterized for their role in the 

regulation of longevity in C. elegans (Ni et al. 2012). Thus, I decided to examine whether 

downregulation of two of the H3K9 KMTs in flies, Eggless and G9a, would affect longevity 

(Figure 3.2.20). Interestingly, I found that ubiquitous downregulation of Eggless did not affect 

lifespan; however, it protected against paraquat-induced oxidative stress and starvation 

(Figure 3.2.21 A-B). Furthermore, ubiquitous knockdown of G9a did not affect lifespan 

either; however similar to Eggless knockdown, it protected against paraquat-induced 

oxidative stress (Figure 3.2.20 D-E). Thus, it would be interesting to test whether milder 

downregulation and/or tissue-specific downregulation of Egglesss and G9a, would increase 

lifespan. In addition, I would aim to test whether H3K9 KDMs can positively affect longevity, 

contrary to the detrimental effect on lifespan produced by downregulation of H3K9 KMTs 

(Figure 3.2.20). 
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 Figure 3.2.20 Ubiquitous downregulation of Eggless and G9a protect against paraquat and starvation. A) 

Survival curves of ActGS>UAS-Eggless RNAi (GD) induced (RU 200µM) and non-induced (RU 0µM) flies. 

Ubiquitous downregulation of Eggless did not significantly affect lifespan (P = 0.08 log rank test). B) Ubiquitous 

downregulation of Eggless increased resistance to paraquat-induced oxidative stress (***P = 6.47E-09 log rank 

test). C) Ubiquitous downregulation of Eggless significantly increased resistance to starvation (**P =0.002 log 

rank test). D) Survival curves of ActGS>UAS-G9a RNAi (GD) induced (RU 200µM) and non-induced (RU 0µM) 

flies. Ubiquitous downregulation of G9a did not significantly affect lifespan (P = 0.21 log rank test). E) Ubiquitous 

downregulation of G9a significantly increased resistance to paraquat (**P = 0.0011 log rank test). F) Ubiquitous 

downregulation of G9a did not significantly affect the response to starvation (P =0.62 log rank test). Chi-squared 

for log rank test on survivorship data. Once mated females were  pre-treated with RU486 or ethanol as control for 

10 days before challenged with B) 20mM paraquat, and C) to starvation conditions. N=150 flies per condition. 

 

  

ActGS >UAS-Eggless RNAi (GD)  

S
u

rv
iv

al
 

Days

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90 100

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8 9 10 11 12

Days

ActGS >UAS-Eggless RNAi (GD)  

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Days

ActGS >UAS-Eggless RNAi (GD)  

Fig. 16 H3K9: KTM: Eggless GD

Su
rv

iv
al

 (S
ta

rv
at

io
n)

S
ur

iv
al

 (2
0 

m
M

 P
ar

aq
ua

t)

200 µM RU
    0 µM

200 µM RU
    0 µM

200 µM RU
    0 µM

A)

B)

D)

C)

ActGS >UAS-G9a RNAi (GD)  

S
u

rv
iv

al
 

Days

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90 100

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8 9 10 11 12

Days

ActGS >UAS-G9a RNAi (GD)  

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Days

ActGS >UAS-G9a RNAi (GD)  

Fig. 17 H3K9: KTM: G9a GD

200 µM RU
    0 µM

200 µM RU
    0 µM

200 µM RU
    0 µM

E)

F)

Su
rv

iv
al

 (S
ta

rv
at

io
n)

S
ur

iv
al

 (2
0 

m
M

 P
ar

aq
ua

t)

*** ***

**

N.S. N.S.

N.S.



	 96	

3.2.6 Summary of their effect on longevity of the RNAi lines examined in the screen 

 

Through the analyses of the RNAi-based screen in Drosophila; I successfully identified two 

conserved histone lysine methyltransferases, Set1 and Set2, and two conserved histone 

lysine demethylases, Lsd1 and Kdm2, and Su(z) 2 which is a member of the PRC2 complex, 

as positive regulators of longevity, when ubiquitously downregulated (Figure 3.2.23). 

 

 

 

 

	

	

	

	

	

	

	

	

	

	

	

	

	

	
 Figure 3.2.21 Targeted RNAi-based screen for long-lived mutants that activate or repress transcription 
through histone lysine methylation. Schematic representation of the histone lysine methyltransferase (KMT) 

and histone lysine demethylase (KDM) genes that were tested for pro-longevity effects. The RNAi based screen 

was carried out using the actGS driver, which induces the expression ubiquitously. In green histone marks, KMTs 

and KDMs associated with the activation of transcription. In red histone marks, KMTs and KDMs, which are 

involved in the repression of transcription. L.L. long-lived. S.L. short-lived. N.C. no change.  
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3.3 DISCUSSION  
 

3.3.1 Downregulation of Trx and Trr, both H3K4 monomethyltransferases, shortens 

lifespan, whereas downregulation of Lsd1, an H3K4 mono- and di-demethylase, 

increases lifespan 

 

Trx and Trr are monomethyltransferases and together account for the majority of the 

H3K4me1 (Tie et al. 2014). Interestingly, I found that ubiquitous knockdown of both Trx and 

Trr shortens lifespan, suggesting that downregulation of H3K4me1 levels, is detrimental for 

longevity. Conversely, I found as a result of the same RNAi screen that ubiquitous 

knockdown of the H3K4 mono- and di- demethylase Lsd1 extends the lifespan. Collectively, 

these results suggest that H3K4me1, principally found at enhancer regions, might play a 

positive role in the regulation of longevity in the fly. 

 

Mechanistically, knockdown of Trx and Trr might shorten lifespan, through counteracting the 

PcG epigenetic silencing activity. Interestingly, Siebold and colleagues showed that Trx 

heteterozygous mutation, which counteracts the PRC2 complex, reverts the lifespan 

extension of PRC2 mutants, and leads indirectly to restoration of global H3K27me3 levels. 

(Siebold et al. 2010).  

 

Although, H3K4me3 directly interferes with the binding of the PRC2 subunit NURF55 (CAF1) 

to nucleosomes and inhibits the catalytic activity of E(z) allosterically through interactions 

with the Su(z)12 subunit of PRC2 (Schmitges et al. 2011); the relevance of this mechanism 

to Trx and Trr antagonizing functions is not clear, since the majority of H3K4 trimethylation in 

Drosophila is catalyzed by the histone methyltransferase Set1 (Ardehali et al. 2011; Mohan 

et al. 2011; Hallson et al. 2012). Therefore, another mechanism by which Trx counteracts 

Polycomb repression has been suggested by Tie and colleagues (2009), which involves the 

histone acetyltransferase CREB-binding protein (CBP). H3K4me1 is a signature mark of 

enhancers along with other PTMs such as H3K27 acetylation (Heintzman et al. 2007). 

Histone acetyltransferase CBP antagonizes PcG silencing by acetylating histone H3K27 

(H3K27ac), which prevents trimethylation of H3K27 by PRC2 (Tie et al. 2014). Trx and Trr 

are both H3K4 monomethyltransferases, that co-localize genome-wide with H3K4me1 and 

CBP at Polycomb response elements (PREs) and enhancers (Tie et al. 2014). Interestingly, 

Tie and colleagues demonstrated that Trx and Trr are physically associated with CBP in vivo 

and Trx binds directly to the CBP KIX domain via a region that contains multiple KIX-binding 

motifs. Tie and colleagues further showed that the catalytic activities of both Trx and CBP 
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are required to antagonize PcG silencing (Tie et al. 2014). Moreover, H3K27ac levels are 

reduced in Trx mutants and elevated when Trx is overexpressed (Tie et al. 2009); and some 

H3K27ac marks have also been shown to depend on Trr (Herz et al. 2013). Therefore, Trx 

and Trr are responsible for H3K4me1 on poised and active enhancers and additionally, via 

their physical association with CBP, for the H3K27ac on active enhancers (Tie et al. 2014).  

H3K27ac is found at both on enhancers and promoters and highly correlates with actively 

transcribed genes, including many that are not PcG regulated (Wang et al. 2008; Karlic et al. 

2010). However, unlike H3K27me3 which has a positive role in regulation of longevity in the 

fly (Siebold et al. 2010), the role of H3K27ac in modulating lifespan has not been explored 

yet. Thus, it is tempting to speculate that a novel plausible link between the H3K27ac levels 

of enhancers and promoters of actively transcribed genes and the regulation of lifespan 

could exist. Moreover, I hypothesise that a decrease of H3K4me1 levels, and a subsequent 

decrease of H3K27ac on active enhancers by knockdown of Trx and Trr in Drosophila, might 

have a detrimental effect on longevity, which could be counteracted by the knockdown of the 

H3K4me1/me2 demethylase Lsd1.  

 

Furthermore, in order to test whether the H3K27ac levels depend particularly on H3K4 

monomethylation, Tie and colleagues (2014) examined H3K4me1 and H3K27ac levels in 

Lsd1∆N null mutants and in Lsd1 over expressing flies. Interestingly, they observed an 

increase in both H3K4me1 and H3K27ac levels in the Lsd1∆N adult flies, and a decrease in 

both H3K4me1 and H3K27ac in the Lsd1 over expressing flies, suggesting an enhancing 

effect of H3K4me1 on H3K27 acetylation by Lsd1 (Tie et al. 2014). Therefore, the lifespan 

extension of Drosophila upon Lsd1 knockdown, that I observed as a result of my RNAi 

screen, could be at least in part mediated through an increase of H3K4me1 and subsequent 

increase of H3K27ac levels on active enhancers.  

 

Finally, I found as a result of my RNAi-based screen that knockdown of either of the two 

H3K4 monomethyltranferases, shortens the lifespan - Trx,by 11-30% (depending on the 

RNAi line) and Trr by 6%. These results suggest that apart from the strength of the 

knockdown exerted by different RNAi lines, dissimilarities in the degree by which Trx and Trr 

affect longevity, might rely on Trx and Trr specific functions in the regulation of transcription. 

For instance, Utx, an H3K27me3 demethylase, is part of the Trr complex but not of the Trx 

complex. Indeed, the presence of Utx in the Trr complex suggests that Trr can facilitate 

switching of PcG-regulated genes from silent to active, whereas Trx might only be capable 

of maintaining the expression of genes activated prior to the onset of PcG silencing in the 

early embryo, or genes subsequently repressed by the UTX activity associated with the Trr 

comple (Tie et al. 2014). In addition, Trr has been found to have more genome-wide binding 



	 99	

sites than Trx and also co-occupies most of the Trx binding sites, including Polycomb 

response elements (PREs) and response elements (TREs) (Tie et al. 2014). Therefore, the 

more pronounced effect on longevity observed upon Trx knockdown, was unexpected, since 

Trr binds more sites than Trx, and plays a more active role in counteracting the PcG 

epigenetic silencing.  

 

3.3.2 Lsd1, an H3K4me1/me2 demethylase, and Lid, an H3K4me2/me3 demethylase, 

have opposite effects on the regulation of longevity of Drosophila 

 

Lsd1, an H3K4 mono- and di- demethylase, and Lid, an H3K4 di- and tri-demethylase, have 

both been implicated in the regulation of longevity of C. elegans and Drosophila. In C. 

elegans, animals with a reduced function for Lsd1 are long-lived (McColl et al. 2008). Rbr-2 

is the sole homologue of Lid in C. elegans, and it belongs to the KDM5 family, a class of 

JmjC proteins that has specificity for H3K4. Rbr-2 can act as both di- and tri- demethylase, 

but it has a higher preference to act as tri- demethylase (Christensen et al. 2007). The role 

of Rbr-2 in the regulation of longevity of C. elegans is controversial, since in three 

independent studies depletion of Rbr-2 increases lifespan (Lee et al. 2003; Ni et al. 2012; 

Alvares et al. 2014); whereas in the study carried out by Greer and colleagues depletion of 

Rbr-2 shortens lifespan (Greer et al. 2010). Furthermore, in Drosophila, downregulation of 

Lid decreases lifespan in agreement with Greer and colleagues (2010); however, the 

detrimental effect on longevity was only observed in males, and no effect was observed on 

the lifespan in female flies (Li et al. 2010).  

 

I found that downregulation of Lsd1 increases the lifespan, in accordance to previous results 

found in C. elegans (McColl et al. 2008). In addition, I found that downregulation of Lid by 

two different RNAi lines decreases the lifespan of female flies. Therefore, these results 

suggest that Lsd1, an H3K4 mono- and di- demethylase, and Lid, an H3K4 tri-demethylase, 

can both impact ageing. However, they do so in opposing ways. I showed that increased 

levels of H3K4me1/me2 in the Lsd1 knockdown flies are beneficial for longevity, in line with 

a decrease in lifespan upon knockdown of H3K4me1 methyltransferases Trx and Trr. In 

addition, although the controversies in the role of Rbr-2 in the regulation of longevity of C. 

elegans, and despite the fact that Li et al. observed a reduction in male’s lifespan but not in 

the female’s lifespan, my results suggest as well that increased levels of H3K4me3 in the Lid 

knockdown flies are detrimental for longevity in agreement with Greer et al (2010). 
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Rbr-2 was originally identified as being transcriptionally down-regulated in long-lived daf2 

Insulin/IGF-1 singling mutants (Lee et al. 2003). In line with this result, RNAi knockdown of 

Rbr-2 increases lifespan of the enhanced RNAi strain rrf-3 (Lee et al. 2003) and of the N2 

wild-type strain at both 20 and 25o C (Ni et al. 2012). The enhanced RNAi strain rrf-3 refers 

to the that loss of function of a putative RNA-directed RNA polymerase (RdRP) of C. 

elegans, RRF-3, which results in a substantial enhancement of sensitivity to RNAi in diverse 

tissues (Simmer et al. 2002). However, the rbr-2(tm1231) mutant results in a decrease of 

lifespan in the study carried out by Greer and colleagues (2010). Nevertheless, in agreement 

with Lee et al. (2003) and Ni et al. (2012), Alvarez et al. (2014) found that outcrossed rbr-

2(ok2544) mutant resulted in a significant increase in lifespan at 20 and 25o C.. In addition, 

Alvarez and colleagues demonstrated in agreement with Lee and colleagues, that Rbr-2 

deficiency does not modify lifespan in a daf-16 mutant background, suggesting that the 

longevity of Rbr-2 mutants may be mediated via the daf-2 Insulin/IGF-1 (IIS) signalling 

pathway.  

 

Alvarez and colleagues argued that the difference in results with Greer and colleagues could 

be a difference between rbr-2(ok2544) and rbr-2(tm1231) mutants. Alvarez and colleagues 

claim that tm1231 allele has unusual phenotypes that could be due to additional closely 

linked mutations in its genetic background; since such issues of genetic background have 

previously confounded studies of the biology of ageing in Drosophila and C. elegans 

(Burnett et al. 2011; Viswanathan and Guarente 2011). For instance, the initial lines of rbr-

2(tm1231) exhibited penetrant Protruding Vulva and Vulvaless phenotypes and continued to 

do so after being outcrossed. However, while initial rbr-2(ok2544) lines showed a penetrant 

Vulvaless phenotype (observed in 29% of animals), outcrossed lines did not exhibit vulval 

defects. In addition, Alvarez and colleagues reported that tm1231 adults had a strong small 

phenotype, whereas ok2544 animals were normal in size. Lastly, the tm1231 deletion is 

predicted to result in a protein product that retains some Rbr-2 sequences, including a 

C5HC2 zinc finger domain, which are absent from the predicted protein product of ok254. 

Therefore, Alvarez and colleagues conclude that rbr-2(ok2544) may be a better mutation 

than rbr-2(tm1231) for studying null Rbr-2 function, and that lowering Rbr-2 increases 

lifespan.  

 

In C. elegans, there are three genes that belong to the KDM1 or Lsd1 family; amx-1 which 

encodes the sole KDM1B enzyme, while spr-5 and lsd-1 which encode two paralogous of 

the KDM1A enzyme (Eimer et al. 2002; Jarriault and Greenwald 2002). Alvarez and 

colleagues showed that apart from the longevity of Rbr-2 mutants being mediated via Daf-2 

Insulin/IGF-1 signalling pathway, spr-5 (by134); daf-2(e1370) double mutants had a 
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significantly decreased in lifespan in comparison with daf-2(e1370) single mutants, 

suggesting that the longevity of spr-5, in similitude to rbr-2 mutants, is mediated at least in 

part by the IIS pathway. In addition, the authors further tested for an additive effect in 

longevity between spr-5 and rbr-2. They found that spr-5; daf2(e1370); rbr-2 triple mutants 

were short-lived in comparison with daf-2(e1370) single-mutant controls, but did not lived 

shorter than spr-5;daf-2(e1370) or daf-2(e1370); rbr-2 double mutants; suggesting that rbr-2 

and spr-5, have no additive roles in promoting longevity of daf-2 mutants (Alvares et al. 

2014).  

 

3.3.3 Downregulation of Kdm2 extends lifespan  

 

I examined the effect of Kdm2, a histone lysine demethylase whose family proteins have 

been shown to either promote or suppress tumorigenesis in different human malignancies 

(Pedersen and Helin 2010). Interestingly, I found that RNAi knockdown of Kdm2 significantly 

increased lifespan. However, the roles and regulation of Kdm2 are poorly understood, and 

the exact roles of Kdm2 in regulating demethylation are still controversial (Zheng et al. 

2014). 

 

The mammalian Kdm2A and Kdm2B were found to function as an H3K36me1/me2 

demethylase (Tsukada et al. 2006; He et al. 2008; Lagarou et al. 2008; Tzatsos et al. 2009), 

and no effect of Kdm2B on H3K4me3 was observed (He et al. 2008). Nevertheless, in these 

other studies Kdm2B was reported to demethylate H3K4me3 (Frescas et al. 2007; Tzatsos 

et al. 2009; Janzer et al. 2012). Similarly, data from Drosophila also appear contradictory; 

dKdm2, which is the homologue of mammalian Kdm2, was reported to target H3K36me2, 

but not H3K36me1/me3 nor H3K4me3, as shown from experiments in S2 cells (Lagarou et 

al. 2008). However, when dKdm2 is depleted by RNAi under actin5C promoter in larvae, 

dKdm2 was shown to target H3K4me3, but no effect on H3K4me2, H3K9me2 and 

H3K36me2 was observed (Kavi and Birchler 2009). Therefore, Zheng and colleagues tried 

to clarify the exact role of Kdm2 in vivo, by analysing the status of histone methylation in loss 

of dKdm2 mutant flies. They observed that the levels of H3K36me1/2/3 and to a lesser 

extend H3K4me3, are increased in the third instar larval stage. In contrast, they did not 

observe that the levels of H3K4me1/me2, H3K9me2 and H3K27me2/me3 were affected in 

the mutants. Nevertheless, the authors were not able to conclude that the effects on 

H3K4me3 and H3K36me1/2/3 are due to loss of dKdm2 since homozygotes are lethal 

during late L3 and pupal stage, and dKdm2 mutant animals simultaneously affects other two 

genes: beag (a spliceosomal gene) and Ada (adenosine deaminase) (Zheng et al. 2014). 
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Therefore, differences of Kdm2 effect on different histone targets could be attributed to 

different experimental approaches. Additionally, differences in Kdm2 demethylase specificity 

might be the result of distinct protein complexes that Kdm2 might be capable of forming at 

different developmental stages and/or in different tissues, what could affect in turn Kdm2 

demethylase specificity (Zheng et al. 2014). Lastly, although the exact roles of Kdm2 in 

regulating demethylation are still controversial, Kdm2 has also been shown to have a role in 

tumorigenesis in different human malignancies (Pedersen and Helin 2010). Therefore, it 

would be interesting to further elucidate the mechanism by which knockdown of Kdm2 

seems to extend the lifespan in flies.  

 

3.3.4 Downregulation of Set1, an H3K4me2/me3 methyltransferase extends the 

lifespan  

 

Drosophila ortholog Set1, has a major role in the genome wide H3K4 di- and tri-methylation 

through the COMPASS complex (Ardehali et al. 2011; Mohan et al. 2011; Hallson et al. 

2012). Interestingly, as a result of my screen I found that Set1 downregulation extends 

lifespan. Similar observations were made by the group of Brunet (Greer et al. 2010; Han et 

al. 2017).  Intriguingly, Set1 has been suggested to be responsible for establishing two 

distinct chromatin zones on genes (Kim and Buratowski 2009). One directed by H3K4me3 

that leads to high levels of acetylation and low nucleosome density at promoters, and the 

other directed by H3K4me2 just downstream which in turn recruits the Set3-Rpd3S complex 

to suppress nucleosome acetylation and remodelling (Kim and Buratowski 2009). Therefore, 

Set1 might regulate ageing as a result of changes in one or both of these chromatin zones.  

 

• H3K4me2, the recruitment of the Set2-Rpd3S complex and the regulation of 

longevity 

 

H3K4me2 likewise H3K36me3, is found in the gene body (Kim and Buratowski 2009). 

H3K36me3 recruits the deacetylases complex, Rpd3S, which erases transcription elongation 

associated acetylation, which in turn prevents intragenic transcription initiation (Carrozza et 

al. 2005). Loss of H3K36me3 therefore, causes inefficient recruitment of the Rpd3S complex 

resulting in hyperacetylation and increased levels of cryptic transcript formation (Sen et al. 

2015). Interestingly, Sen and colleagues recently showed that suppression of cryptic 

transcript initiation extends the lifespan in yeast by replenishing H3K36me3 histone mark in 

the old cells (Sen et al. 2015). Moreover, dimethylation of H3K4 by Set1 has been found to 

recruit the Set2-Rpd3S histone deacetylase complex to 5’ transcribed regions (Kim and 
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Buratowski 2009). Therefore, H3K4me2 like H3K36me3 is considered to be a histone mark 

involved in transcription control and fidelity (Pinskaya and Morillon 2009). However, it is 

unlikely that a similar mechanism to the one suggested by Sen and colleagues, regulates 

the lifespan extension observed in Set1 knockdown flies, since knockdown of Set1, an H3K4 

di- and tri-methyltransferase, would lead to decreased H3K4me2 methylated levels and 

consequent loss of transcription control. Nevertheless, Lsd1 knockdown, an H3K4 mono- 

and di- demethylase, increases lifespan and presumably increases H3K4me2 methylated 

levels. Therefore, Lsd1 lifespan extension might be mediated at least in part through the 

Set2-Rpd3S histone deacetylase complex and the subsequent suppression of cryptic 

transcript initiation, likewise H3K36me3 in the yeast cells.  

 

• H3K4me3 and the regulation of longevity  

 

I found that downregulation of Set1, the main H3K4 di- and tri- methyltransferase in 

Drosophila, extends lifespan. Conversely, downregulation of Lid, an H3K4 di- and tri- 

demethylase, with higher preference for H3K4me3, shortens lifespan. Collectively, these 

results suggest that H3K4me3 levels have a detrimental effect in the regulation of longevity. 

Moreover, the group of Brunet have shown that deficiencies in the components of the 

complex that trimethylates H3K4 in C. elegans, extends its lifespan (Greer et al. 2010; Han 

et al. 2017), suggesting that the role and mechanism by which H3K4me3 affect longevity 

might be conserved. 

 

H3K4me3 is a near-universal chromatin modification at the transcription start site (TSS) of 

active genes in eukaryotes from yeast to human (Howe et al. 2017). The distribution of 

H3K4me2 and H3K4me1 are distinct from H3K4me3 and their specific role in transcription 

suggest that they possess methylation state-specific functions (Howe et al. 2017). Therefore, 

the functions on longevity of each H3K4 methylated state; H3K4me1, H3K4me2 and 

H3K4me3 should be studied separately. However, the difficulty of studying the functions 

associated with different H3K4 methylation in isolation, is due to the complexity of 

genetically affect one modification without being at risk of indirect effects caused by 

changing levels of other methylation states (Howe et al. 2017).  

 

Nevertheless, the yeast Set1 complex have a subunit, Cps40, also known as Spp1, that 

when ablated specifically reduce H3K4me3 with little effect on global levels of H3K4me1 or 

me2 (Schneider et al. 2005). Moreover, in metazoans the Set1 COMPASS complex 

possesses CXXC1 finger PHD domain, also known as CFP1, which is related to yeast 

Cps40 (Wu et al. 2008). In addition, it has been shown that the loss of Wdr82 levels in 
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mammalian cells results in the reduction of Set1A/B protein levels, followed by a global loss 

in H3K4me3 levels, suggesting that Wdr82, is required for the majority of proper H3K4 

trimethylation by Set1 (Wu et al. 2008). Therefore, it would be interesting to test whether 

independent knockdown of CFP1, and Wdr82 in Drosophila, extends the lifespan and 

decreases H3K4me3 levels, but not me1 or me2 level.  

 

While H3K4me3 is often associated with active transcription, there are several examples 

where its serves to recruit repressive proteins (Howe et al. 2017). This apparent 

contradiction between activating and repressing functions can be conciliated by the fact that 

H3K4me3 can recruit a number of factors, many of which are linked to transcription, 

depending on the presence or absence of neighbouring modifications. Thus, depending on 

which factor and other co-factors are recruited, the residency time and the affinity of those 

interactions, H3K4me3 has the potential to activate or repress transcription at different 

subset of genes, illustrated by the capacity of H3K4me3 to recruit both histone 

acetyltransferases and deacetylases (Howe et al. 2017). Therefore, the lifespan extension 

mediated by downregulation of H3K4me3 levels, rather than being mediated by a global loss 

of transcription, and lower levels of acetylation at promoters, might seem to be mediated by 

changes in transcription of a subset of specific genes. In addition, genome-wide studies 

have shown that actually very little transcription changes occur upon removal of most 

H3K4me3, suggesting that H3K4me3 does not play a pervasive role in activating global 

transcription (Howe et al. 2017). Therefore, intriguing question is what are those genes 

whose expression change upon Set1 knockdown and which are capable of extending the 

lifespan in the fly. Interestingly in C. elegans, it has been recently shown by the group of 

Brunet and colleagues, that downregulation of H3K4me3 in the germline, and consequent 

increase of Fat-7 in the intestine increases the lifespan of the worms (Han et al. 2017). Fat-7 

is a gene which encode delta-9 fatty acid desaturases and is involved in MUFA synthesis. 

Therefore, it would be interesting to examine whether a similar mechanism mediated by 

MUFA synthesis, mediates Set 1 longevity in the fly.  
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3.3.5 Downregulation of Set2, an H3K36me3 methyltransferase, extends the lifespan  

 

H3K36me3 is a histone modification mark enriched on the gene body region and associated 

with active transcription (Shilatifard 2006). H3K36me3 can be deposited by elongating RNA 

polymerase II (Pol II) (Hampsey and Reinberg 2003) and is important for regulating Pol II 

elongation and preventing cryptic transcription (Carrozza et al. 2005; Venkatesh et al. 2012). 

In Drosophila, H3K36 trimethylation is catalyzed by Set2 (also known as HYPB), which has 

been shown to be associated with RNA Pol II via its phosphorylated CTD (Bell et al. 2007; 

Stabell et al. 2007). 

 

Interestingly, I found that downregulation of Set2 extends lifespan. In addition, studies by Pu 

et al. (2015), Ryu et al (2014) and Sen et al. (2105) have shown that H3K36me3 plays a role 

in the regulation of longevity of Saccharomyces cerevisiae and C. elegans.  

 

Pu and colleagues and Sen and colleagues, suggest both that increased levels of 

H3K36me3 are beneficial for longevity. Pu and colleagues showed that inactivation of the 

methyltransferase, Met-1, reduces H3K36me3 global levels and shortens the lifespan of C. 

elegans by increasing mRNA expression changes with age (Pu et al. 2015). Moreover, Sen 

and colleagues demonstrated that downregulation of the H3K36 di- and tri- demethylase, 

Rph1, but not the mono- and di- demethylase, Jhd1, increases the lifespan of yeast cells, 

and suppresses cryptic transcript formation (Sen et al. 2015). Like H3K4me2, H3K36me3 

recruits the deacetylases complex, Rpd3S, which erases transcription elongation associated 

acetylation, which in turn prevents intragenic transcription initiation (Carrozza et al. 2005). 

Therefore, loss of H3K36me3, causes inefficient recruitment of the Rpd3S complex resulting 

in hyperacetylation and increased levels of cryptic transcript formation (Sen et al. 2015).  

 

On the contrary, Ryu and colleagues suggest that decreased levels of H3K36me3 are 

beneficial for longevity. They showed that the loss of H3K36 methyltransferase, Set2 (the 

yeast homologue of Drosophila Set2) increases the lifespan of yeast cells through a 

mechanism that involves regulation of telomeric silencing (Ryu et al. 2014).  

 

Therefore, the lifespan extension I observed in the fly upon Set2 knockdown and 

presumably decreased levels of H3K36me3, seem to be in contrary to Pu et al. and Sen et 

al. studies. However, it seems to be in agreement with Ryu and colleagues. Thus, in order to 

better understand the mechanism throughout downregulation of Set2 extends the lifespan in 

Drosophila, it would be critical to examine whether cryptic transcript formation occurs in the 

Set2 knockdown flies, and to investigate if there is an increase in mRNA expression 
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changes with age. Additionally, the inclusion of other approaches such as ChiP-seq and 

RNA-seq, would be useful addition to this study.  

 

3.3.6 Downregulation of Ash1, an H3K36me2 methyltranfersase, decreases the 

lifespan 

 

In addition to Set2, I decided to test whether the knockdown of other less studied H3K36 

methyltransferase, Ash1, would affect the longevity. Interestingly, I found that knockdown of 

Ash1 decreased lifespan in contrast to Set2 downregulation that lead to lifespan extension. 

 

Ash1 has been reported to methylate a number of histone residues, including H3K4, H3K9 

and H4K20 (Beisel et al. 2002; Byrd and Shearn 2003). However, more recent in vitro and in 

vivo studies have indicated that Ash1 specifically dimethylates H3K36 (Tanaka et al. 2007; 

An et al. 2011; Yuan et al. 2011; Dorighi and Tamkun 2013). Indeed, Dorighi and Tamkun 

(2013) showed that the chromosomal distribution of Ash1 and H3K36me2 overlaps on 

polytene chromosomes. They also observed that Ash1 depletion in ash117/ash122 null larvae, 

results in a significant reduction of 68% in the level of H3K36me2, suggesting that Ash1 

specifically dimethylates H3K36 in vivo (Dorighi and Tamkun 2013).  

 

Additionally, Ash1 which is part of the trithorax group genes, binds the chromatin 

dynamically, and localizes downstream of promoters at many transcriptionally active 

Polycomb group targets. Ash1 activates their expression by counteracting Polycomb 

repression, and thereby, playing a key role in maintaining the expression of Hox genes 

during Drosophila development (For instance Tripoulas et al. (1996) and Steffen et al. 

(2013)).  

 

Interestingly, I found that downregulation of Ash1 decreases lifespan, in agreement to the 

lifespan decline that I observed upon knockdown of other two well-known Trx group proteins, 

Trx and Trr. It is therefore tempting to speculate that a shared mechanism between Trx, Trr 

and Ash1 exists, which involves the counteraction of the PcG silencing.  

 

In fact, besides the role of mono- and tri-methylated H3K4 and the acetylation of H3K27 in 

counteracting Polycomb repression, other histone modifications, including both the di- and 

tri- methylation of H3K36, have been also shown to block the catalytic activity of PRC2 

(Schmitges et al. 2011; Yuan et al. 2011; Dorighi and Tamkun 2013). Indeed, in order to 

elucidate whether H3K36me2 inhibits the ability of PRC2 to trimethylate H3K27 in vivo, 
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Dorighi and Tamkun (2013) compared the chromosomal distribution of H3K36me2 and 

H3K27me3 on salivary gland polytene chromosomes. Consistent with a functional 

antagonism between H3K36 dimethylation and H3K27 trimethylation they observed very 

little overlap between these marks. Moreover, they also observed that H3K36me3 often 

flanks regions of H3K27me3, suggesting that H3K36me2 might function as a barrier to the 

spread of H3K27me3. As well they noticed increased levels of H3K27me3 on the polytene 

chromosomes of ash1 mutant larvae, which were accompanied by a reduction in the levels 

of H3K36me2 relative to the controls (Dorighi and Tamkun 2013). No changes in H3K36me3 

levels were observed, suggesting that Ash1 antagonizes H3K27 methylation catalyzed by 

PRC2 by demethylating, but not trimethylating H3K36.  

 

Lastly, in Drosophila there is another H3K36 dimethylase, Mes-4, which could account for 

residual H3K36me2 in the Ash-1 knockdown flies. Thus, an Ash1; Mes-4 double mutant 

would further confirm the effect of full downregulation of H3K36me2 and lifespan shortening. 

However, Mes-4 has been also shown to be required for Set 2 dependent H3K36 

trimethylation in vivo (Bell et al. 2007). Therefore, Mes-4 roles in H3K36 di- and tri-

methylation, makes challenging to distinguish the effects on longevity between dimethylated 

and trimethylated H3K36.  

 

3.3.7 Downregulation of dual H3K36me2/me3 and H3K9me2/me3 demethylase, Kmd4, 

shortens the lifespan  

 

The Kdm4 (Jmjd2) family is highly conserved in many organisms, ranging from C. elegans, 

Drosophila, mice and humans. It specifically removes di- and tri- methyl groups from histone 

H3 lysine 9 (H3K9) and lysine 36 (H3K36). In addition, the Kdm4 family of H3K9me2/me3 

and H3K36me2/me3 dual specific histone demethylases has been implicated in 

development and tumorigenesis (Young and Hendzel 2013). Indeed, the KDM4 family of 

demethylases has shown to be overexpressed in several tumor types (Young and Hendzel 

2013). Interestingly, I found that knockdown of Kdm4A significantly decreased the lifespan of 

the female flies. 

 

In Drosophila, there are two closely related Kdm4 members, Kdm4A and Kdm4B (Lin et al. 

2008; Lloret-Llinares et al. 2008). Kdm4A loss-of-function adult flies, although viable and 

morphologically normal, show a male-specific shortening of life-span and aberrations in 

courtship behavior (Lorbeck et al. 2010). Therefore, in agreement with Lorbeck and 

colleagues, I found that knockdown of Kdm4A significantly decreased the lifespan of the 



	 108	

female flies in agreement with Lorbeck observations in male flies (Lorbeck et al. 2010). 

Interestingly, on the contrary, overexpression of Kdm4A resulted in global decrease of 

H3K36me3 and male lethality phenotype (Crona et al. 2013).  

 

In C. elegans, depletion of the sole Kdm4 gene either in null animals or by RNAi, results in 

germline apoptosis and slows DNA replication, presumably due to an increase in H3K9me3 

levels (Black et al. 2010). In humans, there are six members of the human KDM4 family, 

Kdm4A-F. Kdm4A/B/C proteins demethylase di- and tri-methylated H3K36 and H3K9. On 

the contrary, Kdm4D/E isoforms only demethylase di- and tri-methylated H3K9. Though 

absent in other tissues, KDM4D is highly expressed in spermatocytes and spermatids. 

Accordingly, Kdm4D-null mice have increased H3K9me3 levels in the spermatids and 

transiently decreased testis weight where Kdm4D is specifically expressed, but exhibit no 

fertility defects (Iwamori et al. 2011). In Drosophila, Kdm4A is highly expressed in the 

ovaries and testis, therefore, it would be interesting to test whether the short-lived phenotype 

observed in Kdm4A knockdown flies is accompanied by fertility defects.  

 

3.3.8 Downregulation of Su(z)2, a PcG protein homologue to PSC, increases the 

lifespan 

 

While trimethylated lysine 4 on histone H3 (H3K4me3) is associated with active chromatin 

and is present at transcriptional start sites (Bernstein et al. 2002; Santos-Rosa H 2002) 

trimethylated lysine 27 on histone H3 (H3K27me3) is associated with facultative 

heterochromatin and transcriptionally silenced chromatin regions (Cao et al. 2002; Bernstein 

et al. 2006).  

 

E(z), the catalytically active component of PRC2, trimethylates H3K27. PRC2 is one of the 

three multimeric complexes of Polycomb group (PcG) proteins that function as 

transcriptional repressors that silence specific sets of genes through chromatin 

modifications. Interestingly, in the fly, heterozygous mutations in the PRC2 components E(z) 

and extra sex combs (ESC), reduce global H3K27me3 levels and extend longevity (Siebold 

et al. 2010). In my RNAi-based screen, ubiquitous knockdown of E(z) fails to extend 

lifespan; however, gut and fat body tissue specific knockdown of E(z) significantly increases 

lifespan. Therefore, differences in the effect of E(z) in the regulation of the longevity in the 

fly, between the study by Siebold and colleagues, and my study, might be due to differences 

in the level of E(z) depletion exerted by a heterozygous mutation in the former, and by RNAi 

downregulation in the latter. Unfortunately, I was not able to address the degree of E(z) 
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knockdown in the RNAi line tested, and/or test other E(z) alternative RNAi lines (Siebold et 

al. 2010).  

 

On the contrary, studies in C. elegans have shown that RNAi knockdown or heterozygous 

mutation of Utx-1, an H3K27me3 demethylase, increases H3K27me3 global levels and 

extends lifespan, suggesting that chromatin repression might exert a positive effect on 

longevity (Jin et al. 2011; Maures et al. 2011). However, in my study ubiquitous and gut/fat 

body tissue specific knockdown of Utx-1 by two different RNAi lines, fails to extend the 

lifespan in Drosophila. It may be that chromatin repression by increased levels of H3K27me3 

is an exclusive longevity mechanism in C. elegans. My results as well as Siebold and 

colleagues’s results indicate that, contrarily to worms, increased H3K27me3 levels do not 

increase fly lifespan. 

 

In addition to E(z), I tested the effect on longevity of other PcG proteins that function as 

transcriptional repressors, Jarid 2 and Supppressor 2 of Zeste, Su(z)2. Jarid2 (Jumonji, AT-

rich interactive domain 2) is a critical component of the PRC2 complex, implicated in guiding 

the deposition of H3K27me3 across the genome (Landeira and Fisher 2011). In my screen, 

however ubiquitous knockdown of Jarid2 failed to extend lifespan. Although Jarid2 is the 

founding member of the Jumonji family of proteins that can demethylate histones, Jarid2 

itself is unable to do so (Klose and Zhang 2007; Landeira and Fisher 2011). Therefore, the 

lack of effect on the regulation of longevity of Jarid2 might be due to its lack of histone 

demethylase activity or due to its redundancy with other members of the PRC2 complex 

(Klose and Zhang 2007; Landeira and Fisher 2011).  

 

Interestingly, ubiquitous knockdown of the PcG protein Su(z)2 extended the lifespan of 

Drosophila, and this lifespan extension was observed for two independent RNAi lines. 

Su(z)2 is a functional homolog of Posterior Sex Combs (PSC) (Lo et al. 2009; Park et al. 

2012), who in turn is a component of the Polycomb repressive complex 1 (PRC1) and is 

central to PcG-mediating silencing. Indeed, polytene chromosome staining revealed that 

Su(z)2 and PSC colocalize with other PRC1 components, Ph and Pc, at many sites (Rastelli 

et al. 1993), suggesting that Su(z)2 might form a PRC1-like complex in resemblance to PSC, 

although no Su(z) complexes have been identified to date (Rastelli et al. 1993). Moreover, 

clonal analyses of wing imaginal discs have revealed that deletion of both Su(z)2 and PSC 

results in Hox gene derepression, which can be rescued by ectopic expression of either 

protein, suggesting that Su(z)2 and PSC are at least partially redundant (Beuchle et al. 

2001). Nevertheless, the same authors observed that Psc; Su(z)2 double mutants show 

more severe misexpression of Hox genes than Psc single mutants, which further suggests 
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that Su(z)2 possesses at least some functions that are non-redundant to PCS functions 

(Beuchle et al. 2001). 

 

PRC1 can compact chromatin and inhibits transcription by preventing chromatin remodelling 

by the Swi/Snf (SWItch/Sucrose Non-Fermentable) complex with DNA-stimulated ATPase 

activity. Therefore, in similarity with PSC, Su(z)2 has been proposed to bind DNA, compact 

chromatin, and inhibits chromatin remodelling (Lo et al. 2009). Thus, Su(z)2 knockdown 

might increase the lifespan in the fly through a mechanism that involves the loss of compact 

chromatin. Moreover, this result is in line with the lifespan extension observed in the E(z) 

knockdown flies in my RNAi screen and similar results from Siebold and colleagues, 

suggesting that decreased levels of H3K27me3 and further loss of chromatin repression are 

beneficial for longevity.  

 

Furthermore, the mammalian homologs of PSC and RING1 have been shown to function 

together as an E3 ligase for the ubiquitylation of H2A, uH2A, which has been detected at 

γH2AX-containing nuclear foci early upon irradiation. In Drosophila, dRING1 has been linked 

to the ubiquitylation of H2A, suggesting that Su(z)2 might be involved in the ubiquitylation of 

H2A and in the DNA damage response (Wang et al. 2004). Lastly, the lifespan extension 

observed in the Su(z) knockdown flies in addition to the loss of silenced chromatin or 

possible roles of Su(z) in the DNA damage response, might be due to the derepression of 

Su(z)2 genes that have a positive effect on longevity. Therefore, the inclusion of other 

approaches such as ChiP-seq and RNA-seq, would be a useful addition to this study.  
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3.3.9 Is repressed chromatin a mechanism of lifespan extension in Drosophila? An 

overview of the role in longevity of the different histone lysine methyltransferases and 

demethylases.    

 

Ageing is driven by genomic instability, and epigenetic deregulation which is accompanied 

with alterations in chromatin states (Lopez-Otin et al. 2013). Interestingly, DNA methylation 

and histone marks associated with repressed chromatin decrease with age (Benayoun et al. 

2015a). Conversely, histone marks associated with active chromatin, such as acetylated 

H4K16, tend to increase with age. Moreover, a decrease in the abundance of the core 

histone proteins is also associated with ageing, suggesting that chromatin states appear to 

become less repressed with age (Benayoun et al. 2015a). Therefore, it has been suggested 

that less repressed chromatin states with age might promote several increased 

transcription/translation disruptions, which in turn might lead to excessive protein misfolding 

or increase accessibility of DNA to damage (Benayoun et al. 2015a). 

 

In the last decade, studies performed mainly in yeast and C. elegans, have supported this 

view of loss chromatin repression as a driver of the ageing process (Greer et al. 2010; Li et 

al. 2010; Jin et al. 2011; Maures et al. 2011; Pu et al. 2015; Sen et al. 2015). For instance, 

downregulation of H3K4me3 through deficiencies in the components of the complex that 

trimethylates H3K4 in C. elegans, such as Ash-2 and Set-2, extends its lifespan, suggesting 

that reduction in activating H3K4me3 levels, which is enriched nearby the TSS, is 

detrimental for longevity (Greer et al. 2010). Conversely, downregulation of the H3K27me3 

demethylase Utx, and consequent increased levels of H3K27me3, extends the lifespan of C. 

elegans (Jin et al. 2011; Maures et al. 2011). Therefore, it has been suggested that 

downregulation of H3K4me3, an activating mark, and increased in H3K27me3 levels, a 

repressive mark, are beneficial for longevity (Benayoun et al. 2015a). 

 

Moreover, cryptic transcript formation and increased mRNA expression changes with age, 

are two prejudicial processes for ageing related to disruptions in transcription (Pu et al. 

2015; Sen et al. 2015). Moreover, these two processes have been shown to be prevented by 

the presence of H3K36me3, a histone mark enriched on the gene bodies of actively 

transcribed genes (Pu et al. 2015; Sen et al. 2015). Increased levels of H3K36me3, and a 

consequent decrease in cryptic transcript formation and mRNA expression changes with 

age, has been shown to increase the lifespan of yeast and C. elegans (Pu et al. 2015; Sen 

et al. 2015). Therefore, these results suggest that prevention of the transcription 

dysregulation that accompanies old age might be beneficial for longevity.  
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However, in flies, Siebold and colleagues show that contrary to the model in C. elegans, 

increased levels of H3K27me3 decreases lifespan (Siebold et al. 2010). These authors 

showed that heterozygous mutations in the H3K27me3 methyltransferase, E(z), reduces 

global H3K27me3 levels and extends the lifespan of Drosophila (Siebold et al. 2010). E(z) is 

the catalytic subunit of the PRC2 complex, which along with other PcG complexes, is 

involved in the silencing of the chromatin. In addition, Siebold and colleagues showed that 

heterozygous mutation of Trx shortens the long lifespan of the E(z) mutants, and increases 

H3K27me3 levels (Siebold et al. 2010). 

 

In agreement with Siebold and colleagues, I observed that knockdown of Trx and Trr, which 

are both H3K4 methyltransferases, and are known to counteract the PcG epigenetic 

silencing, decreases lifespan (Figure 3.3.1). Moreover, I also observed that knockdown of 

the H3K36 di-methyltransferase Ash1, another Trx protein along with Trx and Trr, also 

decreases lifespan. Interestingly, Ash1 has been recently shown to also counteract the PcG 

epigenetic silencing through downregulation of H3K27me3 levels (Dorighi and Tamkun 

2013). Therefore, Trx, Trr and Ash1 might affect longevity by a related mechanism, which 

involves the counteraction of the PcG epigenetic silencing (Figure 3.3.1). Thus, it is tempting 

to speculate that in agreement with Siebold and colleagues, decreased levels of the 

repressive histone mark H3K27me3 are beneficial for longevity in Drosophila; contrary to the 

previous observations made in C. elegans (Jin et al. 2011; Maures et al. 2011). 

 

In addition, Tie and colleagues, showed that Trx and Trr counteract PcG silencing, through 

increasing levels of H3K4me1, which is a histone mark found at active enhancers (Tie et al. 

2014). Tie and colleagues showed that Trx and Trr promote acetylation of H3K27, H3K27ac, 

through their binding to CBP, a histone acetyltransferase, thereby counteracting PcG 

silencing (Tie et al. 2014). H3K27ac antagonizes the PcG silencing by preventing 

trimethylation of H3K27 by PRC2 (Tie et al. 2009). Moreover, Tie and colleagues, in order to 

further confirm the role of H3K4me1 levels in acetylation of H3K27, decided to examine the 

levels of H3K27ac in Lsd1 null mutants, an H3K4me1/me2 demethylase, and in flies that 

overexpress Lsd1 (Tie et al. 2014). Interestingly, they observed an increase in both, 

H3K4me1 and H3K27ac levels in the Lsd1 null mutants. Conversely, they observed a 

decrease in both, H3K4me1 and H3K27ac levels in the flies that overexpress Lsd1 (Tie et al. 

2014). Interestingly, as a result of my RNAi screen I observed that Lsd1 downregulation 

increases lifespan. Therefore, the lifespan extension observed in Lsd1 knockdown flies 

might be mediated at least in part throughout increasing the counteraction of the PcG 

epigenetic silencing, led by an increment in H3K4me1 and H3K27ac at enhancers 

promoters, and a consequent decrease in H3K27me3 levels (Figure 3.3.1). Conversely, 
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downregulation of Trx and Trr, leads to a decrease in H3K4me1 and H3K27ac, and an 

increase in H3K27me3 levels, thereby, shortening the lifespan of Drosophila (Figure 3.3.1).  

 

Overall, my results in agreement with Siebold and colleagues, suggest that increased 

H3K27me3 levels and chromatin silencing does not increase longevity in Drosophila, as it 

has been previously reported for C. elegans (Jin et al. 2011; Maures et al. 2011). However, 

downregulation of H3K4me3, an activating mark, seems to increase the lifespan of both flies 

and worms (Greer et al. 2010; Han et al. 2017). In fact, the group of Brunet showed that 

downregulation of Ash2 and Set2, members of the H3K4me3 methyltransferase complex in 

C. elegans, increases lifespan (Greer et al. 2010; Han et al. 2017). In addition, I showed that 

knockdown of the di- and tri- H3K4 methyltransferease, Set1, increases the lifespan of 

Drosophila. Therefore, contrary to the model in C. elegans, it seems that in Drosophila, 

lower levels of H3K27me3, a repressive mark, and H3K4me3, an activating mark extend 

lifespan. So, the question is how decrease in both activating marks and repressive marks 

can both extend lifespan? The answer might come from recent work from the group of 

Brunet.  

 

Brunet and colleagues showed that loss of H3K4me3 in the germline, and consequent 

increase of Fat-7 in the intestine increases the lifespan of the worms by increasing MUFA 

synthesis (Han et al. 2017). Therefore, it seems that rather than affecting the repressed or 

active state of the chromatin, epigenetic modifications, such as decreased levels of 

H3K4me3, can activate or suppress the transcription of a specific subset of genes, which in 

turn might extend or shortens lifespan.  

 

Finally, epigenetic modifiers, especially those who target reversible histone marks such as 

histone lysine methylation, constitute an attractive target for anti-ageing interventions. First, 

epigenetic modifications are capable of responding to environmental inputs such as diet, so 

drugs targeting these modifications could be dietary restriction mimetics. Second, epigenetic 

modifications might promote changes in transcription that long after the presence of the 

initial stimulus. Therefore, this study constitutes in my knowledge, the first targeted RNAi-

based screen in Drosophila, which attempted to identify histone lysine methylases and 

demethylases as a potential epigenetic anti-ageing targets.  
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 Figure 3.3.1 Proposed model for how histone lysine methylation marks affect longevity in Drosophila. At 

enhancers, downregulation of Trx and Trr, H3K4 monomethyltransferases, decreases H3K4me1 and H2K27ac 

levels, which in turn increases H3K27me3 levels, and decreases lifespan. Conversely, downregulation of Lsd1, 

an H3K4me1/me2 demethylase, increases H3K4me1 and H2K27ac levels, thereby decreasing H3K27me3 

levels, and consequently increasing lifespan. Ash1 is an H3K36me2 methyltransferase, that along with Trx and 

Trr counteracts PcG silencing, and therefore downregulation of Ash1 also decreases lifespan. H3K4me3 is a 

histone mark enriched at the Transcription Start Site (TSS). Downregulation of Set1, an H3K4me2/me3 

methyltransferase, increases longevity. On the contrary, downregulation of Lid1, an H3K4me2/me3 demethylase 

with preference for me3, decreases longevity. H3K36me3 is a histone mark enriched at gene bodies, which has 

been linked to formation of cryptic transcription and telomere silencing. Downregulation of Set2, and H3K36me3 

trimethyltransferase, increases longevity, whereas downregulation of Su(var)205, an H3K36me3 demethylase 

decreases lifespan. Arrows that indicate a methyltransferase activity are represented in green, while arrows, that 

indicate a demethylase activity, are represented in red. 
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Chapter 4  
 

 

CHARACTERIZATION OF LONGEVITY MEDIATED 
BY LSD1 AND SET1 DOWNREGULATION  
 

 
Abstract  
I decided to characterize the lifespan extension that results from downregulation of Lsd1 and 

Set1 since, their pro-longevity effects seem to be evolutionary conserved. McColl and 

colleagues found that knockdown by RNA interference of lsd-1 is sufficient to extend 

longevity in C. elegans (McColl et al. 2010); and studies also in worms have indicated that 

lowering the H3K4me3 methyltransferase set-2 (homologue to set1 in Drosophila) extends 

lifespan (Greer et al. 2010). In the first part of this chapter, I review the current literature 

about Lsd1 and Set1. In the second part of this chapter, I show that ubiquitous and gut/fat 

body tissue specific downregulation of Lsd1 extends the lifespan of Drosophila. This was 

successfully recapitulated in the knockdown of Lsd1 in the heterozygous Lsd1ΔN/+ mutant, 

which confirmed that Lsd1 downregulation is a novel anti-ageing intervention in Drosophila. 

Likewise, ubiquitous and gut/fat body tissue specific downregulation of Set1 extends the 

lifespan. Knockdown of Set1 and Lsd1 in the gut/fat body tissue, not only extend lifespan but 

also improve fecundity. In addition, Set1 RNAi flies backcrossed in the isogenic W1118 

genetic background were long-lived. Therefore, the lifespan extension that results from Set1 

knockdown does not depend on Wolbachia. On the contrary, Lsd1 RNAi flies were not long-

lived in the isogenic W1118 genetic background; however, Lsd1ΔN/+ heterozygous mutant 

backcrossed in the outbred WDah genetic background positive for Wolbachia (WDah+) were 

long-lived, suggesting that lifespan extension that arises from loss of Lsd1 is dependent on 

the presence of Wolbachia. Additionally, Lsd1 heterozygous mutant Lsd1ΔN/+ extended the 

lifespan independently of changes in H3K4me1/me2 global levels neither in the abdomen 

without ovaries nor in the ovaries. Likewise, H3K4me3 levels did not show a decreased in 

the abdomen without ovaries of gut/fat body tissue-specific Set1 downregulation long-lived 

flies. Therefore, lifespan extension that results from Lsd1 and Set1 downregulation can 

occur independently of changes in global H3K4 methylation levels and most likely come 

from local methylation changes.  
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4.1 INTRODUCTION 
 

4.1.1 Lsd1  
 

Lsd1 also known as lysine-specific histone demethylase 1A (KDM1A) is a flavin adenine 

nucleotide (FAD)-dependent amine oxidase, which demethylates mono- and di-methylated 

RCOR1 complex Lysine 4 on Histone 3 (H3K4). Lsd1 is highly evolutionary conserved 

between yeast, worms, plants, flies, and humans (Shi et al. 2004). In humans, there are two 

KDM1 family members, KDM1A and KDM1B. Lsd1 is a component of chromatin complexes 

that localize primarily to the promoter regions of active genes, where it is thought to remove 

activation-associated H3K4me2 histone marks from nucleosomes and to suppress 

transcription; however, a role in transcriptional activation by Lsd1 has been also shown 

(Figure 1) (Musri et al. 2010). Lsd1 is a component of transcription regulatory complexes 

including the nucleosome remodelling and deacetylating (NuRD) complex (Tong et al. 1998), 

(Humphrey et al. 2001; Hakimi et al. 2002) and the CtBP corepressor complex (Shi et al. 

2003). KDM1A-containing complexes are recruited to their respective target genes in the 

genome by a series of transcription factors (TF) that act in specific cell types. TFs known to 

tether KDM1A to specific target sites in the genome include REST (Hakimi et al. 2002), TLX 

(Yokoyama et al. 2008), ZNF217/198 (Gocke and Yu 2008; Banck et al. 2009) and TAL-1 

(Hu et al. 2009). KDM1A has also been shown to activate transcription by demethylating 

H3K9me1/me2, which is considered to be a repressive mark, (Metzger et al. 2005; Wang et 

al. 2007; Musri et al. 2010; Liang et al. 2013) in androgen receptor (AR) responsive genes, 

at the Cebpα promoter in 3T3-L1 preadipocytes (Musri et al. 2010) and during early pituitary 

development (Wang et al. 2007).  

 

Furthermore, it has been shown that Lsd1 plays a role in ageing (McColl et al. 2008) and 

cancer (Reviewed by Maes et al. (2015). As discussed earlier in this thesis, down regulation 

of Lsd1 in C. elegans has been shown to extend longevity (McColl et al. 2008). In addition, 

selective KDM1A inhibitors to treat hematological cancers and solid tumors have now 

reached the clinic (Maes et al. 2015). In fact, KDM1A has been shown to play a role in 

haematopoiesis and the development of haematological malignancies. For instance, KDM1A 

has been reported as a potential pharmacological target in acute myeloid leukemias (Binda 

et al. 2010; Lin et al. 2011; Harris et al. 2012; Schenk et al. 2012). In addition, KDM1A also 

plays an important role in T-cell acute lymphoblastic leukemia (T-ALL) (Hu et al. 2009). 

Interestingly, KDMA1 is not limited to haematological cancers but has also been observed to 

be an important player in many types of solid tumours such as prostate, breast and lung 

cancer. Increased levels of Lsd1 have been associated with decreased survival, increased 
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relapse, metastasis and unfavourable prognosis (Lim et al. 2010; Serce et al. 2012; Ding et 

al. 2013; Yu et al. 2013; Derr et al. 2014). Tranylcypromine (TCP) a non-selective and 

irreversible inhibitor of the enzyme MAO (and an old antidepressant and anxiolytic agent), 

has served as the chemical starting point to develop selective irreversible KDM1A inhibitors 

in several drug development programs that have made the preclinical to clinical transition. 

The first selective irreversible KDM1A inhibitor to reach the clinic was Oryzon’s ORY-1001 

compound, for relapsed or refractory acute leukemia (AL) (Hayami et al. 2011). ORY-1001 is 

highly selective for KDM1A over the MAO enzymes and KDM1B (Hayami et al. 2011). 

Finally, KDM1A is an important regulator of neural stem cell proliferation and also important 

in posterior phases of neuronal development, and KDM1A inhibitors are part of novel 

therapeutic strategies in neurodegenerative disease (Reviewed by Mes et al. 2015). 

 

 

 

	
 

 

Figure 4.1 Lsd1 can both co-activate and co-repress transcription by joining different complexes. 
LSD1/KDM1 is a multifunctional subunit of different repressive (red) and activating (green) histone-modifying 
complexes. LSD1/KDM1 has also been shown to act on non-histone protein substrates (yellow). (Figure taken 
from Rudolph et al. (2013). 
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4.1.2 Genetic dissection and functional analysis of Lsd1 in Drosophila. 

 

In order to elucidate Lsd1 biological function in animal model systems, Di Stefano and 

colleagues generated flies carrying a mutation in the sole Drosophila gene that exhibits high 

homology to Lsd1, CG17149/dLsd1 (Di Stefano et al. 2007). Lsd1 contains a putative amine-

oxidase domain and a SWIRM domain. The SWIRM domain functions in protein–protein 

interactions, DNA–protein interactions, and enzyme catalysis. Lsd1 deletion (dLsd1∆N) lacks 

the presumptive promoter region and the N-terminal portion of the gene, including the 

SWIRM domain (Di Stefano et al. 2007). Inactivation of this domain greatly reduces the 

stability and demethylase activity of Lsd1. Di Stefano and colleagues first assessed the 

effects of dLsd1 mutation on viability. They reported that crosses of (dLsd1∆N) heterozygous 

animals gave only one-third of the expected number of (dLsd1∆N) homozygous progeny. A 

more dramatic reduction in viability was observed in the male progeny, since 90% of the 

viable (dLsd1∆N) homozygous were females. Therefore, dLsd1 is not an essential gene, but 

animal viability is strongly reduced in mutant animals in a gender-specific manner (Di 

Stefano et al. 2007). Furthermore, the authors showed that (dLsd1∆N) mutants are sterile and 

their ovary development is severely impaired. Indeed (dLsd1∆N) mutant egg chambers are 

abnormally early in development and follicle cells failed to encapsulate the cyst (Di Stefano 

et al 2007). In males, the testes are morphologically intact, but DNA staining indicated 

defects during spermatogenesis. In addition, they indicated that ovaries contain a higher 

level of dLsd1 and lower levels of H3K4me1 than does the rest of the adult female, possible 

giving an explanation of why dLsd1 mutation selectively perturbs ovary development (Di 

Stefano et al 2007). Curiously, (dLsd1∆N) homozygous flies presented a held-out-wing 

phenotype (Di Stefano et al. 2007).  

 

Additionally, positional-effect variegation (PEV) is the mosaic pattern of gene silencing 

observed when genes that are normally located in euchromatin regions are placed into a 

heterochromatic environment. The study by Di Stefano and colleagues indicated that dLsd1 

mutant alleles are potent suppressors of PEV, suggesting that the absence dLsd1 alters the 

balance between euchromatin and heterochromatin (Di Stefano et al. 2007).  

 

Previous studies in human cells had shown that Lsd1 regulates the expression of neuron 

specific genes (Shi et al, 2004). Therefore; in order to test whether dLsd1 has a role as well 

in the repression of neuron-specific genes, Di Stefano and colleagues used RNAi to deplete 

dLsd1 from S2 cells and examined the expression of neuron-specific genes, such as 
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Nicotinic Acetylcholine Receptor β (nAcrβ) and Na channel (Nach), showing that dLsd1 

depletion increased the expression of both nAcrβ and Nach, which in turn suggests that the 

role of Lsd1 in the repression of neuron-specific genes is conserved between Drosophila 

and humans (Di Stefano et al. 2007). 

 

Finally, Di Stefano and colleagues also examined the global levels of H3K4me1/me2 in 

(dLsd1∆N) homozygous and heterozygous mutants, and showed an increase in these histone 

marks only in the homozygous compared with the wild-type flies, demonstrating that dLsd1 

is a key determinant of the global levels of H3K4me1/me2 in vivo (Di Stefano et al. 2007). 

Opposite to previous biochemical studies with human Lsd1, which have indicated that Lsd1 

can act both on H3K4me1/me2 and H3K9me1/me2, Di Stefano et al (2007) did not observe 

an increase in the global levels of monomethyl and dimethyl H3K9. These authors 

suggested that this activity is not conserved in Drosophila or that is redundant with other 

demethylases; or that alternatively, it might be restricted to specific loci and/or specific 

tissues. Additionally, the authors examined H4K20me1/me2, H3K27me2, H3K36me3 and 

acetyl H3K9 levels and reported that these were unaltered in (dLsd1∆N) mutant flies (Di 

Stefano et al. 2007).  

 

4.1.3 Lsd1 and regulation of neuronal gene expression  

 

Lsd1 is highly express in the neurons where it binds mainly the CoREST and TLX 

complexes to repress neuronal gene expression (Lakowski et al. 2006; Sun et al. 2010; Lu 

et al. 2014). 

 

• Lsd1 and the CoREST complex 

 

The CoREST (Co-repressor for element-1-silencing transcription factor) complex associates 

with the repressor for element-1 silencing transcription factor (REST) (Lakowski et al. 2006). 

The REST/neuron-restrictive silencer factor (NRSF) is a transcriptional regulator that 

represses the transcription of neuronal genes in non-neuronal cell types and in neuroblasts 

prior to terminal differentiation (Chong JA 1995; Schoenherr et al. 1996). The repressive 

element 1 (RE1) is a sequence of 21-23 nucleotides located in the promoters of neuronal 

genes (Kuwabara et al. 2004) in mammals. CoREST is a multiprotein complex formed of 6 

proteins: HDCA1 and HDAC2, REST, LSD1, BRAF35 and BHC80. Lsd1 association with the 

CoREST complex is required for the demethylation of nucleosomes (Lee et al. 2005). 
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CoREST-like complexes regulate neuronal gene expression at least partially by regulating 

acetylation and methylation status of H3K4 (Lee et al. 2005).  

 

Interestingly, components of a CoREST-like complex have been identified also in Xenopus 

laevis, C.elegans and Drosophila, suggesting an evolutionary conserved function of 

CoREST complexes in regulating neuronal gene expression (Lakowski et al. 2006). In 

Drosophila, the transcription factor, tramtrack88 (Trk88) was found to be the only TF to 

associate with Drosophila CoREST (dCoREST) (Dallman et al. 2004). Indeed, dCoREST 

has been shown to interact with C-terminal Trk88 (Dallman et al. 2004). Trk88 is not 

expressed in neurons and has been shown to block neuronal development when it is altered 

in neuronal precursors (Guo et al. 1995). Thus, Trk88 like REST, works as a repressor of 

neuronal fate (Lakowski et al. 2006). In addition, Rdp3, a Drosophila class-I HDAC has been 

shown to interact with dCoREST (Dallman et al. 2004). Therefore, CoREST-like complexes 

exists in Drosophila and also regulates neuronal gene expression (Lakowski et al. 2006). 

 

Interestingly, a study by Lu et al. (2014) found that REST is lost in mild cognitive impairment 

and Alzheimer’s disease (AD). Lu et al. (2014) showed that REST levels were increased in 

aged individuals without AD when compared to young adults. Chromatin 

immunoprecipitation with deep sequencing and expression analysis showed that REST 

represses genes that promote cell death and Alzheimer’s disease pathology, and induces 

the expression of stress response genes. In addition, the authors further demonstrated that 

REST remarkably protects neurons from oxidative stress and amyloid β-protein toxicity. 

Furthermore, SPR-4, a functional orthologue of REST in C.elegans, also protects against 

oxidative stress and amyloid β-protein toxicity, suggesting a conserved role of REST in 

stress resistance in ageing (Lu et al. 2014). Finally, Lu and colleagues established that 

during normal ageing REST is induced in part by cell non-autonomous Wnt signalling, 

suggesting that the activation state of this transcriptional repressor during normal ageing 

induces neuroprotection alleviating the ageing brain from neurodegeneration (Lu et al. 

2014).  

 

• Lsd1 and the TLX transcription factor 

 

Sun et al. (2010) demonstrated that LSD1 interaction with the nuclear receptor TLX, is 

essential for TLX neuronal stem cell replication and self-renewal functions. Nuclear receptor 

TLX (homologue of the Drosophila tailess gene) also known as NR2E1, is a member of the 

nuclear receptor family. Co-immunoprecipitation experiments by the Sun et al. (2010) show 
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that Lsd1 interacts physically with TLX, and that Lsd1 interaction is essential for TLX 

mediated transcriptional repression. Upon TLX knockdown neuronal stem cells stop dividing, 

and the same phenotype is recapitulated upon LSD1 knockdown or LSD1 inhibition by 

pargyline and tranylcypromine. TLX is known to repress p21and PTEN (Phosphatase and 

tensin homolog), and knockdown of Lsd1 increases p21and PTEN transcription in mouse 

tissue and cells (Sun et al. 2010).  

 

4.1.4 Lsd1 associates to the nucleosome remodelling deacetylase (NuRD) complex  

 

The nucleosome remodelling and deacetylase (NuRD) complex is a highly evolutionary 

conserved macromolecular complex, and a major ATP-dependent chromatin remodelling 

complexes. NuRD complex functions involve transcription, genome integrity and cell cycle 

progression. Furthermore, loss of NuRD functions has been implicated in developmental 

defects, oncogenesis and accelerated ageing (Basta 2015).  

 

NuRD complex has two enzymatic activities, ATP-dependent nucleosome remodelling and 

histone deacetylase (HDAC) activity. Interestingly, Wang et al. (2009b) showed that Lsd1 

physically and functionally interacts with NuRD in some contexts; adding demethylation as a 

third catalytic function to the complex (Wang et al. 2009). However, as a result of a careful 

biochemical study carried out by Smits and colleagues, Lsd1 was shown not to be part of the 

NuRD core (Smits et al. (2013). There are six core components of NuRD: Mi-2 (also known 

as CHD3 or CHD4, chromodomain-helicase-DNA-binding proteins), HDAC1, HDAC2, 

RBBP7 and RBBP4 (histone binding proteins) and MBD3 (methyl-CpG- binding domain 

protein) (Basta 2015). Different combinations of NuRD subunits can actually result in a 

diversity of NuRD complexes, which in turn can modulate NuRD functions in a tissue and 

context-dependent manner (Basta 2015). In addition, NuRD can associate with a variety of 

transcription factors such as p53, adding another layer of complexity to the tissue and 

context-specific effects (Basta 2015).  

 

The association of the NuRD complex with cancer and ageing is complex. However, a study 

by Wang et al. (2009b) showed that Lsd1/NuRD complex represses growth-promoting 

pathways and is implicated in breast cancer cells metastasis. These authors showed that 

loss-of-function of Lsd1 in vitro and in vivo increases the invasiveness of breast cancer cells, 

whereas gain-of-function of Lsd1 showed the opposite effect. Therefore, Lsd1 inhibits the 

invasion of breast cancer cells in vitro and suppresses breast cancer metastatic potential in 

vivo  (Wang et al. 2009b).  
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Hutchinson-Gilford Progeria Syndrome (HGPS) cells show many chromatin defects that are 

characteristic of physiological ageing, such as loss of heterochromatin structure. Pegoraro et 

al. (2009) found that NuRD complex and HDAC1 activity is reduced in HGPS cells, and that 

their levels are also reduced during normal physiological ageing. In the same study, 

Pegoraro et al. (2009) showed as well that knockdown of RBBP4 and RBBP7, evolutionary 

conserved histone binding proteins and core components of NuRD complex, increases the 

percentage of cells with aberrant chromatin structure in RNAi- treated cells, suggesting that 

NuRD complex plays a key role in modulating these ageing-associated chromatin defects 

(Pegoraro et al. 2009). 

 

4.1.5 Lsd1 and regulation of stem cells  

 

Epigenetic mechanisms, in particular the enzymatic modifications of histones, play a crucial 

role in cell differentiation. Indeed, a tightly regulated process allows a precursor cell to turn 

into a more specialized cell type while maintaining the same genetic information. 

Interestingly, Lsd1 has been shown to be an important player in the programming and 

reprogramming of cellular states during development. More specifically, Lsd1 has been 

involved in the maintenance and differentiation of stem cells by accomplishing the silencing 

of enhancers during embryonic stem cell (ESC) differentiation (Whyte et al. 2012).  

 

Additionally, Lsd1 is strongly expressed in the germline tissue, and therefore it is not 

surprising that it necessary for the proper control of the oogenesis and spermatogenesis 

processes. Regarding the latter, I will discuss firstly a study carried out in C. elegans 

showing that spr-5, on of the three Lsd1 homologues in C. elegans, regulates transcriptional 

expression of genes involved in the spermatogenesis process and is important for the 

correct epigenetic reprograming of the germline between generations (Katz et al. 2009). 

Secondly, I will discuss work in Drosophila carried out by Eliazer and colleagues (2011 and 

2014) that provides strong evidence for a role of Lsd1 in the proper control of the signalling 

required for the precise maintenance of the size of the germline stem cells (GSC) niche in 

Drosophila ovaries (Eliazer et al. 2011; Eliazer et al. 2014). Finally, I will discuss Lee and 

Spradling (2014) work, which interestingly demonstrates that Lsd1 can act as a 

“differentiation clock” determining the step between proliferation and differentiation during 

Drosophila follicle cell development (Lee and Spradling 2014).  

 

• Lsd1 enhancer decommissioning during embryonic stem cell differentiation  
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Whyte et al. (2012) showed that Lsd1 is essential in decommissioning enhancers during the 

differentiation of mouse embryonic stem cells (ESCs). Lsd1, which was found to be 

associated with the NuRD complex, represses ESCs specific genes by demethylating 

H3K4me1 found at the enhancers of these genes. Lsd1-NuRD complex localizes at Oct-4-

regulated active enhancers in ESCs but do not demethylate H3K4me1 because Lsd1 

demethylase activity is inhibited in the presence of acetylated histones. However, during 

ESC differentiation the levels of Oct-4 and acetylated histones decrease allowing the 

demethylation of H3K4me1 by LSD1, which in turn allows a complete blocking of the ESC 

specific gene expression program and the transition to new cell states (Whyte et al. 2012).  

 

• Lsd1 and reprogramming of epigenetic memory  

 

C.elegans Spr-5 mutants are not completely sterile at the first generation; however, after 28 

generations C.eleganas Spr-5 mutants are completely sterile (Katz et al. 2009). Katz et al. 

(2009) also observed that there was progressive accumulation of H3K4me2 in Spr-5 

mutants reaching its highest point at the generation 20, thereafter H3K4me2 levels decrease 

by yet unknown mechanism. Katz et al. (2009) also performed a ChIP experiments to 

elucidate Spr-5 direct target genes and found, that spermatogenesis genes were among the 

group of genes highly targeted by Spr-5. Interestingly, they also found that expression of 

spermatogenesis genes were highly increased after the 20th generation, which coincides 

with an increase in sterility (Katz et al. 2009). H3K4me2 is a transcriptional activation mark 

that has been found to co-localise with RNA polymerase II (Ng et al. 2003; Mito et al. 2005). 

Thus, H3K4me2 is seen as mark that is associated with elongation (Ng et al. 2003; Mito et 

al. 2005). During development, these kind of marks can be useful for cells as mark of active 

transcription. However, the germline, which is immortal in contrast with the soma, requires a 

proper epigenetic reprogramming between generations, and Spr-5 demethylase activity 

appears to be critical in this precise epigenetic erasure of the germline (Katz et al. 2009).   

 

• Lsd1 in oogenesis in Drosophila   

 

Adult stem cells are often maintained in specialized microenvironments called niches 

(Ohlstein et al. 2004). The correct balance between stem cell self-renewal and stem cell 

daughter differentiation depends on the precise regulation of niche size and signalling output 

(Ohlstein et al. 2004). The Drosophila ovaries are composed of tube-like structure called 

ovarioles. At the tip of each ovariole, two to three GSC reside in a structure called the 

germarium. At the anterior tip of the germarium, five to seven somatic cap cells form the 

functional GSC niche. Escort cells (ECs), also known as inner germarial sheath cells, lie 
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adjacent to the cap cells and line the anterior region of the germaria (Decotto and Spradling 

2005). Decapentaplegic (Dpp), a bone morphogenic protein-like molecule appears to be 

essential for the correct functional output of the ovary, and ectopic expression of dpp 

throughout somatic cells seems to block germline differentiation, resulting in the formation of 

GSC tumours (Xie and Spradling 1998). Eliazer et al. (2011) observed that Lsd1 null mutant 

ovaries carry small germline tumours containing an expanded number of single 

undifferentiated GSC-like cells with round fusomes. The fusome, a cytoplasmic structure, 

changes from a predominantly round structure in GSC to a highly branched structure in 

developing cysts. Indeed, loss of Lsd1 prevents GSC daughter cells from differentiating into 

cytoblasts and multicellular cysts (Eliazer et al. 2011). The authors also demonstrated that 

Lsd1 functions within the escort cells (ESs) that reside immediately adjacent to cap cells and 

prevents them from producing niche-specific signals; through a mechanism in which Lsd1 

functions to represses dpp expression in adult germaria, therefore allowing germline 

differentiation (Eliazer et al. 2011). The same group (Eliazer et al. 2014) performed a ChIP-

seq analysis, demonstrating that Lsd1 associates with a surprisingly limited number of sites 

in escort cells and fewer, and often, different sites in cap cells. Moreover, they found that 

Lsd1 does not directly target the dpp locus in escort cells. Instead, Lsd1 regulates engrailed 

expression and its putative downstream targets hedgehog, which seem to mediate dpp 

repression (Eliazer et al. 2014). In agreement with this findings, they also showed that 

indeed disruption of engrailed and hedgehog suppress the Lsd1 mutant phenotype (Eliazer 

et al. 2014).  

 

All somatic cells (around 800) in each mature ovarian follicle are derived from two follicle 

stem cells (FSC) located in midway in the germarium. Early follicle cell progenitors undergo 

rounds of divisions before they initiate differentiation. Indeed, it is a major regulatory event, 

the mitotic/endocycle (M-E) transition, which terminates proliferation and initiates 

differentiation. Interestingly, Lsd1 is detected in early follicle cell progenitors, however its 

level gradually falls as follicles approach the M-E transition. Lee and Spradling (2014) 

proposed that Lsd1 and CoREST supresses the differentiation of follicle cell progenitors until 

they have completed an appropriate number of divisions. They showed that Lsd1 forms a 

complex with CoREST that acts as an epigenetic eraser which prevents methylated H3K4 

marks at critical sites from prematurely reaching levels that are high and/or stable enough 

leading to cell cycle downregulation and cell differentiation (Lee and Spradling 2014). The 

authors argue that Lsd1 in conjunction with Notch signalling are the players in determining 

the induction of an M-E transition, thus orchestrating the differentiation of FCS (M. C. Lee & 

Spradling, 2014).  



	 125	

4.1.6 Lsd1 and DNA Damage Response   

 

Lsd1 plays both an indirect and a direct role in DNA damage response (DDR).  

 

• Lsd1 indirectly affects DNA damage response through repression of p53  

 

It was not acknowledged whether or not histone demethylases such as Lsd1 would be able 

to demetylate non-histone targets until the work carried out by Huang et al. (2007). These 

authors demonstrate that p53 regulation, a well-known tumour suppressor, can not only be 

phosphorylated, but also methylated/demethylated. Huang et al. (2007) showed that Lsd1 

can demethylate in vitro both p53 Lys370me1/me2 but it shows preference for Lys370me2 in 

vivo. Upon DNA damage induction Lsd1 deficient cells show increased levels of Lys370me2 

compared to the controls. This increase in Lys370me2 is coupled with an increase in p21 

and mdm2 gene expression and higher number of apoptotic cells; suggesting that Lsd1 

inhibits transcriptional activation of p53. These authors also identify that the tandem Tudor 

domains of 53BP1 (p53-binding protein 1) preferentially recognise K370me2, rather than 

K370me0, K370me1 or K370me3 in vitro and in vivo. Therefore, Huang et al. (2007) 

proposed that Lsd1 repression of p53 is mediated by demethylating p53K370me2 which in 

turn prevents 53BP1 binding and subsequent activation of p53 (Huang et al. 2007). 

 

• Lsd1 directly promotes DNA damage response  

 

Apart from Lsd1 playing an indirect role in DNA damage response through p53 

demethylation (Huang et al. 2007), a direct role of Lsd1 in the DDR has been also 

demonstrated (Mosammaparast et al. 2013). The DNA damage response cascade initiates 

with the recognition of double strand breaks (DSB) by the MRN (MRE11-RAD50-NBS1) 

complex, which recruits and activates the ataxia telangiectasia mutated (ATM) kinase at 

double strand breaks (DSB) to phosphorylate the variant histone H2A.X (γH2A.X). This 

phosphorylated histone recruits the large scaffold phosphoprotein mediator of the DNA 

damage Checkpoint-1 (MDC1) to irradiation-induced foci (IRIF). MDC1 recruits the E3 

ubiquitin ligase RNF8, whose ubiquitynation near DSB is further amplified by a second E3 

ligase, RNF168 (Huen et al. 2007; Kolas et al. 2007; Mailand et al. 2007). RNF168-mediated 

ubiquitination fosters the recruitment of various downstream effector complexes, such as 

BRCA1 (Breast Cancer 1) A complex,	which is	 implicated in homologous recombination (HR) 

(Huen et al. 2007). A second effector is 53BP1, which promotes X-ray repair cross-
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complementing protein 4 (XRCC4)-dependent nonhomologous end joining (Xie et al. 

2007). Both BRCA1 and 53BP1 function as tumour suppressors.  

Mosammaparast and colleagues found that after DNA damage induction by laser 

microirradiation, Lsd1 is recruited to sites of DSB in vivo; and that the coupled reduction of 

H3K4me2 at sites of DNA damage is dependent of Lsd1 demethylase activity. Furthermore, 

the same authors observed that in cells in which Lsd1 had been downregulated there was a 

decrease in 53BP1 and BRCA1 complex recruitment at the damage site. Moreover, they 

found that Lsd1 physically interacts with E3 ubiquitin ligase RNF168 and that this interaction 

is important for recruitment of Lsd1 to sites of DNA damage. They also found that consistent 

with the role of Lsd1 in DDR, loss of Lsd1 caused indeed γ-IR hypersensitivity and increases 

recombinant hotspots (Mosammaparast et al. 2013). Thus supporting a direct role for Lsd1 

in DDR response Intriguingly, they also observed that upon γ-IR, levels of γH2A.X were not 

affected between Lsd1 knockdown cells and control ones. Furthermore, although Lsd1 was 

recruited to sites of DNA damage its retention was relatively transient, since Lsd1 occupancy 

at DSB were just observed only in the first hour after laser microirradiation. Therefore these 

authors suggest that the initial signalling events related to the DDR are not Lsd1 dependent, 

and that Lsd1 involvement in DDR is independent of γH2A.X. Notwithstanding, 

Mosammaparast et al. (2013) did observe a reduced H2A/H2A.X ubiquitination in the 

absence of Lsd1 upon γ-IR. H2A.X can be ubiquitinated at two different lysine residues, 

K119 (H2A K119) and K13/15 (H2A K13/15); and these two ubiquitination events are 

mediated by PRC1 (Ismail et al. 2010) and RNF168 complexes respectively (Gatti et al. 

2012; Mattiroli et al. 2012). The antibody-based approach used by these authors did not 

allow them to differentiate between K119 and K13/15 ubiquitylation tough.  

 

Interestingly, H2A K119 ubiquitinated is a histone mark that is considered to be a repressive 

mark,  and is present at silent chromatin regions near DSBs (Wang et al. 2004). Moreover, 

ubiquitination of H2A K119 has been shown to be partially mediated as well by RNF168 

(Shanbhag et al. 2010). Mosammaparast et al. discussed that RNF168 could mediate 

together with Lsd1 a demethylation-ubiquitination crosstalk that could lead to a silencing 

chromatin rearrangement crucial during the first steps of the DNA damage response. Finally, 

a similar demethylation-ubiquitination crosstalk crucial for the DDR has been described for 

the NuRD-CHD4 complex and H3K9 silent chromatin mark, in which the loss of the NuRD-

CHD4 reduces H2A/H2A.X ubiquitination during DNA damage (Chou et al. 2010; Larsen et 

al. 2010; Polo et al. 2010; Smeenk et al. 2010; Chiolo et al. 2011). 
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4.1.7 Lsd1 role in transcriptional regulation of the adipocyte tissue 

 

Obese individuals are predisposed to multiple pathological conditions, such as 

cardiovascular diseases, type 2 diabetes, hypertension, and certain types of cancer (Basen-

Engquist and Chang 2011). Furthermore, accumulation of adipocyte tissue is a characteristic 

of the ageing process (Lopez-Otin et al. 2013). Obesity, which is characterized by an 

excessive expansion of the adipose tissue, is a consequence of chronic energy imbalance 

between energy intake and dissipation. In mammals, there are three kind of adipose tissue, 

white adipose tissue (WAT), which is mainly composed of white adipocytes containing one 

single large lipid vesicle, brown adipocyte tissue (BAT) and beige adipocyte tissue, which 

have a multilocular morphology and large number of mitochondria, and are capable of 

performing high rates of fatty acid oxidation (FAO). WAT is essentially located in the 

abdominal and subcutaneous areas of the body and is highly adapted to store excess 

energy in the form of triacylglycerides. Brown and beige adipose tissue in contrast to WAT is 

highly energy-expending; and able to dissipate energy in the form of heat, a process known 

as nonshivering thermogenesis (Cannon and Nedergaard 2004). Performing FAO and 

thermogenesis constitute a potential therapy to increase energy expenditure and combat 

obesity (Zeng et al. 2016). Finally, BAT is found in discrete depots, whereas beige 

adipocytes are intermingled with white adipocytes in WAT; this is because beige tissue is an 

inducible population that result from WAT-BAT phenotypic plasticity. WAT-BAT phenotypic 

plasticity means that each type can take on the counterpart´s morphological and functional 

features in response to temperature or hormone stimuli.   

 

Lsd1 has been shown to play a role in adipogenesis by demethylating H3K9, a repressive 

mark found in the promoter of adipogenesis related genes such as cebpa which are involved 

in adipocyte differentiation (Musri et al. 2010). Indeed, Lsd1 knockdown in 3T3-L1 

preadipocytes results in decreased differentiation, and decreased H3K9 demethylation at 

promoter regions of genes such as cebpa (Musri et al. 2010).  

 

Hino et al. (2012) showed that inhibition of Lsd1, by short interfering RNA (siRNA)-mediated 

knockdown and by selective inhibitors such as TCP, activates energy-expenditure genes in 

adipocytes, leading to the activation of mitochondrial respiration and lipolysis in adipocytes. 

Lsd1 utilizes as an essential cofactor for catalytic activities flavin adenosine dinucleotide 

(FAD), converting it into its reduced form FADH2. Hino et al. (2012) further showed that 

Lsd1-mediated transcriptional repression is FAD-dependent; and that the disruption of 

cellular FAD synthesis produced similar effects on the metabolic gene expression as the 

Lsd1 inhibition (Hino et al. 2012). Therefore, Lsd1 may be directly connected to the cellular 
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metabolic state via the fluctuation of the FAD/ FADH2 ratio depending on the FAD oxidation 

processes such as fatty acid β-oxidation and the TCA cycle. Hino et al. (2012) also showed 

that the expression of Lsd1-target energy-expenditure genes was markedly repressed in 

adipose tissue of mice fed on a high-fat diet; and the expression of these genes could be 

reverted by Lsd1 inhibition, indicating the involvement of Lsd1 in metabolic adaptation in 

vivo. Additionally, Hino et al. (2012) also found that PPARγ coactivator-1α (PGC-1α) was 

among the energy metabolism regulator genes upregulated in adipose tissue upon Lsd1 

knockdown (Hino et al. 2012). Thus, Lsd1 negatively regulates PGC-1α expression (Hino et 

al. 2012). 

 

Evidence regarding the mechanism by which Lsd1 activates and represses WAT and BAT 

transcriptional programs is conflicting (Hino et al. 2012; Duteil et al. 2014; Duteil et al. 2016). 

Duteil et al. (2014) demonstrated that in WAT there is increased expression of Lsd1. WAT is 

induced by cold and is involved in mediating the effects of β3-adrenergic signalling (Musri et 

al. 2010; Duteil et al. 2014), which promotes the development of thermogenically active 

beige adipocytes and supresses metabolic disorders such as obesity and type 2 diabetes 

(Duteil et al. 2014). The same group later showed that in BAT, selective ablation of Lsd1 or 

inactivation of its catalytic activity in brown adipocytes triggers a profound whitening of BAT.  

Duteil et al. (2014, 2016) propose a model in which Lsd1 acts via a dual mechanism by 

positively regulating the expression of BAT-selective genes in cooperation with Nrf1 and 

actively repressing the expression of WAT-selective genes in concert with the CoREST 

complex.  

 

Hino et al. (2012) observed that Lsd1 knockout increases energy-expenditure genes 

transcription, in adipose tissue. In contrast to Hino et al. (2012) observations, Duteil et al. 

(2014) found that transgenic overexpression of Lsd1 promotes expression of mitochondrial 

and thermogenic genes in the WAT. In agreement with Hino et al. (2012), Zeng et al. (2016) 

observed increased expression of some mitochondrial and thermogenic genes in the 

subcutaneous but not visceral WAT of the AdLKO (Adipose LSD1 knockout) mice, 

suggesting that LSD1 may be involved in repressing the thermogenic program in beige 

adipocytes. Zeng et al. (2016) argued, however; that future studies focusing on the role of 

Lsd1 in beige adipocytes are needed in order to provide crucial insights into how these cells 

silence the thermogenic program.  

 

Zeng et al. (2016) engineered the AdLKO  mice which specifically knockout the expression 

of Lsd1 in the BAT tissue, and showed that Lsd1 deficiency impairs the FAO/thermogenic 
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capacity of the BAT and reduces whole body energy expenditure in agreement with Duteil et 

al. (2016). Zeng and colleagues also found that AdLKO mice developed obesity, in 

agreement with the Lsd1 KO mice phenotype of Duteil and colleagues (2016). However, 

Zeng et al. (2016) proposed a different mechanism by which LSD1 deficiency activates the 

WAT gene program in BAT tissue.  

 

These authors suggest that Lsd1 physically interacts with and co-localizes with PRDM16 

(PR domain containing 16) to genomic loci near WAT-selective genes that are targets of 

repression by PRDM16 in brown adipocytes (Zeng et al. 2016). Indeed, these authors 

showed that upon Lsd1 or PRDM16 loss, local H3K4me1 and H3K4me2 levels were up-

regulated followed by an increased in expression of WAT-selective genes in brown 

adipocytes. Thus, Lsd1-mediated demethylation of H3K4 was suggested to be a critical 

mechanism used by PRDM16 to achieve repression of WAT-selective genes in brown 

adipocytes (Zeng et al. 2016). Moreover, Zeng et al. (2016) also observed that impaired 

mitochondrial FAO/thermogenesis activity due to ablation of Lsd1 was reversed by deleting 

HSD11B1 (hydroxysteroid 11-β- dehydrogenase isozyme 1). Therefore, Lsd1 plays a critical 

role in BAT via repressing HSD11B1 (Zeng et al. 2016).  

 

Independently of the mechanism by which Lsd1 represses WAT-associated genes in BAT, 

Zeng et al. (2016) and Duteil et al. (2016) both claim that Lsd1 is necessary to regulate lipid 

metabolism, and that the ablation of Lsd1 in BAT leads to increased fat accumulation. 

Finally, Duteil et al. (2016) analysed 30-week-old Lsd1 knockout mice for glucose tolerance 

and insulin sensitivity, and they noticed that, with ageing, control mice developed 

progressive glucose intolerance, in contrast to Lsd1 knockout mice, which conserved 

efficient glucose uptake over time. Age-developed glucose intolerance is generally 

associated with loss of insulin sensitivity and contributes to type 2 diabetes. However, Duteil 

et al. (2016) did not observe any difference in insulin sensitivity or in total insulin levels, 

showing that only glucose but not insulin metabolism is altered in Lsd1 knockout mice.  
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4.1.8 Set1 

 

Set1 is a H3K4me3 methyltransferase, which is highly evolutionary conserved between 

yeast, worms, flies, plants and humans (Shilatifard 2012). In addition, Set1/COMPASS 

complex, has been involved in processes such as cancer in mammals (Rao and Dou 2015), 

ageing in C. elegans (Greer et al. 2010; Han et al. 2017) embryonic development  (Ingham 

1998; Wysocka et al. 2005) and stem cell biology (Ang et al. 2011; Jiang et al. 2011; Xuan et 

al. 2013; Yan et al. 2014; Duncan et al. 2016; Muller and Nayak 2016; Zhang et al. 2016).  

 

4.1.9 Set1 and regulation of stem cells  

 

Xuan and colleagues described a dBre1/dSet1-dependent pathway for the H3K4 methylation 

required for controlling Drosophila ovarian germline stem cells (GSCs) maintenance and 

germ cell differentiation (Xuan et al. 2013). Removal or knockdown of dBre1 function, an E3 

ubiquitin ligase, in the germline or somatic niche cell lineage leads to a gradual GSC loss 

and disruption of H3K4 trimethylation in the Drosophila ovary (Xuan et al. 2013). 

Interestingly the authors report that all the phenotypes observed in dBre1 mutant ovaries 

can be mimicked by reduced expression of dSet1 using RNAi (Xuan et al. 2013). Therefore, 

dSet1 plays a role in controlling GSCs maintenance and in ensuring GSC derived germ cell 

differentiation in the Drosophila ovary.  

 

Furthermore, Yan et al. (2014) performed a large-scale RNAi screen in Drosophila female 

germline stem cells (GSCs) and identified 366 genes that affect GSC maintenance, 

differentiation, or other processes involved in oogenesis (Yan et al. 2014). These authors 

compared GSC regulators with neural stem cell self-renewal factors and identified Set1 as 

GSC-specific self-renewal factor (Yan et al. 2014). Moreover, loss of Set1 in neural stem 

cells did not affect cell fate decisions, suggesting a differential requirement of H3K4me3 in 

different stem cells lineages (Yan et al. 2014). Finally, a study which aimed to identify the 

functional genomic targets of Set1 and MLL1/2, in both stem cells and differentiated tissue of 

the planarian flatworm Shmidtea mediterranea, linked distinct genomic loci in vivo to Set1 

and MLL1/2 H3K4 methyltransferases (Duncan et al. 2016). Importantly, they identified Set1 

targets to be largely associated with the maintenance of the stem cell population (Duncan et 

al. 2016).  
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4.1.10 Set1 and its role in transcription regulation 

 

Ramakrishnan et al. (2016) using the genetic model system of S. cerevisiase, examined the 

role of its single H3K4 methyltransferase, Set1, and its sole H3K4 demethylase, Jhd2.  

 

	
 

Figure 4.2 Model proposed by Ramakrishnan for Set1 and Jhd2-mediated co-regulation of chromatin 
structure and RNA Pol2 functions. Figure taken from Ramakrishnan et al. (2016). 

Interestingly, the authors found that counteracting enzymes Set1 and Jhd2 mostly co-

regulate transcription (Ramakrishnan et al. 2016). Indeed, they found that Set1 and Jhd2 

through modulation of H3K4 methylation contribute to positive or negative co-regulation of 

transcription at shared target genes (Ramakrishnan et al. 2016). Moreover, these authors 

found that genes repressed by the loss of Set1/Jhd2 have a chromatin signature distinct 

from genes that are activated by the loss of Set1/Jhd2. Part of this signature and response is 

the control of nucleosome occupancy and histone turnover (Ramakrishnan et al. 2016). 

Therefore, Set1 and Jhd2, via H3K4 methylation and demethylation, work together to impact 

nucleosomal turnover and occupancy at their common target genes. Additionally, these 

authors showed that transcriptional co-repression occurs through combined action of Set1 

and Jhd2 on promoter nucleosomal turnover, which allows nucleosome retention and 

inhibition of activator and/or RNA Pol II binding. The Rpd3L histone deacetylase (HDAC) 
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complex contains PHD domain that binds H3K4 methyl marks, and it was also demonstrated 

to stabilize nucleosomes in vivo independent of its catalytic activity (Chen et al. 2012). 

Therefore, the authors proposed that combined Set1 and Jhd2 activities might modify 

promoter nucleosomes in a manner that facilitates association and/or action of HDAC 

complexes, such as Rpd3L, resulting in reduced nucleosomal turnover and repressive 

nucleosome formation (Ramakrishnan et al. 2016). Ramakrishnan et al. (2016)also showed 

that Set1 and Jhd2 control nucleosomes over TSS and/or coding regions to positively co-

regulate transcription. Target genes under positive co-regulation are characterized by high 

H3K4me2 and H3K4me1 levels, possess high nucleosomal turnover across coding regions 

and are packaged in a disorganized chromatin structure. These authors propose that Set1 

and Jhd2 via H3K4me1 and H3K4me2 levels control nucleosomal turnover over coding 

regions and regulate RNA Pol II progression at these genes. 

 

Moreover, Ramakrishnan et al. (2016) examined Set1 and Jhd2 functions in a global scale 

by RNA sequencing (RNA-seq), followed by gene ontology (GO) analysis in order to identify 

biological processes co-regulated by Set1 and Jhd2. The authors found a very small number 

of transcripts that showed differential expression in set1Δ compared to jhd2Δ. However, 

strikingly the expression of a much larger common set of transcripts were up regulated and 

another set of transcripts were down regulated in both set1Δ and jhd2Δ (Ramakrishnan et al. 

2016). Set1 and Jhd2 positively regulate transcription of genes involved in amino acid, 

glycogen metabolism and energy reserve metabolism. In addition, ser3 and cha1 genes 

involved in serine metabolism, were also among the co-activated target genes 

(Ramakrishnan et al. 2016). On the other hand, genes involved in inorganic phosphate 

regulation or utilization showed an increased in set1Δ and jhd2Δ. Finally, genes involved in 

ribosomal RNA processing and ribosome biogenesis (Ribi genes) were up regulated in 

set1Δ and jhd2Δ. Therefore, in S. cerevisiase Set1 and Jhd2 are negative regulators of Ribi 

genes in addition to phosphate-responsive genes (Ramakrishnan et al. 2016). 

 

4.1.11 Set1 in epigenetic regulating of metabolism  

 

An exciting emerging area in epigenetic research relates to how cellular metabolism 

regulates chromatin remodelling by partially depending on variable levels of cellular 

metabolites acting as cofactors of epigenetic modifiers (Berger and Sassone-Corsi et al. 

2017). For instance, methyltransferases such as Set1, uses S-adenosyl methionine as a 

cofactor. Indeed, a study carried out by Li and colleagues recently shed light into the 

mechanism of regulating gene expression, responding to cellular metabolism via chromatin 
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modifications (Li et al. 2015). Pyruvate kinase M2 (PKM2) is a key enzyme for glycolysis and 

catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate, the final and rate-

limiting step of glycolysis. In addition, serine is derived from glycolysis. PKM2 also 

phosphorylates histone H3 threonine 11 (H3T11). Li and colleagues showed that the yeast 

PKM2 homolog, Pyk1, is a part of a novel protein complex named SESAME (Serine-

responsive SAM-containing Metabolic Enzyme complex), which contains serine metabolic 

enzymes, SAM (S-adenosylmethionine) synthetases, and an acetyl-CoA synthetase (Li et al. 

2015). These authors demonstrated that SESAME interacts with the Set1 H3K4 

methyltransferase complex. Set1 requires SAM synthesized from SESAME, and it recruits 

SESAME to target genes, resulting in phosphorylation of H3T11 at 5 prime of PYK1 and 

suppression of PYK1 transcription, which in turn allows auto regulation of Pyk1 expression. 

Therefore, by sensing glycolysis and glucose-derived serine metabolism, the interaction of 

Set1 with SESAME controls the crosstalk between H3K4me3 and H3T11 (Li et al. 2015). 
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4.2 RESULTS  
 

I decided to characterize the lifespan extension that results from downregulation of Lsd1 and 

Set1, since their pro-longevity effects seem to be evolutionary conserved. McColl and 

colleagues found that knockdown by RNA interference of Lsd-1 is sufficient to extend 

lifespan in C. elegans (McColl et al. 2010); and studies also in worms have indicated that 

lowering the H3K4me3 methyltransferase Set-2 (homologue of Set1 in Drosophila) improves 

longevity (Greer et al. 2010).  

4.2.1 Ubiquitous downregulation of Lsd1 extends lifespan of Drosophila and 

increases H3K4me1/me2 levels in the head 

 

Downregulation of Lsd1 by RNA interference (RNAi) was achieved using the Gene-Switch 

(GS) system; which is a modified inducible version of the GAL4/UAS system (Osterwalder 

2001). One advantage of using the Gene Switch (GS) system is that I was able to the test 

the effects on longevity of Lsd1 knockdown in the adulthood. This was important since Lsd1 

homozygous mutants are sterile, because ovary development is severely impaired (Di 

Stefano et al. 2007). In order to test the effects of downregulation of Lsd1 ubiquitously on 

longevity, I used the ActGS driver, which drives the expression of the UAS-linked transgene 

under ubiquitous actin5C pattern. Half of the ActGS>UAS-Lsd1-RNAi female progeny was 

fed on food supplemented with 200µM RU486 (alternative name Mifepristone), which in turn 

induced the downregulation of Lsd1. The other half of the female progeny was fed control 

food containing ethanol as vehicle, and therefore expression of the UAS-Lsd1-RNAi 

construct was not induced. This experimental set up enabled me to have experimental and 

control groups that were genetically identical, making the Gene-Switch system ideal for 

ageing studies.  

 

As shown in chapter 3 ActGS>UAS-Lsd1-RNAi induced flies, showed an increase in lifespan 

compared to the control group in two independent sets of experiments (Figure 3.2.6). In the 

first experiment, downregulation of Lsd1 significantly extended maximal lifespan (but not 

median lifespan) by 9.33% (~7 days; P < 0.017, log rank test compared to the control group) 

(Figure 3.2.6 A). In the second experiment, downregulation of Lsd1 extended median 

lifespan by 4% (~2.5 days) and maximal lifespan by 9.2 % (~ 6.5 days; P < 0.00015, log rank 

test) (Figure 3.2.6 B and Figure 4.2.1 A) Therefore, I concluded that ubiquitous 

downregulation of Lsd1 resulted in an increased lifespan in the fly.  
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In order to validate the knockdown efficiency for Lsd1 in the induced RNAi line, I carried out 

Quantitative real time PCR (q-RT-PCR). However, I was not able to observed a difference in 

the Lsd1 mRNA levels between induced and un-induced groups (Figure 4.2.1 D). I used two 

set of primers which spanned exon-exon junction, and do not align to the RNAi hairpin 

sequence nor align to other regions of the Drosophila genome. For the sequences of the 

primers used, please see Chapter 2: Materials and methods. In order to avoid genomic DNA 

contamination RNA samples were DNase treated. According to FlyAtlas, the adult somatic 

tissue in which Lsd1 is mostly expressed is the brain. Besides the brain, the ovaries are the 

other adult tissue in which Lsd1 is mostly expressed (Chintapalli et al. 2007). Therefore, in 

order to avoid possible masking effects of high expression levels of Lsd1 in the ovaries 

where the UAS-Lsd1-RNAi construct was not expressed, as it is based on pUAST plasmid, I 

carried out RT-qPCR separately in the heads and in the abdomen without ovaries (Figure 

4.2.1 D). Nevertheless, I was not able to confirm the Lsd1 knockdown in any of these tissues 

in q-RT-PCR conditions used in this study (Figure 4.2.1 D).  

 

Lsd1 deletion mutant (Lsd1∆N) lacks the presumptive promoter region and the N-terminal 

portion of the gene, including the SWIRM domain (Di Stefano et al. 2007). In this 

homozygous mutant (Lsd1∆N/ Lsd1∆N), H3K4me1/me2 global levels increase, but were not 

affected in the Lsd1∆N heterozygous flies (Di Stefano et al. 2007). Therefore, I sought to 

explore whether global H3K4me1/me2 levels change in ActGS>UAS-Lsd1 RNAi induced 

flies. In order to avoid a possible masking effect of high expression levels of Lsd1 in the 

ovaries, and taking into consideration that the brains are the somatic tissue in the adult flies, 

in which Lsd1 is mostly expressed, I analysed H3K4me1/me2 levels separately in different 

tissues of the flies: head, thorax, and abdomen without ovaries (Figure 4.2.1 B and C). 

ActGS>UAS-Lsd1-RNAi induced flies showed a significant increase in the levels of 

H3K4me1 in the head (**P = 0.0096, Student’s t-test). Levels of H3K4me2 showed also a 

trend to be increased in the ActGS>UAS-Lsd1-RNAi induced flies, however the increment 

was not statistically significant (P= 0.054, Student’s t-test). In contrast, I did not observe 

changes of the levels of H3Kme1/me2 in the thorax nor in the abdomen without ovaries 

upon Lsd1 downregulation (Figure 4.1 B and C). Therefore, ubiquitous knockdown of Lsd1 

by RNAi under the inducible ActGS driver extends lifespan and increases levels of 

H3K4me1/me2 in the heads of the flies.  
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Figure 4.2.1 Ubiquitous downregulation of Lsd1 extends the lifespan and increases H3K4me1/me2 global 
levels in the head. A) Survival curves of ActGS>UAS-Lsd1-RNAi induced (RU 200µM) and non-induced (RU 

0µM) flies. ActGS>UAS-Lsd1-RNAi (RU 200µM) significantly extended lifespan (***P = 0.00015, log-rank test 

compared to the control group). N=150 flies per condition. Lifespan corresponds to the same of Figure 3.2.6 A. 

B) Western blot analysis of head, thorax and abdomen without ovaries from induced (RU 200µM) and non-

induced (RU 0µM) ActGS>UAS-Lsd1-RNAi flies. Immunoblots were probed with antibodies against 

H3K4me1/me2 and GAPDH. 7 head, 5 thorax and 6 abdomen without ovaries were used per sample for four 

gels. C) H3K4me1 levels showed a significant increase in induced flies (** P = 0.0096 unpaired t-test). Values 

represent the relative intensity of each band in comparison with the respective GAPDH band as quantified by 

Image J. Bars represent the average of 4 biological replicates. Error bars represent ± SEM. q-RT-PCR analysis 

of Lsd1 mRNA levels in the head and abdomen without ovaries of induced and non-induced ActGS>UAS-Lsd1 

flies. Lsd1 mRNA levels were not significant between induced and non-induced flies P >0.05 (t-test). Bars 

represent fold change calculated as ∆∆Ct values. RPL32 mRNA levels were used to normalize gene expression. 

Error bars represent ± SEM. 10 heads and 6 abdomens without ovaries were used per sample. 
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4.2.2 Tissue specific gut/fat body downregulation of Lsd1 extends lifespan 

 

Two prominent fly tissues, which have been previously implicated in regulation of ageing, 

are the gut/fat body and neurons (Hwangbo et al. 2004; Alic et al. 2014). Therefore, I 

thought to explore whether the beneficial effects on longevity of Lsd1 knockdown can arise 

from tissue-specific knockdown. In addition, I decided to explore whether knockdown of Lsd1 

in different tissues, for instance, in the gut/fat body or in the neurons have a different effect 

on lifespan. 

	
 Figure 4.2.2 Downregulation of Lsd1 in the gut/fat body extends lifespan. A) Survival curves of 

S1106>UAS-Lsd1-RNAi induced (RU 200µM) and non-induced (RU 0µM) flies. S1106>UAS-Lsd1-RNAi (RU 

200µM) significantly extended lifespan (***P = 0. 0.0002, log-rank test). N=150 flies per condition. Lifespan 

corresponds to the same of Figure 3.2.6 C. B) H3K4me1, -me2 and -me3 methylation levels from abdomen 

without ovaries from induced and non-induced S1106>UAS-Lsd1-RNAi flies were detected on Western Blot using 

H3K4me1, -me2, and me3 specific antibodies. Samples were normalized to total histone H3 and GAPDH 

(H3K4/GAPDH/H3/GAPDH). 6 abdomen without ovaries were used per sample for loading of four gels. C) 

Differences in H3K4me1,-me2, and -me3 levels between induced (RU 200µM) and non-induced flies (RU 0µM) 

were not significant P >0.05 (t-test). Bars represent the average of 4 biological replicates. Error bars represent ± 

SEM. GAPDH and H3 used as a loading control. 
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I used the tissue specific Gene-Switch driver S1106 driver to downregulate Lsd1 in the gut 

and fat body (Poirier et al. 2008). The fat body of Drosophila has been considered as the 

equivalent to the vertebrate adipose tissue and liver in its glycogen storage capacity and 

major metabolic functions (Poirier et al. 2008). Interestingly, I found that downregulation of 

Lsd1 specifically in the gut and fat body extended median lifespan by 4.3% (~3 days) and 

maximal lifespan by 3.7% (~3 days; ***P = 0. 0.0002, log rank test compared to the control 

group) (Figure 3.2.6 C and Figure 4.2.2 A). These results suggest that downregulation of 

Lsd1 in these two metabolic tissues is sufficient to extend lifespan. I found that there were 

no changes in H3K4me1/me2 levels in the abdomen without ovaries of S1106>UAS-Lsd1-

RNAi induced flies (Figure 4.2.2 B and C). This result is in agreement with my previous 

observations of un-altered H3K4me1/me2 levels in the abdomen without ovaries of the 

ActGS>UAS-Lsd1-RNAi induced flies (Figure 4.1 B and C). Therefore, the lifespan extension 

that results from Lsd1 knockdown is more likely to be mediated by changes in 

H3K4me1/me2 levels at a specific subset of genes, rather than being mediated by changes 

in H3K4me1/me2 global levels. Thus, Chip-seq analysis would be useful to elucidate these 

specific novel genes. Alternatively, it would be interesting to test by qRT-PCR some of its 

known target genes, such as for instance PGC-1α, which is shown to be its target in 

mammalian adipose tissue.   

 

4.2.3 Lsd1 knockdown increases fecundity 

	

	
 Figure 4.2.3 Lsd1 knockdown increases fecundity. Eggs laying was tested at day 10 and 17 for S1106>UAS-

Lsd1-RNAi induced (RU 200µM) and un-induced (RU 0µM) flies. S1106>UAS-Lsd1-RNAi (RU 200µM) increased 

cumulative lifetime fecundity when compared to un-induced flies *** P <0.001 (t-test). Bars represent the average 

eggs laid per female in 24 hrs.  ± SEM. N=150 flies per condition. 
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Pro-longevity effects induced by several genetic and pharmacological interventions reduce 

fecundity (Clancy et al. 2001; Tatar et al. 2001; Nakagawa et al. 2012). In order to 

determine, whether downregulation of Lsd1 affects fecundity, I carried out a fecundity assay, 

which involves counting and comparing the eggs laid of the induced and non-induced flies 

during a period of time. I observed an increase in cumulative lifetime fecundity for 

S1106>UAS-Lsd1-RNAi induced flies (***P<0.001, t-test) (Figure 4.2.3). Therefore, I 

concluded here that the lifespan extension that results from gut/fat body Lsd1 

downregulation, interestingly increases fecundity and does not negatively affect fecundity as 

reported for other pro-longevity interventions (genetical and pharmacological) (Clancy et al. 

2001; Tatar et al. 2001; Nakagawa et al. 2012). 

 

4.2.4 Lsd1 regulates longevity in a gender-specific manner  

	
While ageing in C. elegans and Drosophila has been extensively studied, sex differences in 

longevity in these model organisms have not been thoroughly studied (Austad & Fischer, 

2016). Moreover, several genetic and pharmacological interventions that extend lifespan are 

to some extent gender-specific. For instance, loss of chico in Drosophila also increases 

median life span of about 48% in females, yet chico homozygous males are shorter-lived 

than controls (Clancy et al. 2001). In order to determine whether downregulation of Lsd1 

mediates lifespan extension in a gender-specific manner, I carried out lifespans of 

ActGS>UAS-Lsd1-RNAi induced and non-induced male flies and showed lack of 

prolongevity effects in males (Figure 4.2.4).  

 
Figure 4.2.4 Lsd1 regulate longevity in a gender-specific manner. A) Survival curves of ActGS>UAS-Lsd1 

RNAi (GD) induced (RU 200µM) and un-induced (RU 0µM) male flies. ActGS>UAS-Lsd1 RNAi (GD) (RU 200µM) 

did not extended lifespan in male flies (P >0.05 log-rank test) N=150 flies per condition. 
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4.2.5 Lsd1 regulation of lifespan is dependent on Wolbachia.  

 

The degree by which a single point mutation or any other pharmacological intervention 

extends lifespan can vary with the strains genetic background, thus, careful consideration of 

the genetic background is crucial for longevity studies (Partridge and Gems 2007). Failure to 

control for the genetic background may cause epistatic interactions between a gene and the 

genetic background; which might cause different phenotypic outcomes in different genetic 

backgrounds (Chandler et al. 2013). Therefore, in order to test whether increased lifespan 

that arises from Lsd1 downregulation is independent of the genetic background, I 

backcrossed for six generations the UAS-Lsd1-RNAi line into an outbred Dahomey genetic 

background free of Wolbachia infection (WDah-). Wolbachia infection has been shown to 

affect longevity of Drosophila long-lived mutants (Ikeya, et al 2009). For instance, lowering 

insulin signaling by overexpression of InR dominant negative form extends lifespan only in 

genetic backgrounds where endosymbiotic bacteria Wolbachia is present (Ikeya, et al 2009). 

Therefore, I tested the effect on lifespan of ubiquitous, gut/fat body and brain tissue specific 

knockdown of Lsd1 in Dahomey genetic background free of Wolbachia infection (WDah-) 

(Figure 4.2.5). Downregulation of Lsd1 into WDah- outbred genetic background, did not extend 

lifespan neither ubiquitously, nor in the gut/fat body nor in the brain. Therefore, the increased 

lifespan that results from knockdown of Lsd1 seems to be dependent on the presence of 

Wolbachia infection. Additionally, since the screen was carried out in W1118/WDah+ hybrid 

genetic background, it is also possible that Lsd1 lifespan extension is also dependent on a 

hybrid genetic background. For instance, lifespan extension by rapamycin in mice was 

observed in genetically heterogeneous mice (Harrison et al. 2009).  
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 Figure 4.2.5 Lsd1 regulation of lifespan is dependent on the presence of Wolbachia. A) Survival curves of 

ActGS>UAS-Lsd1 RNAi (GD) and ActGS>UAS-Lsd1 induced (RU 200µM) and un-induced (RU 0µM) flies. B) 

Survival curves of S1106>UAS-Lsd1 RNAi (GD) and S1106>UAS-Lsd1 induced (RU 200µM) and un-induced (RU 

0µM) flies. C) Survival curves of ElavGS>UAS-Lsd1 RNAi (GD) and ElavGS>UAS-Lsd1 induced (RU 200µM) 

and un-induced (RU 0µM) flies. Downregulation of Lsd1 ubiquitously (A), in the gut/fat body tissue (B) and in the 

brain (C) did not extend the lifespan of Drosophila in the WDah- outbred genetic background. (P >0.05 log-rank 

test) N=150 flies per condition. 
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4.2.6 Effect on lifespan by downregulation of Lsd1 by two alternative RNAi lines  

 

I sought to explore whether other Lsd1 RNAi constructs increase lifespan in agreement with 

the previous lifespan extension observed by downregulation of Lsd1 by the UAS-Lsd1- RNAi 

(GD) construct (Figure 3.2.6, Figure 4.2.1 and 4.2.2). With this aim, I used two more RNAi 

lines, the UAS-Lsd1 RNAi (KK) obtained from Vienna Drosophila Resource Center, and 

UAS-Lsd1 RNAi (Trip) obtained from the Bloomington Drosophila Stock Center. Ubiquitous 

downregulation of Lsd1 in ActGS> UAS-Lsd1 RNAi (KK) and ActGS> UAS-Lsd1 RNAi (Trip) 

induced flies did not increase lifespan compared to non-induced flies (Figure 4.2.6 A and B). 

Nonetheless, gut/fat body downregulation of Lsd1 in the S1106> UAS-Lsd1 RNAi (KK) 

showed a median lifespan extension by 4.13% (~3 days) and maximal lifespan extension by 

6.66% (~4.5 days; ***P < 0.001, log rank test) (Figure 4.2.6 C). Downregulation of Lsd1 

specifically in the gut and fat body by the UAS-Lsd1- RNAi (GD) construct extended median 

lifespan by 4.3% (~3 days) and maximal lifespan by 3.7% (Figure 4.2.2).	

	
 Figure 4.2.6 Downregulation of Lsd1 in the gut/fat body mediated by another Lsd1 RNAi line (KK) also 

extends lifespan. A) Survival curves of ActGS>UAS-Lsd1-RNAi (KK) and ActGS>UAS-Lsd1-RNAi (Trip) 

induced (RU 200µM) and non-induced (RU 0µM) flies. Neither ActGS>UAS-Lsd1-RNAi (KK) nor ActGS>UAS-

Lsd1-RNAi (Trip) induced (RU 200µM) flies extended lifespan when compared to the non-induced flies. B) 

Survival curves of S1106>UAS-Lsd1-RNAi (KK) and S1106>UAS-Lsd1-RNAi (Trip) induced (RU 200µM) and 

non-induced (RU 0µM). S1106>UAS-Lsd1-RNAi (KK), but not S1106>UAS-Lsd1-RNAi (Trip), significantly 

extended lifespan (***P < 0.001, log-rank test). N=150 flies per condition. 
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4.2.7 Lsd1 heterozygous (Lsd1ΔN/+) mutant increases lifespan  

 

I sought to explore whether Lsd1ΔN/+ heterozygous mutant would be long-lived, in 

accordance with the lifespan extension observed in flies in which Lsd1 had been 

downregulated by RNAi. Knockdown of Lsd1 in the Lsd1ΔN/+ heterozygous mutant, occurs in 

both the germline and somatic tissue, in contrast to the Lsd1 RNAi lines that I used in which 

downregulation occurs only in the somatic tissue. The RNAi lines that I have used along 

these study, such as (GD), are cloned in the pUAST plasmid, which do not drive the 

expression of the UAS-gene in the germline tissue (Brand and Perrimon 1993b). Therefore, 

Lsd1ΔN/+ heterozygous mutant lifespan allowed me to test ubiquitous Lsd1 downregulation, 

effective in both the germline and somatic tissue.  

 

Interestingly, I found that Lsd1ΔN/+ heterozygous flies were long-lived having an increase in 

median lifespan by 5.3% (~3 days) and in maximal lifespan by 10% (~6 days) (***P < 0.001, 

log rank test) compared to the WDah+ wild type flies (Figure 4.2.7 A). Lsd1ΔN/+ flies were 

previously backcrossed in the WDah+ background. In addition, fecundity was not affected in 

Lsd1ΔN/+ heterozygous flies (P >0.05, t-test) (Figure 4.2.7 B). Similar to the Lsd1 RNAi-

mediated knockdown effect on male’s lifespan, male Lsd1ΔN/+ heterozygous flies were not 

long-lived either. On the contrary, Lsd1ΔN/Lsd1ΔN homozygous mutants, which are sterile (Di 

Stefano et al. 2007), were short-lived showing a decrease in median lifespan of 48% (~23 

days) (***P < 0.001, log rank test) compared to the WDah+ wild type flies (Figure 4.2.7 A). 

Therefore, moderate downregulation but not a complete knockout of Lsd1 is beneficial for 

longevity. Similar to most of the genes which have been shown to extend longevity, such as 

for instance mutants in insulin and TOR pathways (Partridge et al. 2011).  

 

In addition, I did not observe changes in H3K4me1/me2 levels in the abdomen without 

ovaries nor in the ovaries of Lsd1 ∆N/+ heterozygous flies compared with WDah+ wild type flies 

(Figure 4.2.7 C and D). However, I found unexpectedly a decrease in H3K4me3 levels in the 

abdomen without ovaries of the Lsd1 ∆N/+ flies compared to the same tissue of the WDah+ wild 

type flies (*P < 0.05) (Figure 4.2.7 C and D). Di Stefano et al (2007) did not observe changes 

in neither H3K4me1/me2 nor in H3K4me3 levels in Lsd1 ∆N/ + flies compared to WDah+ wild 

type flies. However, she determined the levels of H3K4me1 -me2 and -me3 in the whole 

body of the flies whereas I used different tissues such as abdomen without ovaries and 

ovaries which could explain this unexpected finding.  
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 Figure 4.2.7 Knockdown of Lsd1 in the heterozygous Lsd1ΔN/+ mutant increases lifespan without 
affecting fecundity. A) Survival curves. Lsd1ΔN/+ (HET) flies are long-lived compared to WDah+ wild type flies 
(WT). In contrast to Lsd1ΔN/Lsd1ΔN (HOM) which are short-lived. Lsd1ΔN/+ (HET) significantly extended median 
and maximum lifespan (***P < 0.001, log-rank test) of female flies in the WDah+ genetic background. N=150 flies 
per condition. B) Fecundity assay. Eggs laid was not affected in Lsd1ΔN/+ (HET) compared to WDah+ (WT) flies 
(N.S. P >0.05, t-test). On the contrary Lsd1ΔN/Lsd1ΔN (HOM) flies are sterile. Bars represent the average eggs 
laid per female in 24 hrs. Error bars represent ± SEM. N=150 flies per condition. C) Western blot analysis of 
ovaries and abdomen without ovaries from WDah+ (WT), Lsd1ΔN/+ (HET) and Lsd1ΔN/Lsd1ΔN (HOM) flies. 
Immunoblots were probed with antibodies against H3K4me1, -me2 and -me3 and normalized against H3 total 
and GAPDH (H3K4/GAPDH/H3/GAPDH). 6 abdomen without ovaries and 7 pair of ovaries were used per 
sample. D) H3K4me1/me2 global levels in the Lsd1ΔN/+ (HET) were not altered compared to WDah+ (WT), either 
in the ovaries nor in the abdomen without ovaries. Surprisingly, H3K4me3 levels in the abdomen without ovaries 
decreased in the Lsd1ΔN/+ (HET) compared to WDAH+  (*P < 0.05, t-test). (WT) and Lsd1ΔN/+ (HET) bars represent 
the average of 3 biological replicates. Lsd1ΔN/Lsd1ΔN (HOM) flies, whose germline tissue development is 
impaired and viability and lifespan severely reduced, quantification graph represent a sole sample. Error bars 
represent ± SEM. GAPDH was used as loading control. 
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4.2.8 Effect of Lsd1 ubiquitous over-expression in the lifespan of Drosophila  

 

Ubiquitous downregulation of Lsd1 increased the lifespan of D. melanogaster (Figure 4.2.1). 

Therefore, I sought to explore whether contrarily, ubiquitous over-expression of Lsd1 would 

in turn decrease the lifespan. I set up two independent experiments for ActGS>UAS-Lsd1 

(Figure 3.2.7 and Figure 4.2.8). 

	
 Figure 4.2.8 Effect of Lsd1 ubiquitous over-expression in the lifespan A) Survival curves of ActGS>UAS-

Lsd1 induced (RU 200µM) and non-induced (RU 0µM) flies. The lifespan of ActGS>UAS-Lsd1 induced flies 

was significantly reduced compared to that of the un-induced flies (***P <0.001, log-rank test). N=150 flies per 

condition. Lifespan corresponds to the same of Figure 3.2.7. B) Western blot analysis of head, thorax and 

abdomen without ovaries from induced and un-induced ActGS>UAS-Lsd1 flies. Immunoblots were probed with 

antibodies against H3K4me1/me2/me3 and normalized against H3 total. 7 head, 5 thorax and 6 abdomen without 

ovaries were used per sample. C) Differences in H3K4me1/me2/me3 levels between induced and un-induced 

flies were not significant P >0.05 (t-test). Values represent the relative intensity of each band in comparison with 

the respective H3 band as quantified by Image J. Bars represent the average of 4 biological replicates. Error bars 

represent ± SEM. GAPDH used as a loading control. 
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In the first experiment, ubiquitous over-expression of Lsd1 did not affect the lifespan (Figure 

3.2.7 A). In the second experiment, ActGS>UAS-Lsd1 decreased median lifespan by 8% 

(~4.5 days) and maximal lifespan by 8.5% (~5.5 days; ***P < 0.0001, log rank test) (Figure 

3.2.7 B and Figure 4.2.8 A). Therefore, the effect of overexpression of Lsd1 on the lifespan 

was not reproducible.  

 

Di Stefano and colleagues (2007) had previously showed that ubiquitous over-expression of 

Lsd1 in the Actin5C-GAL4>UAS-Lsd1 flies, increased H3K4 mono- and di- methylation 

levels. Therefore, I sought to explore whether ubiquitous over-expression of Lsd1 in the 

induced ActGS>UAS-Lsd1 flies increases H3K4me1/me2 levels in a similar manner. I 

determined mono-, di- and tri-H3K4 methylation levels by Western Blot in the head, thorax 

and abdomen without ovaries of the induced and un-induced ActGS>UAS-Lsd1 flies (Figure 

4.2.8 B), corresponding to the lifespan of the Figure 4.2.8 A. I did not observe increased 

levels of mono-, di- and tri- H3K4 in the induced flies compared to non-induced ones (Figure 

4.2.8 B and C). This might be due to the differences in the levels of over-expression of Lsd1 

between the two different drivers, Actin5C-GAL4, a constitutive driver, used by Di Stefano 

and colleagues (2007), and ActGS an inducible drive used in this study.  

 

4.2.9 Over-expression of Lsd1 in the gut/fat body does not affect longevity 

 

Downregulation of Lsd1 seems to mediate its positive effects on lifespan partially by the 

gut/fat body. Therefore, I sought to explore whether specific gut/fat body over-expression of 

Lsd1 would in turn decrease longevity. I have found that survival curves of induced and non-

induced S1106>UAS-Lsd1 flies were not significantly different (Figure 4.2.9 A). In addition, I 

did not observed changes in mono-, di- and tri- H3K4 levels in the abdomen without ovaries 

between the induced and non-induced Lsd1 overexpressor flies (Figure 4.2.9 C and D), in 

agreement to what I have observed before for the abdomen without ovaries of the 

ActGS>UAS-Lsd1 flies. Finally, in order to verify gut/fat body over-expression of Lsd1, I 

carried out a qRT-PCR analysis in the abdomen without ovaries of the induced and un-

induced S1106> UAS-Lsd1 flies. I observed a 9.86 fold change increase of Lsd1 mRNA 

expression levels in the induced S1106>UAS-Lsd1 flies compared to the non-induced 

controls (***P < 0.001, t-test) (Figure 4.2.9 B).  
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 Figure 4.2.9 Over-expression of Lsd1 in the gut/fat body does not affect the lifespan. A) Survival curves of 

S1106> UAS-Lsd1 (RU 200µM) induced and S1106> UAS-Lsd1 (RU 0µM) non-induced flies. Lifespans of these 

flies were not significantly different (P >0.05, log-rank test). N=150 flies per condition. Lifespan corresponds to 

the same of Figure 3.2.7 C. B) q-RT-PCR analysis of Lsd1 mRNA levels in the abdomen without ovaries of 

induced and non-induced S1106>UAS-Lsd1 flies. Lsd1 mRNA levels were 9.86 times higher in the abdomen 

without ovaries of the induced flies compared to those of the un-induced ones. (***P < 0.001 t-test). Bars 

represent fold change calculated as ∆∆Ct values. RPL32 mRNA levels were used to normalize gene expression. 

Error bars represent ± SEM. 6 abdomen without ovaries were used per sample.  C) H3K4me1/me2/me3 

methylation levels from abdomen without ovaries from induced and non-induced S1106>UAS-Lsd1 flies were 

detected on Western Blot using H3K4me1/me2/me3 specific antibodies. Samples were normalized to total 

histone H3 present. 6 abdomens without ovaries were used per sample. D) Differences in H3K4me1/me2/me3 

levels between induced and non-induced flies were not significant P >0.05 (t-test). Values represent the relative 

intensity of each band in comparison with the respective H3 band as quantified by FIJI. Bars represent the 

average of 4 biological replicates. Error bars represent ± SEM. GAPDH and H3 were used as a loading control. 
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4.2.10 Ubiquitous downregulation of Set1 extends the lifespan of Drosophila and 

increases H3K4me3 levels in the gut and fat body 

	
 Figure 4.2.10 Ubiquitous downregulation of Set1 extends the lifespan. A) Survival curves of ActGS>UAS-

Set1-RNAi induced (RU 200µM) and non-induced (RU 0µM) flies. ActGS>UAS-Set1-RNAi (RU 200µM) 

significantly extended lifespan (***P < 0.0, log-rank test). N=150 flies per condition. Lifespan corresponds to the 

same of Figure 3.2.2 A. B) Western blot analysis of head, thorax and abdomen without ovaries from induced (RU 

200µM) and un induced (RU 0µM) ActGS>UAS-Set1-RNAi  flies. Immunoblots were probed with antibodies 

against H3K4me1/me2/me3 and normalized against H3 total. 7 head, 5 thorax and 6 abdomen without ovaries 

were used per sample. C) Differences in H3K4me1/me2/me3 levels between induced (RU 200µM) and non-

induced flies (RU 0µM) were not significant in the head and thorax (P >0.05, t-test). However, H3K4me3 levels, 

but not H3K4me1/me2 levels, were significantly reduced in the abdomen without ovaries of induced flies 

compared to non-induced ActGS>UAS-Set1-RNAi flies (*P< 0.05, t-test). Values represent the relative intensity 

of each band in comparison with the respective H3 band as quantified by Image J. Bars represent the average of 

5 biological replicates in the head, 4 biological replicates in the thorax and 5 biological replicates in the abdomen 

without ovaries. Error bars represent ± SEM. GAPDH used as a loading control. 
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Ubiquitous downregulation of Set1 increased median lifespan by 3% (~2 days) and maximal 

lifespan by 4% (~3 days; ***P < 0.001, log rank test compared to the control group) (Figure 

4.2.10). Set1 is the main di- and tri- methyltransferases in Drosophila (Ardehali et al 2011; 

Hallson et al 2012; and Mohan et al 2011). Therefore, I tested whether mono-, di- and tri- 

H3K4 methylation levels were affected in the induced ActGS>UAS-Set1-RNAi flies 

compared to non-induced flies. I determined mono-, di- and tri- H3K4 methylation levels by 

Western blot of different tissues, head, thorax, and in the abdomen without ovaries (Figure 

4.2.10 B). Differences in mono-, di- and tri- H3K4 levels between induced and non-induced 

flies were not significant in the head and thorax (p>0.05, Student’s t-test). However, 

H3K4me3 levels, but not H3K4me1/me2 levels, were significantly reduced in the abdomen 

without ovaries of induced flies compared to non-induced ActGS>UAS-Set1-RNAi flies (*P< 

0.05, t-test) (Figure 4.2.10 C). Therefore, ubiquitous downregulation of Set1 extends lifespan 

and decreases levels of H3K4me3 in abdomen without ovaries of induced flies. 

 

4.2.11 Tissue specific gut/fat body downregulation of Set1 extends lifespan  
 

In order to further characterize the longevity effects of Set1 downregulation, I explored 

whether these beneficial effects in longevity were fully or at least partially mediated in a 

tissue specific manner. With this aim I used a gut and fat body driver and showed that 

S1106>UAS-Set1-RNAi induced flies have a significant increase in median lifespan by 8.5% 

(~5 days) and maximal lifespan by 7% (~4.5 days; ***P < 0.001, log rank test compared to 

the control group) (Figure 4.2.11 A). Therefore, downregulation of Set1 in these two 

metabolic tissues is sufficient to extend lifespan. In order to verify the knockdown expression 

of Set1 I carried out RT-qPCR analysis for Set1 mRNA levels in the abdomen without 

ovaries of gut/fat body Set1 downregulated flies. As expected, I observed a decrease of 66% 

(**P < 0.01, t-test) in the expression levels of Set1 mRNA levels in the S1106>UAS-Set1 

RNAi induced flies compared to those of the un-induced ones (Figure 4.2.11 B). I then 

tested whether mono-, di- and tri- H3K4 methylation levels were affected in the abdomen 

without ovaries of the induced S1106>UAS-Set1 RNAi flies. Unexpectedly, I found that 

neither mono-, di- and tri H3K4 global levels were affected in the abdomen without ovaries of 

S1106>UAS-Set1-RNAi flies, contrary to the decrease in H3K4me3 in the same tissue of 

ubiquitous Set1 downregulation in actGS>UAS-Set1-RNAi flies (Figure 4.2.10). Therefore, 

the lifespan extension that results from gut/fat body Set1 knockdown is independent of 

changes in H3K4 global methylation levels and most likely is mediated by local changes in 

gene expression. Thus, it would be interesting to test whether one of those genes whose 

expression is affected in the S1106>UAS-Set1-RNAi long-lived flies is Fat-7; since increased 
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levels of Fat-7 in the intestine of Set-2 (homologue of Set1 in C. elegans) long-lived mutants 

have been shown to mediate Set-2 lifespan extension (Han et al. 2017).   

	
 Figure 4.2.11 Downregulation of Set1 in the gut/fat body extends lifespan. A) Survival curves of S1106> 

UAS-Set1-RNAi induced (RU 200µM) and non-induced (RU 0µM) flies. S1106>UAS-Set1-RNAi (GD) (RU 

200µM) significantly extended lifespan (***P < 0.001, log-rank test, log-rank test). N=150 flies per condition. B) 

qRT-PCR analysis of Set1 mRNA levels in the abdomen without ovaries of induced and non-induced 

S1106>UAS-Set1-RNAi flies. Set1 mRNA levels were 66% lower in the abdomen without ovaries of the induced 

flies compared to those of the un-induced ones. (**P <0.01 t-test). Bars represent fold change calculated as ∆∆Ct 

values. RPL32 mRNA levels were used to normalize gene expression. Error bars represent ± SD. 6 abdomen 

without ovaries were used per sample. C) mono-, di- and tri H3K4 methylation levels from abdomen without 

ovaries from induced and un induced S1106>UAS-Lsd1-RNAi flies were detected on Western Blot using 

H3K4me1/me2/me3 specific antibodies. Samples were normalized to total histone H3 present. 6 abdomen 

without ovaries were used per sample. D) Differences in mono-, di and tri- H3K4 levels between induced and un-

induced flies were not significant in the head, thorax and abdomen without ovaries (P >0.05, t-test). However, 

H3K4me3 levels seemed to show a decrease in the abdomen without ovaries of induced flies compared to un- 

induced flies. Values represent the relative intensity of each band in comparison with the respective H3 band as 

quantified by Image J. Bars represent the average of 4 biological replicates. Error bars represent ± SD. GAPDH 

used as a loading control. 
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4.2.12 Set1 knockdown increases fecundity 
 

I aimed to determine whether downregulation of Set1 affects fecundity. Fecundity was higher 

for S1106>UAS-Set1 RNAi induced compared to un-induced flies (***P<0.001, t-test) (Figure 

4.2.12). Therefore, longevity effects of downregulation of Set1 are accompanied by 

increased fecundity. 

 

	
	

 Figure 4.2.12 Set1 knockdown  increases fecundity. Eggs laying was tested at day 10 and 17 for 

S1106>UAS-Set1-RNAi induced (RU 200µM) and un-induced (RU 0µM) flies. S1106>UAS-Set1-RNAi (RU 

200µM) increased cumulative lifetime fecundity when compared to un-induced flies *** P <0.001 (t-test). Bars 

represent the average eggs laid per female in 24 hrs. Error bars represent ± SEM. N=150 flies per condition. 

 

4.2.13 Set1 regulates longevity in a gender-specific manner 

 

In order to determine whether downregulation of Set1 confers lifespan extension in a 

gender-specific manner, I carried out lifespans of ActGS>UAS-Set1-RNAi males. 

ActGS>UAS-Set1-RNAi induced male flies were short lived compared to un-induced male 

flies (***P<0.001, t-test) (Figure 4.2.13). Therefore, longevity effects exerted by 

downregulation of Set1 are gender-specific. 
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 Figure 4.2.13 Set1 regulate longevity in a gender-specific manner. A) Survival curves of ActGS>UAS-Set1-

RNAi induced (RU 200µM) and non-induced (RU 0µM) male flies. ActGS>UAS-Set1-RNAi (RU 200µM) did not 

extended lifespan in male flies (P >0.05 log-rank test) N=150 flies per condition. 

4.2.14 Effect on lifespan that results from Set1 knockdown in the WDah- genetic 

background 

 

In order to test whether the increase in lifespan conferred by downregulation of Set1 is 

independent of the genetic background and Wolbachia infection, I backcrossed for six 

generations UAS-Set1-RNAi line into the WDah- outbred wild type strain. Downregulation of 

Set1 into WDah- outbred genetic background, did not extend lifespan either ubiquitously, or in 

the gut/fat body (Figure 4.2.14). Therefore, increased lifespan by downregulation of Set1 is 

dependent either on a hybrid genetic background, WDah-/ W1118 or in the presence of 

Wolbachia infection (WDah+). 

 

	
 Figure 4.2.14 Set1 regulation of lifespan is dependent on the genetic background. A & B) Survival curves 

of ActGS>UAS-Set1-RNAi and S1106>UAS-Set1 induced (RU 200µM) and non-induced (RU 0µM) flies. 

Downregulation of Set1 ubiquitously (A) or in the gut/fat body tissue (B) did not extend the lifespan of Drosophila 

in the WDah- isogenic outbred genetic background (P >0.05 log-rank test). N=150 flies per condition. 
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4.2.15 Lifespan extension that results from Set1 knockdown is independent of 

Wolbachia   

 

Ubiquitous and gut/fat body knockdown of either Lsd1 or Set1 did not extend lifespan in the 

WDah- genetic background. Thus, I hypothesized that lifespan extension that results from 

Lsd1 or Set1 knockdown is dependent either on a hybrid genetic background and/or on the 

presence of Wolbachia infection. With this aim I decided to backcross Lsd1 RNAi and Set1 

RNAi lines in the isogenic W1118 genetic background which is Wolbachia negative. Gut/fat 

body knockdown of Set1 in the W1118 genetic background extended the lifespan (***P < 

0.0007 log-rank test) (Figure 4.2.15). On the contrary, gut/fat body knockdown of Lsd1 in the 

W1118 genetic background did not extended the lifespan (P =0.068 log-rank test). In addition, 

gut/fat body double knockdown of Lsd1 and Set1 extended the lifespan (*P < 0.0105 log-

rank test). However, the lifespan of the gut/ fat body double knockdown of Lsd1 and Set1 

was not statistically different compared to the lifespan of the Set1 knockdown alone (P = 

0.0963 log-rank test). Thus, lifespan extension that results from Set1 knockdown is 

independent of the genetic background or Wolbachia infection, but extension of lifespan by 

decreasing Lsd1 requires Wolbachia (Figure 4.2.15).  
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 Figure 4.2.15 Lifespan extension that results from Set1 knockdown is independent of Wolbachia, 

whereas lifespan extension by decreasing Lsd1 requires Wolbachia. Survival curves of induced 

S1106>UAS-Set1 RNAi (GD), S1106>UAS-Lsd1 RNAi (GD), S1106>UAS-Set1, Lsd1 RNAi (double knockdown) 

and S1106> W1118 flies. B) Survival curves of both induced and un-induced S1106>UAS-Set1 RNAi (GD), 

S1106>UAS-Lsd1 RNAi (GD), S1106>UAS-Set1, Lsd1 RNAi (double knockdown) and S1106> W1118 flies. Gut/fat 

body knockdown of Set1 in the W1118 genetic background extended the lifespan (***P < 0.0007 log-rank test). On 

the contrary, gut/fat body knockdown of Lsd1 in the W1118 genetic background did not extended the lifespan (P 

=0.068 log-rank test). Gut/fat body double knockdown of Lsd1 and Set1 extended the lifespan (*P < 0.0105 log-

rank test). RU did not extend the lifespan of the W1118 flies (P >0.05 log-rank test). N=150 flies per condition. 
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4.2.16 Overview of the characterization of the lifespan extension that results from 

Lsd1 and Set1 downregulation 

 

Table 2.1 summarizes the characterization of the lifespan extension that results from Lsd1 

and Set1 downregulation.  

 
Table 4. Overview of the characterization of the lifespan extension in Set1 RNAi, Lsd1 RNAi and Lsd1ΔN/+ 

mutant. 

 

Lifespan (LS). No tested (N.T.). 

  

 SET1 RNAi LSD1 RNAi LSD1ΔN/+ 

MUTANT 

UBIQUITOUS 

DOWNREGULATION 

EXTENDS LS 

Yes Yes Yes 

GUT/FAT BODY 

DOWNREGULATION 

EXTENDS LS 

Yes Yes Not applicable. 

EFFECT ON 

FECUNDITY 

Increased Increased No change 

LS EXTENSION 

GENDER-SPECIFIC 

Females only Females only Females only 

LS EXTENSION 

DEPENDENT ON 

WOLBACHIA 

No Yes Yes 

CHANGES IN 

GLOBAL MONO-, DI- 

AND TRI- H3K4 

METHYLATION 

LEVELS 

Observed only in 

the gut/fat body 

upon ubiquitous 

knockdown 

Observed only in 

the heads upon 

ubiquitous 

knockdown 

No changes in 

the abdomens 

w/o ovaries 

neither in the 

ovaries. 

KNOCKDOWN 

CONFIRMED BY 

QPCR 

 

Yes No N.T. 



	 156	

4.3 DISCUSSION  
 

4.3.1 Ubiquitous and tissue-specific downregulation of Lsd1 and Set1 extends 

lifespan 

 

In this chapter I showed that ubiquitous and gut/fat body tissue specific downregulation of 

Lsd1 extends the lifespan in the fly. This was successfully recapitulated in the knockdown of 

Lsd1 in the heterozygous Lsd1ΔN/+ mutant, which confirmed that Lsd1 downregulation is a 

novel anti-ageing intervention in Drosophila. Collectively these results suggest that 

knockdown of Lsd1 possesses beneficial effects on longevity while its overexpression can 

shorten lifespan, albeit this was condition and tissue dependent. Additionally, ubiquitous and 

gut/fat body tissue specific downregulation of Set1 extends the lifespan.  Interestingly, 

downregulation of Lsd1 and Set1 in C. elegans also results in increased lifespan, suggesting 

that longevity effects of downregulating Lsd1 and Set1 are evolutionary conserved (McColl 

et al. 2007; Greer et al. 2010). Lsd1 and Set1, share similar expression patterns in the fly, 

being the brain and the ovaries the tissues in which Lsd1 and Set1 are expressed the most 

(Chintapalli et al. 2007). Therefore, it would be interesting to test whether, in addition to the 

gut/fat body tissue, knockdown of Lsd1 and Set1 in other tissues such as the brain or the 

germline tissue, also extend the lifespan of the fly.   

 

In the fly , tissue-restricted activation of foxo (dfoxo) in the brain and in the gut and fat body 

tissue is sufficient to extend lifespan (Hwangbo et al. 2004). Such an increase in dfoxo 

activity confined to key tissues has been hypothesized to promote whole-organism survival 

in two mutually compatible ways: cell autonomously and cell non-autonomously (Alic et al. 

2014). Cell-autonomous action of dfoxo in a particular organ alone could promote longevity 

when the lifespan of the animal could be limited by pathology in that organ (Alic et al. 2014). 

In addition, cell non-autonomously lifespan extension in an organism may involve the 

coordinated action of multiple organ systems (Alic et al. 2014). Interestingly, activation of 

dFOXO in the gut/fat body does not require dfoxo elsewhere to extend lifespan (Alic et al. 

2014). Rather, it seems that in Drosophila, activation of dFOXO in the gut/fat body or in 

neuroendocrine cells acts on other organs to promote healthy ageing by signaling to other, 

yet unidentified factors (Alic et al. 2014). Therefore, effects of dFOXO in ageing are cell non-

autonomously (Alic et al. 2014). In a similar manner, lifespan extension that results from 

Lsd1 and Set1 downregulation in the gut/fat body tissue might extend the lifespan in a cell 

non-autonomous manner, by signalling to other tissues outside of the gut/fat body.  
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A similar effect of distal communication between tissues has been shown to occur in the 

lifespan extension that results from deficiencies in the COMPASS chromatin complex in C. 

elegans (Han et al. 2017). Indeed, deficiencies in the COMPASS chromatin complex, and 

corresponding decrease in H3K4me3 in the germline, leads to the accumulation of 

monounsaturated fatty acids (MUFAs) in the intestine of the C. elegans. Remarkably, it was 

also shown that dietary accumulation of MUFAs in the intestine was sufficient to extend the 

lifespan of this animal (Han et al. 2017). Interestingly, silencing expression of H3K4me3 

modifiers in the intestine do not promote fat accumulation or lifespan extension (Han et al. 

2017). Therefore, COMPASS functions outside the intestine to regulate fat accumulation in 

the intestine of the worms, suggesting a possible communication mechanism between the 

germline and the intestine (Han et al. 2017). Indeed, Han and colleagues found that worm 

s6k, was downregulated in the germline and led to intestinal FAT-7 upregulation with an 

increased in MUFA levels (Han et al. 2017). However, the mechanism that links S6K in the 

germline to transcription factor activity in the intestine remains to be identified (Han et al. 

2017). Contrary to Han and colleagues, I found that downregulation of Set1 in the gut/fat 

body is sufficient to extend the lifespan of Drosophila. Therefore, while the pro-longevity 

effects of downregulating Set1 in Drosophila and C. elegans might be conserved, tissue 

requirements seem to be different between these two species (Greer et al. 2010; Han et al. 

2017). Indeed, germline tissue that signals to the intestine, seems to be crucial for pro-

longevity effect that results from Set1 downregulation in C. elegans; whereas, in D. 

melanogaster, the gut/fat body seems to mediate the longevity response in absence of a 

signal coming from the germline tissue.  

 

4.3.2 Lifespan extension that arises from gut/fat body Lsd1 or Set1 knockdown 

improves fecundity 

 

Mutations in genes in the IIS pathway tend to have increased resistance to starvation and 

oxidative stress, accompanied by a trade–off in growth and fecundity. For instance, 

mutations in chico and InR show a dwarf phenotype and have reduced fecundity (Clancy et 

al. 2001; Tatar et al. 2001), and mutations of Indy have decreased fecundity under adult 

caloric restriction (Marden et al. 2003). Additionally, rapamycin, a pharmacological 

intervention that extends lifespan across the taxa, reduces fecundity in Drosophila (Bjedov et 

al. 2010). Such trade–offs were historically envisioned to be governed by alleles with 

beneficial fitness effects early in life, when the force of natural selection is strong, but 

detrimental effects later in life, when natural selection is weak (Williams, 1957). Kirkwood 

later phrased this concept in terms of a physiological trade–off caused by the need to 
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optimally allocate resources for reproduction and somatic maintenance (Kirkwood 2000). 

However, a growing body of evidence suggests that reduced fecundity and longevity can be 

uncoupled. For instance, rapamycin which reduces female fecundity in a dose dependent 

manner, extended the lifespan of sterile females carrying the ovo
D mutation, further 

confirming that extension of lifespan by rapamycin cannot be simply explained by reduced 

fecundity (Bjedov et al, 2010). Additionally, another recent anti-ageing treatment, lithium, has 

been shown to extend lifespan without reducing fecundity at life-extending doses (Castillo-

Quan et al. 2016). Moreover, it has been shown that in populations of Drosophila that have 

been artificially selected for late age of reproduction evolve longer lifespans and, in some 

cases, reduced early fecundity. However, this correlation breaks down in recombinant 

genomes (Khazaeli and Curtsinger 2013). Moreover, several recombinant genotypes are 

“superflies”, exhibiting both elevated early fecundity and increased longevity (Khazaeli and 

Curtsinger 2013).  

 

Interestingly, I found that downregulation of Set1 or Lsd1 in the gut/fat body tissue, not only 

extend lifespan but also improves fecundity, which constitutes another example of 

uncoupling of fecundity and longevity. However, I found that Lsd1 knockdown in the 

heterozygous Lsd1ΔN/+ mutant did not affect fecundity. Therefore, while both ubiquitous and 

gut/fat body downregulation of Lsd1 extended lifespan, only gut/fat body downregulation of 

Lsd1 increased fecundity, possibly due to Lsd1 downregulation in the germline of Lsd1ΔN/+ 

mutant.  

 

4.3.3 Lifespan extension that arises from Lsd1 or Set1 knockdown is gender specific 

 

Lifespan extension as a result of Lsd1 knockdown was gender specific - it affected positively 

the lifespan of female flies but showed no effect on the lifespan of males, either in the Lsd1-

RNAi flies or in the Lsd1 heterozygous mutant (Lsd1ΔN/+). Similarly, lifespan extension as a 

result of Set1 knockdown was only observed in female flies. Indeed, many treatments that 

extend the lifespan of laboratory animals are more effective in females than in males 

(Austad and Fischer 2016). For instance, Drosophila females show a much greater longevity 

response to dietary restriction (DR) than males (Magwere et al. 2004). In addition, loss of 

chico in Drosophila also produces dwarf flies with increased median life span of about 48% 

in females, yet chico homozygous males are shorter-lived than controls (Clancy et al. 2001). 

Finally, in mice, the extension of lifespan due to heterozygosity for a null mutation in the 

Igf1R receptor gene was seen only in females (Holzenberger et al. 2003). However, the 
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basic biological mechanisms responsible for gender differences in ageing and longevity are 

quite complex and still poorly understood (Austad and Fischer, 2016). 

 

4.3.4 Lifespan extension that arises from Set1 knockdown is independent of 

Wolbachia infection, whereas lifespan extension by decreasing Lsd1 requires 

Wolbachia 

 

As a result of the screen, I found that ubiquitous and gut/fat body specific downregulation of 

Lsd1 and Set1 extends the lifespan in a W1118/WDah+ hybrid genetic background. Since the 

degree by which a single point mutation or any other pharmacological intervention extends 

lifespan can vary with the strains genetic background, I decided to backcross Lsd1 and Set1 

RNAi lines in an outbred Dahomey genetic background free of Wolbachia infection (WDah-). 

Wolbachia infection, a cytoplasmic bacteria, affect expression of key genes controlling 

different pathways implicated in immune response, stress resistance, metabolic processes, 

antioxidant defence system, autophagy and other important survival functions, thus 

influencing longevity in Drosophila (Vaiserman 2015). Interestingly, removal of Wolbachia in 

flies ubiquitously mutant for IIS, reduce IIS-related phenotypes and hence enhances the 

mutant phenotypes. Therefore, Wolbachia normally acts to increase insulin signalling (Ikeya 

et al. 2009). Indeed, in the presence of Wolbachia, ubiquitous expression of a dominant 

negative form of the insulin receptor (InRDN) resulted in moderate dwarfism, reduced 

fecundity and extension of female lifespan, all typical phenotypes of reduced IIS (Ikeya et al. 

2009). On the contrary, in the absence of Wolbachia, the previously moderate effects of 

InRDN expression were accentuated, resulting in flies that showed severe IIS-related 

phenotypes including extreme dwarfism, sterility, increased fat levels and shortened lifespan 

(Ikeya et al. 2009). Additionally, to the importance of Wolbachia in ageing studies, two 

particular examples about the importance of the genetic background on the genetics of 

ageing are the I’m not dead yet (Indy) gene and the sir2 gene. Flies heterozygous for loss-

of-function alleles of Indy were reported to have increased lifespan in the CantonS wild type 

background (Rogina et al. 2000). However, when the mutations were later outcrossed into a 

large natural population, or backcrossed into additional isogenic wild type strains, most of 

the mutational effects disappeared (Toivonen et al. 2007). The role of the sir2 gene in 

longevity of worm and flies has also been reconsidered because of genetic background 

effects (Burnett et al. 2011). In Drosophila, backcrossing flies to the appropriate wild type 

strain eliminated the increased lifespan associated with overexpression of sir-2.1 (Burnett et 

al. 2011).  
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I found that ubiquitous and tissue-specific downregulation of Lsd1 and Set1 did not extend 

the lifespan in the WDah- genetic background. Therefore, it seemed that the lifespan 

extension that resulted from Lsd1 and Set1 knockdown was dependent of a hybrid genetic 

background and/or on the presence of Wolbachia infection. For instance, lifespan extension 

by rapamycin in mice was observed only in genetically heterogeneous mice (Harrison et al. 

2009). Therefore, I decided to backcross again the Lsd1 and Set1 RNAi lines in the isogenic 

W1118 genetic background free of Wolbachia infection (W1118). Contrary to what I have 

observed previously in the outbred Dahomey genetic background free of Wolbachia infection 

(WDah-), Set1 RNAi lines flies backcrossed in the isogenic W1118 genetic background were 

long-lived. Thus, the lifespan extension that results from Set1 knockdown does not depend 

on hybrid genetic background and neither on Wolbachia infection.  

 

On the contrary, Lsd1 RNAi line was not long-lived in the isogenic W1118 genetic background, 

in which Set1 RNAi lines were long-lived, suggesting that the lifespan extension that results 

from Lsd1 knockdown might be dependent on a hybrid genetic background or on the 

presence of Wolbachia infection. In order to determine whether it was the hybrid genetic 

background or the presence of Wolbachia infection what suppresses Lsd1 longevity, I 

backcrossed the Lsd1ΔN/+ heterozygous mutant in the outbred Dahomey genetic background 

infected with Wolbachia (WDah+). Interestingly, knockdown of Lsd1 extended the lifespan in 

the WDah+ background, suggesting that lifespan extension that results from loss of Lsd1 is 

dependent on the presence of Wolbachia. Additionally, an alternative approach to 

differentiate if the hybrid genetic background or Wolbachia was required for longevity in 

tested mutants would be to lifespan treat long-lived hybrid W1118/WDah+ flies with tetracycline, 

to remove this endosymbiotic bacteria, and then examine their longevity.  

 

4.3.5 Lifespan extension as a result of Lsd1 or Set1 knockdown, can occur 

independently of changes in global H3K4 methylation levels   

 

Ubiquitous downregulation of Lsd1 extended the lifespan of Drosophila and increased the 

levels of H3K4me1/me2 in the head of the flies, but not in other tissues such as thorax or 

abdomen without ovaries. Therefore, I sought to explore whether the brain is the tissue that 

mediates the beneficial effects of downregulation of Lsd1 on lifespan. Brain tissue-specific 

downregulation of Lsd1 did not extend the lifespan of Drosophila, however, this lifespan was 

carried out in the WDah- genetic background, in which neither ubiquitous nor gut/fat body 

tissue specific downregulation of Lsd1 increased lifespan. Therefore, it would be critical to 

repeat these experiments with elavGS neuronal driver using WDah+ background. 
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Tissue specific downregulation of Lsd1 in the abdominal fat and digestive system extended 

the lifespan, although no significant differences were observed in the H3K4me1/me2 levels 

in the abdomen without ovaries of these flies, in agreement with no changes observed either 

in the abdomen without ovaries of the ubiquitously downregulated Lsd1 long-lived flies. 

Moreover, Lsd1 heterozygous mutant Lsd1ΔN/+ extends the lifespan independently of 

changes in H3K4me1/me2 global levels either in the abdomen without ovaries neither in the 

ovaries, suggesting that lifespan extension that results from Lsd1 knockdown can occur 

independently of changes in global H3K4 methylation levels. Thus, Chip-seq analysis 

coupled to epistasis would be useful to elucidate those specific genes that show an increase 

in H3K4me1/me2 levels upon Lsd1 knockdown, and which might be responsible of 

mediating Lsd1 knockdown lifespan extension. 

 

Interestingly, ubiquitous downregulation of Set1 extended the lifespan and decreased levels 

of H3K4me3 in the abdomen without ovaries of the flies, but not in other tissues such as 

thorax or head. Therefore, I aimed to explore whether downregulation of Set1 in the gut/fat 

body extended the lifespan. Tissue specific downregulation of Set1 in the abdominal fat and 

digestive system extended the lifespan, however, unexpectedly, H3K4me3 levels did not 

show a decrease in the abdomen without ovaries of these flies. Therefore, lifespan 

extension resulted from Set1 knockdown in the gut/faat body can occur independently of 

changes in global H3K4 methylation levels, suggesting the action of a specific subset of 

genes similar to the case of Lsd1 knockdown lifespan extension.  
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Chapter 5 
 

INVESTIGATION OF ASSOCIATED PHENOTYPES 
RELATED TO LSD1 AND SET1 KNOCKDOWN 
LIFESPAN EXTENSION  
 

 
Abstract 
 

Lowering the IIS pathway, coupled to the activation of various members of the FOXO protein 

family, and mTOR inhibition are two anti-ageing interventions proved so far to extend 

lifespan across species. Interestingly, I found that Lsd1 and Set1 knockdown regulates 

longevity independently of the inhibition of the IIS and TOR pathways. Additionally, the 

means by which fat metabolism plays a role in the regulation of longevity still remain unclear. 

However, lifespan extension in H3K4me3 methyltransferase-deficient worms, is mediated 

through the accumulation of mono-unsaturated fatty acids (MUFAs) in the intestine of this 

animal. Interestingly, intestinal and fat body tissue-specific Set1 knockdown in flies 

increases resistance to starvation, probably by up-regulation of lipids. Thus, further 

investigation is needed in order to elucidate whether the accumulation of MUFAs in the 

intestine upon Set1 knockdown is an evolutionary conserved mechanism across species. 

DNA repair declines with age and correlates with ageing in many animal species. Moreover, 

histone-modifying complexes not only influence accessibility to the DNA repair machinery 

and restore chromatin organization following completion of the DNA repair process, but also 

actively promote DNA damage signalling and repair. Interestingly, I found that Lsd1 and 

Set1 knockdown confers resistance to chronic exposure to bleomycin, a double strand 

breaks inducer.  The mechanism through which loss of Lsd1 and Set1 in Drosophila might 

promote a more efficient DDR remained to be elucidated. 
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5.1 RESULTS  
 

5.1.1 Global H3K4 methylation levels in the context of Lsd1, Set1 double 

downregulation  

 

Lsd1 is an H3K4me1/me2 demethylase, whereas Set1 is an H3K4me3 methyltransferase, 

both highly evolutionary conserved between yeast, worms, plants, flies, and humans. I found 

that ubiquitous and gut/fat body tissue specific downregulation of either Lsd1 or Set1 

extends the lifespan in the fly. Therefore, I decided to examine global H3K4 methylation 

levels in the context of Lsd1, Set1 double downregulation. Since Lsd1 RNAi flies were not 

long-lived in the isogenic W1118 genetic background (Figure 4.2.15), suggesting the need of 

Wolbachia in mediating Lsd1 lifespan extension, I decided to create a second double mutant 

Lsd1ΔN/+, Set1 RNAi line backcrossed in the WDah+ genetic background. Lsd1 heterozygous 

mutant Lsd1ΔN/+ extended the lifespan independently of changes in H3K4me1/me2 global 

levels neither in the abdomen without ovaries nor in the ovaries. Likewise, H3K4me3 levels 

did not show a decrease in the abdomen without ovaries of gut/fat body tissue-specific Set1 

knockdown long-lived flies. However, I was interested in knowing whether global mono-, di- 

and tri- H3K4 methylation levels would be affected in the context of the Lsd1, Set1 double 

downregulation. I found that mono-, di- and tri- H3K4 methylation levels in the abdomen 

without ovaries of S1106>UAS-Set1-RNAi, Lsd1ΔN/+ induced flies did not show a significant 

change compared to the wild type (WDah+), or to the Lsd1 and Set1 knockdowns alone 

(Figure 5.1.1). Therefore, Lsd1 knockdown does not affect Set1 H3K4me3 

methyltransferase activity, and reciprocally, Set1 downregulation does not affect Lsd1 

H3K4me1/me2 demethylase activity.  
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 Figure 5.1.1 Global H3K4 methylation levels in the context of Lsd1, Set1 double knockdown. Mono-, di- 

and tri- H3K4 methylation levels from 6 abdomens without ovaries of WT (RU 200µM), Lsd1ΔN/+ (RU 200µM), 

S1106>UAS-Set1-RNAi non-induced and induced flies, and S1106>UAS-Set1-RNAi, Lsd1ΔN/+ double knockdown 

in (RU 0µM) and (RU 200µM). Bars represent the average of 4 biological replicates. Error bars represent ± SEM. 

GAPDH used as a loading control. 
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5.1.2 Gut and fat body tissue specific downregulation of Set1 mildly increases 

resistance to starvation conditions 

 

Interventions that extend fly lifespan are often associated with resistance to various stresses 

such as oxidative stress and starvation (Bubliy and Loeschcke 2005). For instance, 

rapamycin treatment, which is anti-ageing intervention that extends lifespan, increases 

energy reserves of triglycerides, thereby enabling animals to survive for longer periods of 

starvation (Bjedov et al. 2010). Interestingly, recently Han and colleagues have shown that 

lifespan extension in H3K4me3 methyltransferase-deficient worms, is mediated through the 

accumulation of mono-unsaturated fatty acids (MUFAs) in the intestine of these animal (Han 

et al. 2017). Therefore, I decided to explore whether gut/fat body knockdown of Set1 would 

increase the resistance to starvation of these flies.  

	
 Figure 5.1.2 Gut/fat body tissue specific knockdown of Set1 increases resistance to starvation. 
S1106>UAS-Set1-RNAi (RU 200µM) increase resistance to starvation conditions compared to un-induced flies 

(***P < 1.25 E-07, log rank test). S1106>UAS-Set1-RNAi, Lsd1ΔN/+ (RU 200µM) do not affect resistance to 

starvation conditions compared to WT (RU 200µM) and (RU 0µM) (P= 0.87 and P= 0.072 correspondingly, log 

rank test). N=150 flies per condition. 

S1106>UAS-Set1 RNAi induced flies had improved survival under starvation compared to 

S1106>UAS-Set1 RNAi non-induced flies (***P < 1.25 E-07, log rank test) (Figure 5.1.4). In 

addition, Lsd1ΔN/+ (RU 200µM) had improved survival under starvation compared to WT (*P 

< 0.048 and ***P < 0.00016 (RU 200µM) and (RU 0µM) correspondingly, log rank test). 

However, Lsd1ΔN/+ (RU 0µM), were only long-lived compared to WT (RU 0µM) (*P < 

0.01015, log rank test), but not WT (RU 200µM) (P= 0.491 log rank test). Therefore, the 

resistance to starvation that could result from Lsd1 knockdown was inconclusive. Moreover, 

S1106>UAS-Set1-RNAi, Lsd1ΔN/+ non-induced (RU 0µM) flies were did not show resistance 

to starvation conditions compared to WT (RU 0µM) (P= 0.88 log rank test), and resulted a bit 
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short lived compared to WT (RU 200µM) (*P= 0.04 log rank test), which further suggests 

that Lsd1 knockdown does not confer resistance to starvation conditions. Finally, Set1, Lsd1 

double knockdown, S1106>UAS-Set1-RNAi, Lsd1ΔN/+ (RU 200µM) flies were not resistant to 

starvation (P= 0.87 and P= 0.072 compared to WT (RU 200µM) and (RU 0µM) 

correspondingly, log rank test).  Therefore, the loss of resistance to starvation conditions in 

Set1 knockdown flies could be the result of an effect of Lsd1 on lipids opposite to Set1. 

Indeed, similar effects have been observed in the response to starvation conditions of two 

anti-ageing interventions in combination, lithium and rapamycin. Lithium treatment alone 

results in a reduction of lipids and consequent sensitivity to starvation (Castillo-Quan et al. 

2016); whereas rapamycin treatment has the opposite effect to lithium, it increases 

triglycerides and resistance to starvation (Bjedov et al. 2010). However, flies treated with 

both lithium and rapamycin are not longer resistant or sensitive to starvation conditions (un-

published data). 

 

5.1.3 Insulin resistance assessment in the Lsd1 heterozygous mutant  

 

Reduced IIS pathway extends lifespan across species and seems to mediate at least in part 

the increase in longevity associated with dietary restriction (Bjedov and Partridge, 2011). 

Paradoxically, during normal ageing, there is a progressive inactivation of the IIS pathway 

and an abnormal glucose metabolism, which is linked to obesity and pathological conditions, 

such as diabetes mellitus and cardiovascular diseases. Moreover, during normal ageing and 

in individuals who are obese and those with diabetes mellitus, insulin resistance, which is a 

reduction in the rate of glucose disposal elicited by a given insulin concentration, develops. 

Therefore, I decided to examine whether downregulation of Lsd1 alters insulin resistance in 

young flies. In addition, knockdown of Lsd1 has been shown to increase PTEN transcription 

in mammals (Sun et al. 2010). PTEN is phosphatidylinositol-3,4,5-triphosphate 3-

phosphatase, which negatively regulates intracellular levels of phosphatidylinositol-3,4,5-

trisphosphate in cells and functions as a tumor suppressor by negatively regulating Akt 

signaling pathway. Akt signaling pathway is induced by insulin and various growth and 

survival factors. Akt is activated by phospholipid binding and activation loop phosphorylation 

at Thr308 by PDK1 (Phosphoinositide-dependent protein kinase 1), and by phosphorylation 

within the carboxy terminus at Ser473. Upon insulin stimulation of fat body tissues, I 

observed an increase in major phosphorylation sites of Akt, pAKT (Ser505) (the equivalent 

position to Ser473 in mammalian Akt) and pAkt (Thr342) (the equivalent position to Thr308 

in mammalian Akt), in both Lsd1 mutants and controls, demonstrating effectiveness of this 

assay. However, insulin sensitivity was not affected in the long-lived flies with heterozygous 
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loss of Lsd1 (Figure 5.1.3).  

	
 Figure 5.1.3 Insulin resistance in Lsd1 heterozygous mutant. A & B) Insulin resistance was measured by 

analyzing the phosphorylation levels of AKT at Ser505 and Thr342 against total AKT. 6µl of bovine insulin at 

1mg/ml per 1ml of Express5-SFM was used. Incubation time with insulin was 30 min. 5 abdominal carcass were 

used per sample. Bars represent the average of 4 biological replicates. Error bars represent ± SEM. GAPDH 

used as a loading control. 
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5.1.4 Modulation of IIS and mTOR pathways by Lsd1 and Set1 downregulation.  

 

I aimed to explore if lifespan extension mediated by lowering Lsd1 or Set1 affects any of the 

well described anti-ageing pathways, such as IIS, mTOR, or Ras-MEK-ERK. Genetic 

manipulation or pharmacologic inhibition of mTOR pathway is a robust intervention to extend 

lifespan across taxa (Bjedov and Patridge, 2011). Therefore, I explored whether lifespan 

extension that results from Lsd1 or Set1 knockdown, relays on downregulation of the mTOR 

pathway. With this aim, I analyzed phosphorylation levels of S6K and AKT (Figure 5.1.4 and 

Figure 5.1.5 respectively). mTOR exists in two complexes, mTORC1 and mTORC2, with 

different downstream effectors. Rapamycin extends lifespan by inhibiting mTORC1 (Bjedov 

et al. 2010). S6K is a kinase, downstream of mTORC1, which is phosphorylated and 

activated when mTOR is active. AKT is another kinase which is also phosphorylated and 

activated when mTOR is active, however it acts downstream of mTORC2. I found that 

knockdown of Lsd1 and Set1 does not affect phosphorylation levels of either S6K or AKT 

(Figure 5.1.4 and Figure 5.1.5 respectively). mTOR and IIS pathways are deeply 

interconnected. For instance, the main kinase in the IIS pathway is AKT, whose activating 

phosphorylation up-regulates the IIS pathway. Therefore, it is unlikely that lifespan extension 

that results from knockdown of Lsd1 or Set1 is mediated through the inhibition of mTOR or 

IIS pathway. 

	
 Figure 5.1.4 Modulation of mTOR pathway by Lsd1 and Set1 knockdown. Activity of mTORC1 was 

measured by analysing the phosphorylation levels of S6K against total S6K. 6 abdomens without ovaries were 

used per sample. Bars represent the average of 4 biological replicates. Error bars represent ± SEM. GAPDH 

used as a loading control. 
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 Figure 5.1.5 AKT modulation of mTOR and IIS pathway by Lsd1 and Set1 knockdown. Activity of mTORC2 

and IIS pathways were measured by analysing the phosphorylation levels of AKT against total AKT. 6 abdomens 

without ovaries were used per sample. Bars represent the average of 4 biological replicates. Error bars represent 

± SEM. GAPDH used as a loading control. 

In addition, glycogen synthase kinase-3 (GSK-3) is a serine/threonine kinase which is an 

important downstream target of the IIS pathway. GSK-3 acts downstream of AKT and 

functions to suppress glycogen synthase (GS). Neither Lsd1 nor Set1 knockdown affected 

the inhibitory phosphorylation (Serine9) of GSK-3 (Figure 5.1.6). Taken together, these data 

suggest that neither mTOR nor IIS pathways are affected by downregulation of either Lsd1 

or Set1. In addition, Ras is a well-established signaling intermediary of the IIS pathway. 

Interestingly, Slack and colleagues (2015) recently showed that attenuation of Ras-Erk-ETS 

signaling is implicated in the effects of reduced IIS on ageing, and that direct inhibition of 

Ras- Erk-ETS signaling is sufficient to extend lifespan (Slack et al. 2015). Interestingly, I 

found that knockdown of Lsd1 increased phosphorylation levels of Erk (*P < 0.05 ANOVA 

post hoc Tukey-Kramer) (Figure 5.1.7). However, it is unlikely that lifespan extension by 

knockdown of Lsd1 is mediated through upregulation of Ras-Erk-ETS signaling, since it is 

the inhibition of this pathway, and not its activation, what have been shown to extend 

lifespan (Slack et al. 2015). Additionally, Lsd1 downregulation could be combined with 

trametinib, an inhibitor of the Ras-Erk-ETS pathway, for more pronounced lifespan 

extension.	
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 Figure 5.1.6 Effect of Lsd1 and Set1 knockdown on GSK-3 activity. Activity of GSK-3 was measured by 

analysing the inhibitory phosphorylation levels of GSK-3 (Ser 21/9) against total GSK-3. 6 abdomens without 

ovaries were used per sample. Bars represent the average of 4 biological replicates. Error bars represent ± SEM. 

H3 used as a loading control. 

	
 Figure 5.1.7 Effect of Lsd1 and Set1 knockdown on ERK1/2 activity. Activity of ERK1/2 was measured by 

analysing the phosphorylation levels of pERK against total ERK. *P < 0.05 (ANOVA post hoc Tukey-Kramer). 6 

abdomens without ovaries were used per sample. Bars represent the average of 4 biological replicates. Error 

bars represent ± SEM. H3 used as a loading control. 
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5.1.5 Downregulation of Lsd1 and Set1 increases resistance to bleomycin 

 

Double-strand breaks (DSBs) can be induced by mechanisms such as ionizing radiation or 

cytotoxic agents such as bleomycin (Kuo and Yang, 2008). Interestingly, I observed that 

knockdown of Lsd1 and Set1 increased the resistance to DNA damage induced by 

bleomycin (***P < 0.001 log rank test) and (**P <0.01 log rank test) respectively, compared 

to S1106, WDAH+ (Figure 5.1.8 A). Moreover, Lsd1 and Set1 double knockdown further 

increased the resistance to bleomycin (***P < 0.001 log rank test) compared to S1106, WDAH+ 

(Figure 5.1.8 A). Therefore, the protection against DNA damage induced by bleomycin in 

flies having both Lsd1 and Set1 downregulated are at some extent additive, suggesting that 

Lsd1 and Set1 most likely affect DDR signalling by independent mechanisms. Double-strand 

breaks (DSBs) induced by cytotoxic agents such as bleomycin, are always followed by the 

phosphorylation of the histone H2A.X (γ-H2AX) (Kuo and Yang 2008). γ-H2A.X apart from 

being a sensitive and early indicator of DSBs, can be also used to identify the ability of cells 

to recover from damage and to detect the efficiency of the cellular repair processes (Kuo 

and Yang, 2008). Therefore, I sought to examine whether Lsd1 and Set1 knockdown 

increases the efficiency of DDR signaling by determining the levels of γ-H2A.X first after 24 

hrs of bleomycin induction; and later, at 24 hrs and 72 hrs of recovery time without 

bleomycin, which indicated how quickly DNA damage response was restored to the normal 

levels (Figure 5.1.8 B & C). After 24hrs of bleomycin induction, no differences in the levels of 

γ-H2A.X were observed between the control groups and the knockdown flies, suggesting 

that the DNA damage induced by bleomycin was the same between the control groups and 

the knockdown flies (Figure 5.1.8 B & C). However, no differences were observed in the 

levels of γ-H2A.X at 24 hrs and 72 hrs of recovery time between the wild type and the Lsd1, 

Set1 and Lsd1, Set1 knockdown flies, suggesting no differences in DDR signaling between 

all the groups (Figure 5.1.8 B & C). One plausible explanation for the resistance to 

bleomycin observed in Lsd1, Set1 and Lsd1 Set1 double knockdown flies (Figure 5.1.8 A) 

and the absence of changes in γ-H2A.X at 24 hrs and 72 hrs of recovery time after 24 hrs of 

bleomycin induction, could be that Lsd1, Set1 and Lsd1,Set1 knockdown flies do not display 

differences in DDR upon acute DNA damage induction (24 hrs bleomycin treatment). 

However, Lsd1, Set1 and Lsd1,Set1 knockdown flies are probably more efficient at DDR 

signalling when the DNA damage induction is chronic (for instance Figure 5.1.8 A). 

Therefore, it would be interesting to examine whether the levels of γ-H2A.X are lower in 

Lsd1, Set1 and Lsd1-Set1 knockdown flies, and therefore better at DNA repair, when the 

flies are chronically exposed to bleomycin. Alternatively, it may be that Set1 and Lsd1 alter 

some other DDR related enzymes or modification sites, apart from γ-H2A.X. 
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 Figure 5.1.8 Lsd1 and Set1 knockdown increases resistance to chronic bleomycin exposure. A) Chronic 
exposure to bleomycin. S1106>UAS-Set1-RNAi, Lsd1ΔN/+ double knockdown showed increased resistance to 
chronic bleomycin exposure (***P< 0.001, log-rank test). N=30 flies per condition.  B & C) Acute exposure to 
bleomycin. DNA damage response was measured by analyzing phosphorylation levels of H2A.X (Gamma 
H2A.X). 6 abdomens without ovaries were used per sample. Bars represent the average of 3 biological 
replicates. Error bars represent ± SEM. GAPDH used as a loading control. 
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5.2 DISCUSSION  
 

5.2.1 Global H3K4 methylation levels are not affected upon Lsd1, Set1 double 

knockdown in the gut and fat body tissues 

 

Lsd1 is a mono- and di- H3K4 demethylase, whereas Set1 is the major H3K4 tri-

methyltransferase in Drosophila.  Interestingly, female Lsd1∆N heterozygous mutant is long-

lived, while both homozygous deletion in both females and males is detrimental for lifespan. 

I used whole body without ovaries and ovaries, and Di Stefano and colleagues used whole 

flies, and both we did not observe global changes on mono- di- and tri H3K4 methylation 

levels between heterozygous and wild type flies (Di Stefano et al. 2007). Therefore, the 

lifespan extension that arises from heterozygous loss of Lsd1, rather than being mediated by 

global increase of H3K4me1/me2, is mediated by activation and/or repression of a specific 

subset of genes. Alternatively, there may be a small population of cells where global 

changes in methylation are present in the Lsd1∆N heterozygous mutant, but this signal is 

lost in the whole body western blot analysis. Overall, ChIP analysis coupled with 

transcriptome analysis, ChIP-seq, would be informative.  

 

Moreover, ubiquitous and intestine and fat body specific-tissue knockdown of Set1 extends 

lifespan. Ubiquitous knockdown of Set1 decreases levels of H3K4me3 in the intestine of 

flies. However, I did not observe a significant reduction of H3K4me3 levels in the intestine 

and fat body of flies in which downregulation of Set1 was driven by tissue specific S1106 

driver. Taken together, these results suggest that the lifespan extension that arises from loss 

of Set1, similar to Lsd1, is mediated through the activation and/or repression of a specific 

subset of genes. In addition, the S1106>Set1-RNAi; Lsd1∆N double mutant did not affect 

mono- di- and tri- H3K4 levels in the intestine and fat body of these flies. Therefore, the 

methyltranferase/demethylase activity of each enzyme, Set1 and Lsd1 respectively, is not 

triggered or compromised upon ubiquitous downregulation of Lsd1 and gut/fat body 

downregulation of Set1  

 

Additionally, since actGS mediated downregulation of Set1-RNAi lowered H3K4me3 in the 

fat body and intestine, and actGS mediated downregulation of Lsd1-RNAi lowered 

H3K4me1/2 in the head, it would be interesting to test whether the actGs>Set1-RNAi; 

Lsd1∆N double mutant affects mono- di- and tri- H3K4 levels in the heads and intestine and 

fat body of these flies.  
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5.2.2 Gut/body tissue-specific downregulation of Set1 increases resistance to 

starvation   

 

In mammals elevated levels of blood glucose and fats correlate with increased risks of 

cardiovascular diseases, diabetes, and specific types of cancer. Fatty acids (FA) deficiency 

is also linked to many disorders, including growth disturbance, infertility, and kidney failure. 

Moreover, emerging evidence indicates that fat metabolism can directly affect lifespan. In C. 

elegans, for instance, mutants with impaired fat metabolism have reduced lifespans (Van 

Gilst et al. 2005; Taubert et al. 2006). In addition, some mutant worms with long lifespan 

display increased fat (O'Rourke et al. 2009; Shi et al. 2013), whereas others are low in fat 

(Heestand et al. 2013). Additionally, interventions that extend fly lifespan are often 

associated with resistance to various stresses such as oxidative stress and starvation 

(Bubliy and Loeschcke 2005; Shaposhnikov et al. 2015). For instance, rapamycin treatment, 

which is anti-ageing intervention that extends lifespan, increases energy reserves of 

triglycerides, thereby enabling animals to survive for longer periods of starvation (Bjedov et 

al. 2010). On the other hand, lithium, which is another anti-ageing intervention that has been 

recently shown to extend the lifespan, has the opposite effect to rapamycin, it decreases 

energy reserves of triglycerides, thereby sensitising flies to starvation conditions (Castillo-

Quan et al. 2016). Therefore, it remains unclear the means by which fat metabolism plays a 

role in the regulation of longevity. Remarkably, recent trans-species comparisons have tried 

to link longevity with metabolic parameters from different organs (Ma et al. 2015). These 

studies have revealed a positive correlation between longevity and sphingomyelin levels, 

which is a type of sphingolipid found in animal membranes. Conversely, the levels of 

triglycerides containing polyunsaturated fatty acids (PUFAs) side chains and by-products of 

inflammatory processes correlate negatively with longevity. Consistently, female familial 

longevity in humans has been associated with high levels of plasma sphingomyelin and low 

levels of PUFA-containing triglycerides (Gonzalez-Covarrubias et al. 2013).  

 

Interestingly, recently Han and colleagues have shown that lifespan extension in H3K4me3 

methyltransferase-deficient worms, is mediated through the accumulation of mono-

unsaturated fatty acids (MUFAs) in the intestine of these animal (Han et al. 2017). Indeed, 

they found that downregulation of members of the complex (Ash2 and Set-2) that 

methyltranferase H3K4me3 in C. elegans, promoted fat accumulation, which turned out to 

be specific for MUFAs enrichment. They also observed that this shift in lipid metabolism from 

PUFAs to MUFAs was mediated by upregulation of Fat-7 in the intestine of the worms. Fat-7 

is a gene which encode delta-9 fatty acid desaturases and is involved in MUFAs synthesis. 

Remarkably, Han and colleagues besides demonstrating that the accumulation of MUFAs is 
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necessary for the lifespan extension of H3K4me3 methyltransferase-deficient worms, they 

also demonstrated that dietary MUFAs are sufficient to extend lifespan (Han et al. 2017). 

Therefore, given the conservation of lipid metabolism, dietary or endogenous MUFAs could 

extend lifespan and healthspan in other species (Han et al. 2017). Interestingly, as part of 

this thesis I showed that knockdown of Set1, the major H3K4me3 methyltransferase in the 

fly, not only extends the lifespan of this animal, but also intestine and fat body tissue-specific 

downregulation of Set1, mildly increases the resistance to starvation conditions of these 

flies. Therefore, it would be interesting to test whether the resistance to starvation in Set1 

deficient flies, is due to an enrichment of MUFAs. Additionally, it would be interesting to test 

whether Fat-7 (which belongs to the fatty acid desaturase type 1 family) Drosophila 

homologue Stearoyl-CoA desaturase-1, Desat1, is upregulated in the intestine of long-lived 

gut/fat body Set1 knockdown flies.  

 

5.2.3 Downregulation of Lsd1 does not affect insulin resistance in young flies 

 

Reduced IIS pathway extends lifespan across species and seems to mediate at least in part 

the increased in longevity associated with dietary restriction. Paradoxically, during normal 

ageing, there is a progressive inactivation of the IIS pathway and an abnormal glucose 

metabolism, which is linked to obesity and pathological conditions, such as diabetes mellitus 

and cardiovascular diseases. This progressive inactivation of the IIS pathway during normal 

ageing, has been proposed to occur as a response aimed at minimizing cell growth in the 

context of systemic damage (Lopez-Otin et al. 2016). During normal ageing and in 

individuals who are obese and those with diabetes mellitus, insulin resistance, which is a 

reduction in the rate of glucose disposal elicited by a given insulin concentration, develops. 

The mechanisms underlying the development of insulin resistance are multifactorial, and 

also involve alterations of the insulin signalling pathway. Therefore, I decided to examine 

whether downregulation of Lsd1 alters insulin resistance in young flies. I found that long-

lived flies with heterozygous loss of Lsd1 do not affect insulin resistance.  

 

Lsd1 has been shown to play a role in adipogenesis by demethylating H3K9, a repressive 

mark found in the promoter of adipogenesis related genes involved in adipocyte 

differentiation (Musri et al. 2010). Zeng and colleagues engineered the AdLKO (Adipose 

LSD1 knockout) mice which specifically knockout the expression of Lsd1 in the brown 

adipose tissue (BAT) tissue, and showed that Lsd1 deficiency impairs the FAO/thermogenic 

capacity of the BAT and reduces whole body energy expenditure (Zeng et al. 2016; Duteil et 

al. 2016). In addition, AdLKO mice developed obesity compared with the control group 
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(Zeng et al. 2016; Duteil et al. 2016). Therefore, Lsd1 is necessary to regulate lipid 

metabolism, and ablation of Lsd1 in BAT leads to increased fat accumulation (Zeng et al. 

2016; Duteil et al. 2016). In addition, Duteil and colleagues analysed 30-week-old Lsd1 

knockout mice for glucose tolerance and insulin sensitivity, and they noticed that with 

ageing, control mice developed progressive glucose intolerance, contrary to Lsd1 kockout 

mice, which conserved efficient glucose uptake. However, Duteil and colleagues did not 

observe any difference in insulin sensitivity or in total insulin levels, showing that only 

glucose but not insulin metabolism is altered in LSD1KO mice. Therefore, my results are in 

agreement with those of Duteil. However, it would be interesting to test insulin resistance 

and glucose uptake in old flies with heterozygous loss of Lsd1.  

 

Peroxisome proliferator-activated receptor-γ (PPARγ) coactivator-1α (PGC-1α) is a member 

of a family of transcription coactivators that plays a central role in the regulation of cellular 

energy metabolism. It is strongly induced by cold exposure, linking this environmental 

stimulus to adaptive thermogenesis. PGC-1α stimulates mitochondrial biogenesis and 

promotes the remodelling of muscle tissue to a fiber-type composition that is metabolically 

more oxidative and less glycolytic in nature, and it participates in the regulation of both 

carbohydrate and lipid metabolism. Hino and colleagues found that PGC-1α was among the 

energy metabolism regulator genes upregulated in adipose tissue upon LSD1 knockdown 

(Hino et al. 2012). Thus, Lsd1 negatively regulates PGC-1α expression. Sirt1, contrary to 

Lsd1 activates PGC-1α protein by deacetylating its lysine residue (Rodgers JT 2005). 

Overexpression of the yeast homologous Sirt1, extends lifespan in yeast and mice, and 

importantly this lifespan extension seems to mimic DR effects on longevity (Kaeberlein 

2010). Indeed, Sirt1 can mimic several metabolic aspects of calorie restriction that target 

selective nutrient utilization and mitochondrial oxidative function to regulate energy balance 

(Kawahara et al. 2009; Kanfi et al. 2010; Sebastian et al. 2012). Therefore, it is possible that 

lifespan extension that arises from downregulation of Lsd1 in flies, might be mediated at 

least in part through upregulation of PGC-1α.  

 

5.2.4 IIS and mTOR pathway do not play a role in the lifespan extension that results 

from downregulation of Lsd1 and Set1   

 

The most consistent and efficient environmental intervention proved so far to extend lifespan 

across species is dietary restriction (DR) (López-Otín, 2015). DR relies partially on mTOR 

inhibition (López-Otín, 2015). Genetic manipulation or pharmacologic inhibition of mTOR 

pathway is a robust intervention to extend lifespan across taxa (Bjedov and Partridge 2011). 
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The central component of the mTOR pathway is TOR kinase, which participates in two 

different multiprotein complexes: mTORC1 and mTORC2. S6K is a kinase, downstream of 

mTORC1, which is phosphorylated and activated when mTOR is active. AKT is another 

kinase which is also phosphorylated and activated when mTOR is active, however it acts 

downstream of mTORC2. I found that neither knockdown of Lsd1 nor Set1 affect 

phosphorylation levels of neither AKT nor S6K. Therefore, it is unlikely that lifespan 

extension by knockdown of Lsd1 or Set1 is mediated through the mTOR pathway.  

 

mTOR and IIS pathways are deeply interconnected. For instance, the main kinase in the IIS 

pathway is AKT, whose activating phosphorylation upregulates IIS pathway. Indeed, central 

to the capacity of reduced IIS to extend lifespan is the regulation of the FOXO transcription 

factor via the PI3K-Akt-FOXO branch (Fontana and Partridge 2015). Since I did not observe 

phosphorylation of AKT being affected in either Lsd1 or Set1 knockdown flies, it seems 

plausible that the lifespan extension of these mutants occur independently of the IIS 

pathway. Interestingly, it exists another layer of connection between the mTOR and the IIS 

pathway which takes place through the phosphorylation and consequent inhibition of 

tuberous sclerosis complex 2 (TSC2). AKT phosphorylates and inhibits TSC2, whose active 

form inhibits the function of mTOR. Therefore, a positive feedback loop on mTOR pathway 

occurs through the inhibition of TSC2 by AKT phosphorylation, either by mTORC2 or IIS 

pathway.  

 

In addition, glycogen synthase kinase-3 (GSK-3) is a protein serine/threonine kinase which 

is an important downstream target of the IIS pathway. GSK-3 acts downstream of AKT and 

functions to supress glycogen synthase (GS). Therefore, when insulin activates the pathway 

AKT phosphorylates and inhibits GSK-3 allowing GS to synthesise glycogen. Interestingly, 

Castillo-Quan and colleagues have recently shown that lithium extends the lifespan of 

Drosophila, by inhibiting GSK-3 and subsequent activation of the transcription factor nuclear 

factor erythroid 2-related factor (NRF-2) (Castillo-Quan et al. 2016). Additionally, GSK-3 can 

also modulate mTOR signalling. GSK-3 like AKT, also phosphorylates TSC2, but in turn this 

phosphorylation activates the GAP activity of the complex, hence inhibiting signalling 

through mTOR reference for this missing. Additionally, GSK-3 can also modulate mTOR 

independently of the TSC2 complex by directly phosphorylating S6K (Carriere et al. 2011). 

Interestingly, phosphorylation of GSK-3 α/β at the Ser21/9 site was not affected upon either 

Lsd1 or Set1 knockdown. Taken together, these data suggest that neither mTOR nor IIS 

pathways are affected by downregulation of either Lsd1 or Set1.  
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Ras is a well-established signalling intermediary of the IIS pathway. Ras proteins are 

members of a superfamily of small GTPases that transmit signals from cell-surface receptor 

tyrosine kinases (RTKs) controlling numerous cellular processes, including proliferation, 

differentiation, apoptosis, senescence, and metabolism (Goitre et al. 2014). Hyper-activation 

of Ras is highly oncogenic, and approximately one third of human tumours present with ras 

mutation. Ras proteins are molecular switches that cycle between an inactive GDP-bound 

state and an active GTP-bound state. In its active, GTP-bound conformation, Ras has high 

affinity for numerous downstream effectors of RTK signal transduction pathways, including 

Raf, thereby activating the extracellular signal-regulated kinase (Erk)/mitogen-activated 

protein kinase (MAPK)-signaling cascade (Goitre et al. 2014). Moreover, the insulin receptor 

substrates (IRS) by binding to Grb2/Drk protein, acts as an adaptor for the Ras GEF, SOS, 

which recruits activated Ras to the activated insulin receptor. Interestingly, Slack and 

colleagues (2015) recently showed that attenuation of Ras-Erk-ETS signaling is implicated in 

the effects of reduced IIS on ageing and show that direct inhibition of Ras- Erk-ETS 

signaling is sufficient to extend lifespan (Slack et al. 2015). Moreover, these same authors 

identified trametinib, a potent inhibitor of Ras-Erk-ETS signalling, as anti-ageing intervention 

(Slack et al. 2015). In line with TSC2 as a complex being capable of integrating multiple 

signals, TSC2 is also inhibited through the Ras-Erk pathway through phosphorylation 

directly by Erk and, indirectly, through p90 ribosomal S6 kinase (RSK), downstream of Erk 

(Shaw and Cantley 2006; Mendoza et al. 2011). Therefore, Ras-Erk pathway allows 

independent activation of mTOR similar to PI3K/AKT pathway. Additionally, Erk can 

modulate mTOR independent of the TSC2 complex by directly phosphorylation of Raptor 

(Carriere et al. 2011). Interestingly, I found that knockdown of Lsd1 increases 

phosphorylation levels of phospho-p44/42 Erk1/2. However, it is unlikely that lifespan 

extension by knockdown of Lsd1 is mediated through upregulation of Ras-Erk-ETS 

signalling, since it is inhibition of this pathway what have been found to extend lifespan, and 

not its activation.  

 

5.2.5 Downregulation of Lsd1 and Set1 increases resistance to DNA damage induced 

by bleomycin 

 

It has been estimated that DNA acquires 10,000 of lesions in a cell every day in humans 

already from endogenous sources alone such as reactive oxygen species and metabolic 

products (Derks et al. 2014). In addition, several exogenous sources also produce DNA 

lesions, such as ultraviolet (UV) light from the sun, ionizing radiation and numerous 

environmental and man-made chemicals. In contrast to RNA, proteins and metabolites, DNA 
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is the only cellular component that cannot be replaced upon damage and therefore solely 

relies on repair. Moreover, incorrect DNA repair results in mutations such as insertions, 

deletions or chromosomal aberrations, which eventually lead to cancer development. 

Moreover, studies in human progeroid syndromes and corresponding transgenic mouse 

models indicate that accumulation of unrepaired DNA damage contributes significantly to 

ageing and numerous age-related pathologies (Derks et al. 2014). To deal with the adverse 

effects of DNA damage, cells possess an arsenal of DNA repair mechanisms, each 

recognizing and repairing its own spectrum of lesions. Indeed, DNA repair systems include 

base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), 

single-strand break (SSB) repair, double-strand break repair (DSB) by homologous 

recombination (HR), single strand annealing (SSA), and non-homologous end joining 

(NHEJ) mechanisms (Derks et al. 2014). In addition to DNA repair systems, cell cycle 

checkpoints are activated that stop cell proliferation to provide a time window to repair. 

When damage is beyond repair, apoptosis or cellular senescence, a permanent cell cycle 

arrest, is induced to remove the damaged cell from the tissue or to prevent it from 

replicating. All DNA repair systems, cell cycle checkpoints and additional pathways 

constitute the DNA damage response (DDR). DDR consists of more than 100 genes already 

(Derks et al. 2014). The first step in DDR, involves detecting DNA lesions by a class of 

sensors proteins. These sensors are required for recruiting various factors to the site of 

damage such as DNA repair factors, but also transmit a signal to so-called transducer 

proteins, of which ATM and ATR checkpoint kinases are the most prominent examples. 

These transducers in turn diversify and amplify the damage signal to the third layer, known 

as effectors, which control the activity of several cellular processes and pathways, such as 

cell cycle arrest and apoptosis. Several effectors are transcription factors such as p53, or 

microRNAs (Beckerman and Prives 2010). 

 

Double-strand breaks (DSBs) can be induced by mechanisms such as ionizing radiation or 

cytotoxic agents, and it is always followed by the phosphorylation of the histone H2A.X (Kuo 

and Yang 2008). This phosphorylated H2A.X protein at which site? is termed γ-H2AX. Drugs 

such as neocarzinostatin, doxorubicin, bleomycin, tirapazamine and etoposide, which have 

all been used in the study of radiotherapy and cancer treatments, all cause DSB and 

therefore formation of γ-H2A.X (Kuo and Yang, 2008). In addition to γ-H2A.X, there are 

many other methods for detecting DSBs, such as neutral elution, pulse field electrophoresis 

(2-D gel electrophoresis) and comet assays; however, the γ-H2A.X assay has been shown 

to be particularly precise compared to other DSBs detection methods (Kuo and Yang, 2008). 

H2A.X is a variant of the H2A protein family, which is the histone with greatest number of 

variants including H2A1, H2A2, H2A.X and H2A.Z plus many others. H2A.X can be 
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phosphorylated on Ser 1, acetylated on Lys 5, and ubiquitinated on Lys 119, and in 

presence of DNA damage, H2AX but not H2A molecules, can be phosphorylated on the 

serine 139 residue (Kuo and Yang, 2008). H2A.X is phosphorylated by kinases such as ATM 

and ATM-Rad3-related (ATR), which in turn recruits and localizes DNA repair proteins (Kuo 

and Yang, 2008). γ-H2A.X apart from being a sensitive and early indicator of DSBs, it can be 

also used to identify the ability of cells to recover from damage and to detect the efficiency of 

the cellular repair processes (Kuo and Yang, 2008). Indeed, after DNA is repaired γ-H2A.X 

is dephosphorylated by the PP2A phosphatase; therefore it is possible to assess the levels 

of DNA repair by γ-H2A.X (Kuo and Yang, 2008). Interestingly, Lsd1 or Set1 knockdown flies 

seem to be resistant to DNA damage induced by bleomycin (Fig. 5.1.5). In order to 

determine whether Lsd1 or Set1 knockdown increases the efficiency of DDR signaling in 

response to DSBs induced by the cytotoxic agent bleomycin, I determined the levels of γ-

H2A.X after 24 hrs of bleomycin induction, and at 24 hrs and 72 hrs after the flies were 

transferred to medium without bleomycin (recovery time). No differences were observed in 

the levels of γ-H2A.X after 24hrs of bleomycin induction between the control groups and 

Lsd1, Set1 and Lsd1-Set1 knockdown flies, suggesting that the DNA damage response 

produced by bleomycin was the same in all the groups (Fig. 5.1.6). Nevertheless, no 

differences were observed in the levels of γ-H2A.X at 24 hrs and 72 hrs of recovery time 

between the wild type and the Lsd1, Set1 and Lsd1-Set1 knockdown flies either, suggesting 

a similar efficiency in DDR signalling between all the groups. One plausible explanation for 

the resistance to bleomycin observed in Lsd1, Set1 and Lsd1-Set1 knockdown flies (Fig. 

5.1.5) and the absence of changes in γ-H2A.X at 24 hrs and 72 hrs of recovery time after 24 

hrs of bleomycin induction, can be that Lsd1, Set1 and Lsd1-Set1 knockdown flies do not 

display differences in DDR upon acute DNA damage induction (Fig. 5.1.6); however, Lsd1, 

Set1 and Lsd1-Set1 knockdown flies are probably more efficient at DDR signalling when the 

DNA damage induction is chronic (Fig. 5.1.5). Therefore, it would be interesting to test 

whether the levels of γ-H2A.X are lower in Lsd1, Set1 and Lsd1-Set1 knockdown flies, and 

therefore better at DNA repair, when the flies are chronically exposed to bleomycin.  

 

DNA repair declines with age and correlates with longevity in many animal species. Indeed, 

it has been reported that the observed age-dependent increase in DNA damage is mainly 

linked to a decrease in the activity of various DNA repair processes (Moskalev et al. 2013). 

In addition, there is a positive relationship between organismal lifespan and efficiency of 

DDR. For instance, it has been shown that the level of Ku80, a DSBs recognition protein, in 

humans, cows, and mice is strongly correlated with longevity
 
 (Lorenzini 2009). In addition, 

the enzymatic activity of poly (ADP-ribose) polymerase 1 (PARP1), a sensor of DNA strand 

breaks, also positively correlates with maximum lifespan in 13 species of mammals (Grube 
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and Burkle 1992). Interestingly, Shaposhnikov and colleagues (2015), recently conducted a 

study in which they investigated the effects of GAL4-induced overexpression of genes 

implicated in DNA repair  on lifespan and resistance to stress factors, such as hyperthermia, 

oxidative stress, and starvation in Drosophila. These authors overexpressed genes involved 

in recognition of DNA damage (homologs of hus1, mnk), nucleotide and base excision repair 

(homologs of XPF, mus210 and AP-endonuclease-1), and repair of double-stranded DNA 

breaks (homologs of BRCA2, XRCC3, KU80 and WRNexo), and observed that that the 

effects on lifespan and stress resistance were dependent on GAL4 driver (ubiquitous vs. 

neuron-specific), stage of induction (constitutive vs conditional), sex, and role of the gene in 

the DNA repair process. However, overall, Shaposhnikov and colleagues found that 

constitutive/ubiquitous and conditional/ neuron-specific overexpression of hus1, mnk (also 

known as Chk2), mei-9, mus210 (also known as Xpc), and WRNexo had beneficial effects 

(Shaposhnikov et al. 2015). Therefore, it would be interesting to test whether genes involved 

in recognition of DNA damage such as hus1 and mnk, and in DSB such as WRNexo, apart 

from others as BRCA2, XRCC3 and KU80, are higher expressed in long-lived Lsd1 and Set1 

knockdown lifespan. Since an improved in DDR signalling in these flies could explain the 

increased in longevity associated with an increase in resistance to bleomycin induction.  

 

p53 is a critical tumour suppressor which possess a high frequency of mutation in human 

cancers. In addition, p53 has been proposed as the master regulator of cell fate since it is 

centred in the core of a complex wiring of signalling pathways. In unstressed cells, the 

activity of p53 is normally held in check by its negative regulator, Mdm2, an E3 ubiquitin 

ligase, which binds to p53 and targets it for proteasomal degradation. In response to a 

plethora of stimuli, however, this inhibition is relieved and p53 target genes are activated to 

cause multiple outcomes such as cell cycle arrest (e.g., p21, 14-3-3), apoptosis (e.g., pig, 

bax, puma, noxa), senescence (e.g., pai-1), autophagy (e.g., dram), and others, or, they can 

regulate the p53 pathway itself (e.g., mdm2) (Beckerman and Prives, 2010). Interestingly, 

many mechanisms exist within the cell to fine-tune the p53 transcriptional program. In 

addition to locus-specific cis-regulatory elements, features that dynamically contribute to the 

combinatorial regulation of the p53 response include posttranslational modifications of p53, 

including lysine methylation, covalent and noncovalent p53 binding partners, and p53 

response elements of variable binding affinity (Beckerman and Prives, 2010). Interestingly, 

Lsd1 has been shown to interact with p53 to repress p53-mediated transcriptional activation 

and to inhibit the role of p53 in promoting apoptosis (Huang et al. 2007). Indeed p53 can be 

dynamically regulated by methylation and demethylation at K370 in part due to Lsd1 activity. 

K370me1 has been found to represses p53 function, whereas K370me2 promotes its 

association with the coactivator 53BP1 (p53-binding protein 1) (Huang et al. 2007). In vivo, 
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Lsd1 has been shown to have a strong preference for demethylating K370me2, thereby 

repressing p53 function through the inhibition of interaction of p53 with 53BP1 (Huang et al. 

2007). Since knockdown of Lsd1 by siRNAi has been shown to increase p21 and mdm2 

expression in human cells (Huang et al. 2007). Therefore, it would be interesting to test 

whether p21 and mdm2 expression is upregulated in Lsd1 knockdown flies treated with 

bleomycin. 

 

During the DNA damage response, chromatin organization, chromatin remodeling and 

histone-modifying complexes not only influence accessibility to the DNA repair machinery 

and restore chromatin organization following completion of the DNA repair process, but also 

actively promote DNA damage signalling and repair (Stadler and Richly 2017). For instance, 

recruitment of Polycomb Repressive Complex 2 (PRC2) at sites of DNA damage catalyzes 

deposition of repressive H3K27 methylation in mammalian cells, and its depletion decreases 

the efficiency of DSB repair and increases sensitivity of cells to ionizing radiations (IR) 

(Campbell et al. 2013). H3K36 methylation, a mark associated with transcribed genes, has 

emerged as an additional key modification in the early steps of DDR (Fnu et al. 2011; Pfister 

et al. 2014). Yeast Set2, which catalyzes all H3K36 methylation, and human Setd2, which 

catalyzes uniquely H3K36me3, both activate the DNA-damage checkpoint, but with different 

consequences on the DNA repair process (Fnu et al. 2011; Pfister et al. 2014). This 

difference could be a result of different methylation states having different functions in 

DSBR. Loss of Setd2, and overexpression of the H3K36me3 specific demethylase KDM4A, 

inhibit DSB repair by homologous recombination (HR) and influence DNA mismatch repair 

(Pfister et al. 2014). 

 

However, less is know about the role of H3K4 methylation in DDR. In yeast, Set1 the sole 

H3K4 methyltransferase, accumulates at an inducible DSB, and set1Δ cells are deficient in 

NHEJ and defective in the response to replication stress (Faucher and Wellinger 2010). On 

the other hand, in HeLa cells induction of DSBs induced by IR was associated with the 

formation of a repressive chromatin structure and loss, rather than recruitment, of H3K4me3 

at DSB (Seiler et al. 2011). Therefore, it is likely that H3K4 methylation plays a dynamic role 

in the repair of DSBs, either promoting or inhibiting the DNA repair process depending on 

the cellular context. Moreover, recently Herbette and colleagues (2017), demonstrated that 

in C. elegans, lack of the single Set1 orthologue Set-2, produces an enhanced sensitivity to 

DNA damage-inducing agents that increases over subsequent generations (Herbette et al. 

2017). They observed that increased sensitivity to IR in Set-2 mutant animals was 

associated with defects in the resolution of DSBs and chromosomal fragmentation, a 

phenotype commonly observed in the absence of DDR components or other mutants which 
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fail to properly repair chromosome breaks. However, interestingly, Herbette and colleagues 

did not observed defects in the DDR signalling in Set-2 mutant animals with increased 

sensitivity to DNA damage. They did not observe deficiencies in key steps of the DDR 

including checkpoint activation, cell cycle arrest and apoptosis in the germline of Set-2 

deficient animals following DNA damage. Therefore, Herbette and colleagues conclude that 

Set1/Set2 acts in the germline downstream of the DDR to influence the repair of DSBs, 

thereby maintaining genome stability over subsequent generations (Herbette et al. 2017).   

 

Similar to the findings of Herbette and colleagues in C. elegans for animals deficient in Set1, 

Mosammaparast and colleagues (2013), found that knockdown of Lsd1 in human cells 

resulted in moderate hypersensitivity to γ-irradiation and increased homologous 

recombination (Mosammaparast et al. 2013). The DDR cascade begins with the detection of 

DSBs by the MRN (MRE11–RAD50–NBS1) complex, which recruits and activates the ataxia 

telangiectasia mutated (ATM) kinase at DSBs to phosphorylate the variant histone H2A.X. γ-

H2A.X recruits the large scaffold phosphoprotein MDC1 to irradiation-induced foci, which in 

turn recruits the E3 ubiquitin ligase RNF8, which promotes ubiquitylation events near DSBs. 

This ubiquitynation is further amplified by a second E3 ligase, RNF168. RNF168-mediated 

ubiquitylation promotes the recruitment of various downstream effector complexes which 

include BRCA1 and 53BP1. BRCA1 promotes repair primarily by homologous 

recombination, whereas 53BP1 promotes XRCC4-dependent nonhomologous end joining. 

Importantly, both BRCA1 and 53BP1 serve as tumour suppressors, at least partly because 

of their roles in DNA repair. Mosammaparast and colleagues found that E3 ubiquitin ligase 

RNF168 physically interacts with Lsd1, and showed that this interaction is important for Lsd1 

recruitment to DNA damage sites. In addition, they observed that H3K4me2 is reduced at 

sites of DNA damage in an Lsd1 dependent manner in late S/G2 cells (Mosammaparast et 

al. 2013). Interestingly, consistent with a direct role of Lsd1 in the DDR pathway downstream 

of RNF168, they observed that loss of Lsd1 did not affect the initial formation of γ-H2A.X 

foci, however they did observe a reduction in H2A/H2A.X ubiquitylation in the absence of 

Lsd1 (Mosammaparast et al. 2013). In addition, they observed that BRCA1 and 53BP1 

complex recruitment were reduced upon Lsd1 knockdown in a subset of cells which were 

also in the late S/G2 phase of the cell cycle (Mosammaparast et al. 2013).  

 

Downregulation of Lsd1 and Set1 extends lifespans, and deficiencies in both enzymes seem 

to confer resistance to DSBs induced by bleomycin. However, the mechanism by which loss 

of Lsd1 and Set1 might promote a more efficient DDR remained to be elucidated. Since 

there is evidence in the literature that points out that Lsd1 and Set1 play a positive role in 

DDR signalling (Mosammaparast et al. 2013; Herbette et al. 2017), it is tempting to propose 
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that downregulation of Lsd1 and Set1 might confer resistance to DSBs through an hormesis 

phenomenon. Hormesis phenomenon has been observed in a wide range of biological 

systems and, recently the hormesis concept has been receiving increasing attention in the 

field of ageing research (Mao and Franke 2013). Hormesis, the idea that low doses of a 

poison could be beneficial to health in the long run by inducing a protective response, has 

been used to explain the positive effect that at low doses of reactive oxygen species (ROS) 

or reactive nitrogen species (RNS) can have on longevity via activation of for instance anti-

oxidative response (Mao and Franke, 2013). Therefore, it is perhaps possible that 

knockdown of Lsd1 and Set1 might confer resistance to DBSs via a hormesis response.  
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