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CHAPTER 1

THE CELLULAR STRESS RESPONSE:
A BALANCING ACT
All organisms are exposed to environmental changes; some are favorable to the individual’s
survival, some can be harmful. You might find yourself on the beach on a hot day with no shade
in sight. At first, you enjoy the change in the weather, then it starts to get hot. Your body reacts
to the heat and you start to sweat. Your skin starts to burn and your blood starts to boil. You
feel unbalanced and on edge; you are starting to get frustrated; angry. You are thinking why
you listened to your partner and went on vacation in Lloret de Mar when all you wanted was
to rent a nice house in Budleigh Salterton, sit in your garden, have some tea and eat scones
with clotted cream. You my friend are experiencing heat stress. Same as your ancestors before
experienced heat stress and many other stresses, they evolved and developed mechanisms to
cope with stress. In the biological context, we call a physiological reaction to a stimulus that
pushes an organism out of its optimum: a stress response.
Cells react upon exposure to abiotic environmental stressors such as toxins, ultraviolet light
or radiation, heat or cold, starvation, drought or salt stress 1. Biotic stresses such as parasites,
/ -$)1$-0. .#1 *Ҋ 1*'1 )*ȅ )// (+//*0. /# *-")$.(ҁ. ''0'-- .*0-es to their advantage 2,3. Exposure to these environmental stressors induces a cellular and
organismal defense response that can counteract the stressor-evoked harm to vital cellular
components (Figure 1A). Cellular stress is perceived by stress-specific sensor proteins. These
activate signal transducers, and those, in turn, activate transcription factors, which initiate the
3+- ..$*)*! Ȃ /*-+-*/ $).Ѷ/#/. -1 /* '$($)/ /# ./- ..*-)- +$-./- ..Ҋ- '/ 
damage. Specialized enzymes eliminate the harmful agents and repair accumulating damage
to cellular components caused by the stressor 4.
.(*./*-")$.(.-  3+*. /*.$($'- )1$-*)( )/'./- ..*-.Ѷ$Ȃ - )/.+ $ . )' 
cellular and organismal defense responses to counteract these stressors. Cellular stress responses evolved very early, therefore many proteins involved in fighting stress are similar
from simple to complex eukaryotes. Cellular stress response is a characteristic of all cells. A
similar mechanism of stress reception and reaction can be found in bacteria and most complex
eukaryotes consisting of many specialized cells. However, the complexity of stress response
increases from unicellular to multicellular organisms with the addition of organismal impact
of stress exposure 5,6.
The general cellular functions of stress response proteins include cell cycle control, protein
chaperoning and repair, DNA/chromatin stabilization and repair, removal of damaged proteins
or lipids, and aspects of metabolism 7ѵ )!'$ .Ѷ(0//$*).$)./- ..- .+*). " ) .Ȃ /.'
cellular processes, such as cell division or proteasome-mediated degradation, and make flies
more vulnerable to stress resulting in reduced viability 8. Thus, the molecular events of the cellular stress response have a wider impact on organismal fitness; inducing physiological changes
interfering with growth, reproduction and survival of the whole organism and even populations.
While cellular stress responses are restricted to the molecular mechanism of stress response
cascades focused on elimination of the stressor, organismal adaptations are focused on main-
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taining energy homeostasis, increasing stress tolerance and resistance, and maintaining organism fitness. Primary physiological changes at the organismal level during stress include the
expression of stress response hormones, growth factors, neurotransmitters, and cytokines.
These initiate secondary organismal stress responses where the organism’s resources are
redistributed from growth and proliferation to survival. Normal protein translation is inhibited
and the cell focuses its resources on the translation of stress response proteins 9. The tertiary
stress response ensures long-term adaptation and tolerance to stress by restoring cellular
proteostasis and metabolic homeostasis, increasing stress and pathogen resistance, as well
as regulating changes in growth, reproduction, and behavior 10–12.
Cellular and organismal adaptation to stress depends on the amplitude and duration of
stress exposure (Figure 1B). Under acute stress exposure, the cell undergoes tremendous
/-).-$+/$*)'#)" .Ȃ /$)"/# *-")$.(ҁ.+#4.$*'*"4ѵ-).-$+/$*)')+#4.$*'*"ical changes can persist until the organism has eliminated the stress or becomes resistant.
If the stress exposure continues, acute stress responses change over time to chronic stress
responses, and some cells may succeed to reach a new state of equilibrium where they become
tolerant to the stressor 4. Strong and prolonged stress exposure can however also lead to
accumulating damage to cellular components and severe disruption of cellular homeostasis.
Cells then induce fail-safe mechanisms to minimize harm to nearby cells or tissues. These failsafe mechanisms include cellular senescence, where the cells no longer proliferate, induced
autophagy to remove dysfunctional cellular components and programmed cell death e.g.
apoptosis 13,14ѵ(0//$*).Ȃ /$)"/#  ''0'-./- ..- .+*). *-!$'.! ( #)$.(.
can lead to many stress-related health problems such as heart disease, immune system disorders, neurodevelopmental disorders, neurodegenerative diseases, type-2 diabetes, chronic
inflammation, cystic fibrosis, and cancer 15,16. In the following sections, an overview is provided
on the molecular mechanism of two important stress response cascades: oxidative stress and
viral immune response.
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Figure 1: Principles of the cellular and organismal stress response.

(A) Cell stress is perceived by stress-specific sensor proteins which in turn activate signal transducers
' $)"/*" )  3+- ..$*)*! Ȃ /*-+-*/ $).ѵ# . . -1 /* '$($)/ /# ./- ..*-*-- +$-./- ..Ҋ
related damage. Cellular stresses evoke an organismal stress response in multicellular organisms,
primarily mediated by stress response hormones, growth factors, neurotransmitters and cytokines.
These induce secondary physiological changes, e.g. in ion and metabolite levels across tissues, leading
(*)"*/# - Ȃ /./*- $./-$0/$*)*!)*-")$.(ҁ.- .*0- .)*(+)4$)"#)" .$) ''0'-
processes, i.e. from proliferation to survival. Such reallocations have wider implications for homeostasis,
stress resistance, growth and reproduction of organisms and populations. (B) Cellular and organismal
+//$*)./*./- .. + ).*)/# (+'$/0 )0-/$*)*!./- ..*-.ѵȂ /$1  '$($)/$*)*!/# 
stress source regaining normal cell physiology leads to stress resistance. Continuation of stress and stress
responses may allow the cells to reach a new state of equilibrium conferring stress tolerance. Strong and
prolonged stress can lead to induction of fail-safe mechanisms to avoid malignancy, such as cellular
senescence. Even stronger stress exposure might lead to cellular and organismal death.
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The oxidative stress responses
In an aerobic environment, organisms are exposed to various forms of oxygen. Oxygen radicals
such as superoxide, hydroxyl radical, singlet oxygen and non-radical peroxides such as
hydrogen peroxide are collectively termed Reactive Oxygen Species (ROS). Two oxygen species,
hydrogen peroxide (H2O2) and superoxide radicals (O2Ғ )ەare key cell-signaling molecules and
generated upon growth factor activation through enzymatic conversion of oxygen by plasma
membrane-bound NAPDH oxidases, endoplasmatic reticulum-located NADPH oxidases, and as
metabolic byproducts of mitochondria respiration and peroxisomal fatty acid beta-oxidation
(Figure 2A).
Several factors can lead to potentially damaging increases in cellular ROS. Increasing aerobic
respiration during higher cellular metabolic demand or due to mitochondrial dysfunction or
damage causes higher activity of ROS producing enzymes, increasing cellular ROS 17. Environmental exposure to various pollutants, heavy metals, xenobiotics, and radiation also can
stimulate ROS production 18. During infection, immune response activated cytokines increase
mitochondrial and NADPH-oxidase generated ROS 19. Accumulation of intracellular ROS levels
).#$ȅ/# - 0/$1  ''0'- )1$-*)( )//*(*- *3$/$1 ($'$ 0- .0'/$)"$)*3$/$1 
stress (OS), which is accompanied by adverse physiological changes. These include damage
of DNA, proteins, and lipids, and disruption of essential cellular functions. To combat these
Ȃ /.Ѷ ''.) /*. ). #)" .$)$)/- ''0'-' 1 '.)/$1/ /#  3+- ..$*)*!
antioxidant enzymes (Figure 2A). OS sensor proteins, such as NRF2-KEAP1, HIF1-VHL, PDI-like
proteins 20–22, contain cysteine thiols or proline residues that react with oxygen radicals to
induce conformational changes in the protein. These conformational changes lead to activation of signal transduction pathways including MAPK (p38, JNK, ERK), NRF-2/KEAP1, PI3K-AKT,
and NFୁB. Activation of signal transduction pathways leads to translocation of transcription
factors, such as JUN/FOS, ATFs, NRF2, MEF2C, and HIF1 to the nucleus, where they bind to
antioxidant response elements (AREs), promoting transcription of antioxidant response genes
(GSTs, SOD, CAT, GPX) 23. Oxygen radicals are rapidly converted to non-radical hydrogen peroxides by Superoxide dismutase (SOD). Catalases (CAT) and Glutathione peroxidases (GPX)
!0-/# -*)1 -/#4-*" )+ -*3$ $)/*2/ -Ѷ/# - 4 '$($)/$)"$/.#-(!0' Ȃ /*)/# 
cells. The OS response also requires that damaged cellular components are repaired or cleared
to restore normal cellular function. Misfolded and damaged proteins are repaired by chaperons
or cleared through proteasomal degradation or autophagy. DNA damage repair machinery
restores damage to DNA and peroxidized lipids are recycled by reductive enzymes 24.
+-*+ - ''0'-- .+*). !*- Ȃ /$1 - *")$/$*)Ѷ.$")'/-).0/$*))$)0/$*)
of ROS eliminating and ROS damage reducing biological processes is essential to cope with
increased ROS levels. High ROS levels that cannot be compensated by OS defense systems
induce fail-safe mechanisms to eliminate damaged cells. Significant accumulation of ROS-mediated DNA damage induces a non-proliferative state called senescence. Even further increasing ROS levels results in OS-induced cell death 25.
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Figure 2: Schematic overview of molecular events and factors during oxidative stress and immune
response cascades.

Stresses such as ROS or viral and bacterial pathogens (1) are recognized by sensor proteins (2), activating
downstream signaling kinases (3) and leading to activation of transcription factors (4) which initiate
3+- ..$*)*!./- ..Ҋ.+ $!$ Ȃ /*-+-*/ $).ѵ(A) Accumulation of cellular ROS levels, e.g. caused by
extracellular exposure to xenobiotics, through NADPH oxidase-dependent ROS generation at the plasma
( (-) ȅ -/$1/$*)*!"-*2/#!/*--  +/*-.*-$)/#  )*+'.($- /$0'0(Ѷ.4+-*0/*!
peroxisomal fatty acid beta-oxidation, due to increased mitochondrial activity and damage, and cytokine
increased mitochondrial and NADPH oxidase generated ROS. Increased ROS levels lead to activation of
ROS sensing kinases by oxidation of cysteine residues and transduction of stress signals to downstream
signaling pathways MAPK (p38, AKT, ERK), PI3K-AKT, and PKC. These promote activation and translocation
of transcription factors ATF, JUN, FOS, NRF2, and MEF2C to the nucleus, activating expression of enzymes
involved in ROS elimination, ROS-mediated damage repair, and production of signal transducers
amplifying the stress response in a positive feedback loop. (B) Pathogen recognition receptors such
as Toll-like receptors located at the plasma membrane or in endomembrane compartments recognize
bacterial or viral compounds. Cytosolic MDA5 or RIG-5 proteins recognize the presence of intracellular
pathogens. Activation of receptor proteins initiates the immune response cascade and transduction
to downstream signaling pathways MAPK (JNK, p38), IKK, and JAK-STAT. This promotes activation of
/-).-$+/$*)!/*-.ɩѶ тѶ цѶ)Ҋр) 3+- ..$*)*!+-*Ҋ$)!'((/*-44/*&$) .Ѷ )/ -! -*)
type 1 and 2, as well as antimicrobial peptides and molecules.
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The innate immune response
The innate immune response protects against foreign invaders such as bacteria, viruses and
parasites. The microbial defense operates at three levels: anatomical and physiological barriers, cellular responses, and humoral immune responses. Anatomical and physiological barriers
.0#..&$)Ѷ/# ./*(#Ѷ$)/ ./$) Ѷ)'0)".++'4$Ȃ - )/./-/ "$ .2$/#*) "*'ѷ/*+- vent invasion of pathogens into tissue and to the bloodstream. The cellular immune response
*).$./.*!$Ȃ - )/.+ $'$5  ''/4+ ..0#.(-*+#" .Ѷ )-$/$ ''.Ѷ) Ҋ ''.Ѷ
which neutralize and eliminate pathogens by phagocytosis or through cytotoxic mechanisms.
In the humoral immune response, immune cells attack bacteria and viruses through antibody
generation, antimicrobial peptides, the complement system, lectins, and lipopolysaccharide
(LPS) binding proteins into extracellular fluids 26.
$Ȃ - )/ ''0'-( #)$.(.- - .+*).$' !*-+/#*" )- *")$/$*))*2)./- (
activation of signaling pathways, which in turn activate transcription of immune response
genes (Figure 2B). The immune system recognizes self and foreign-antigens through specific
receptors or proteins, which are activated through binding of bacterial or viral components.
These pathogen recognition receptors recognize pathogen-specific pathogen-associated
molecular patterns (PAMP) such as components of the bacterial cell wall, viral RNA, and DNA,
thereby alerting the cell of the presence of pathogens 27. Toll-like receptors (TLR) recognize
pathogens located near the cell surface and phagocytosed into membrane inclusions called
endophagosomes. TLRs are highly conserved from Caenorhabditis elegans and Drosophila to
mammals 28–30. Initially, the TLR family was discovered as an important factor in Drosophila
embryonic development. Later TLRs have been shown to regulate antifungal response 31. To
date, there are 12 members of TLR receptors characterized. Each subtype recognizes specific
PAMP pathogenic structures through their extracellular ligand-binding domain, e.g. TLR4 recognizes sugars found on bacterial cell walls whereas TLR9 binds viral DNA. Cytosolic MDA5 or
RIG-5 proteins recognize the presence of intracellular pathogens, for instance, viral RNA. These
interact with Mitochondrial antiviral-signaling receptors (MAVS) located on mitochondria and
peroxisomes. Binding of pathogens to receptors inducing activation of receptor-bound kinas.җ4*ччѶ Ҙѵ#-*0"#/$1/$*)*!$Ȃ - )/*($)/$*).*!*2)./- (&$). .Ѷ
pathogen-specific response is evoked. Further transduction of signals through pathways MAPK
(p38, JNK) NF-ୁB/IKK, and JAK-STAT leads to activation of downstream transcription factors
NF-ୁB, AP-1, and IRF3 and IRF7. These in turn promote the expression of pro-inflammatory
cytokines and interferons that enhance the immune response as well as the production of
antimicrobial proteins 32.
Ȃ /$1 ' -) *!$)1 -./#-*0"# )#) $((0)  ! ). - .0'/.$)#*./- .$./) ѵ
ȅ )Ѷ/# $)$/$'$((0) - .+*). /*2-./# +/#*" )$.- 0 *1 -/$( ѵ )/#$.. Ѷ/# 
organism becomes tolerant to the pathogen, dampening strong immune reactions. In contrast,
persistent or reoccurring immune reactions towards the pathogen over a long period can lead
to chronic inflammation accompanied by adverse physiological reactions and secondary tissue
damage. Finally, overwhelming pathogenic attack on cells or tissues accompanied with an
over-induced immune response can cause critical damage to cellular components resulting
in immune cell-induced death33.
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The importance of chromatin modifiers in the regulation of stress responses
In eukaryotic cells, DNA is wrapped around nucleosomes, octamers of histones, resembling
beads on a string. Factors that regulate the accessibility of transcriptional complexes to DNA
by changing higher-order chromatin structures can have an impact on transcriptional gene
regulation. In contrast to alteration of DNA sequences driving phenotypic variance of evolu/$*)-4/-$/.Ѷ#)" .$)#-*(/$)./-0/0- - #$"#'41 -./$' Ѷ*ȅ )$)0$' Ѷ)- 1 -.ible 34,35. Genetic changes that do not alter the DNA sequence are referred to as epigenetic.
These include histone modifications and nucleosome positioning, covalent DNA and RNA
modifications and small RNA interactions 36.
This primary chromatin structure makes for easy access of transcription-regulating protein.
Further coiling of chromatin into condensed structures of densely packed fibers, protects the
DNA from damage, unwanted access of dedicated transcriptional machinery, and is thought to
be necessary for segregation of sister chromosomes during mitosis and meiosis 36. Constitutive
heterochromatic regions, located around centrosomes and telomeres, consist of repetitive
DNA sequences and are in a condensed chromatin state 37. In contrast, gene coding regions of
euchromatin, which is generally less condensed than heterochromatin, show dynamic changes
in chromatin structures due to weaker and stronger association of DNA with nucleosomes
correlating with changes in transcription factors association and transcriptional activity 38.
Changes in chromatin structures can be influenced by enzymatic modifications of histone
tails. These protruding amino acid chains are modified by covalent binding of chemical groups,
either acetylated, methylated, phosphorylated, ubiquitinated or sumoylated. Still, novel histone modifications are being discovered 39. In addition, methylation of the DNA base cytosine
/*фҊ( /#4'4/*.$) Ѷ*ȅ ) )-$# /4/*.$) ҝ0)$) Ҋ-$#+-*(*/ -- "$*).Ѷ#$) -.$)ing of transcription complexes to genes, thereby repressing gene expression 40. Depending
*)/# /4+ *!# ($'"-*0+)/# .$/ *)/# #$./*) /$'Ѷ/# . (*$!$/$*).Ȃ //# 
Ȃ$)$/4 /2 ))#$./*) .$)!'0 )$)"#-*(/$)./-0/0- .ѵ$Ȃ - )/*($)/$*).
of histone modifications and histone variants at chromosomal regions have been categorized
$)/*$Ȃ - )/#-*(/$).// .Ѷ2#$#- !' /" )  3+- ..$*).//0.ѵ  )// #)$')
computational advancements achieved high-resolution mapping of histone modification,
thereby allowing attribution of biological function to specific histone marks: Trimethylation
of lysine 4 on Histone 3 (H3K4me3), acetylation of lysine 9 on histone 3 (H3K9ac), and H3K14ac
are associated with actively transcribed promoters, H3K36me3 is found within gene bodies
of active genes. In contrast, H3K9me2/me3 and H3K27me3 are associated with condensed
heterochromatin and some transcriptionally silent genes that are present in euchromatin 41.
This so-called histone code is dynamically modified by writers that either add or remove
histone marks, or readers that recognize certain histone marks. Combinations of histone
modifications present within the gene body or interacting genomic regions are thought to
account for the transcriptional status of the gene 41. However, the instructive nature of chromatin is still incompletely understood. Evidence suggests that histone modification occurs as a
consequence of transcription factor binding and direct regulatory roles for these modifications
are not necessarily implied 42,43.
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Past research identified mechanisms of stress sensing that underlie activated transcription
of stress and immune response genes. Stress-specific activation of stress sensors activates
signaling pathways, which evoke a translocation of transcription factors to the nucleus to
promoters of stress response genes. Gene regulatory elements of stress response genes
need to be accessible for transcription factor binding, which requires changes in chromatin
structures (Figure 2A). A study in yeast examined gene expression defects of 200 chromatin-related mutants in response to oxidative stress indicates that chromatin regulators have
(*- +-*)*0)  Ȃ /*)" )  3+- ..$*)4)($.$)- .+*). /* )1$-*)( )/'0 .
compared to steady-state conditions 44.
Initial studies in model organisms such as yeast and Drosophila melanogaster shed light
on environmental factors that influence chromatin structure. Due to their large size and visibility, showing distinct staining of dense (heterochromatin) and light bands (euchromatin),
Drosophila polytene chromosomes of the salivary gland became a suitable model to study
changes in chromatin structure upon response to environmental or developmental stimuli 45.
-& -# / -*#-*(/$- "$*).*!/# #-*(*.*(  *) ). $)/*'$"#/ ) Ѷ+0Ȃ Ҋ
up areas when cells were exposed to heat stress 46. Later it was found that histones around
these regions became acetylated at specific lysine residues and these modifications correlate
with changes in chromatin structure 47ѵ  3+*.0-  #.  ) .#*2) /* Ȃ / #$./*) 
(*$!$/$*)+// -).$)$1 -. ()) -.ѵȂ /.#$./*)  /4'/$*)"'*''4)/
antioxidant and immune response genes by regulating the activity of enzymes responsible
for adding and removing acetylation marks (Histone acetyl transferases and deacetylases).
ROS modulates activating H3K4me3 and repressive marks like H3K9me2/3 and H3K27me3 48.
In summation, chromatin changes due to modulation of DNA and histone marks play an
integral, yet incompletely understood role in stress responses. Epigenetic transcriptional
regulation of environmental stressors is a well-studied subject using unicellular models such
as cell lines and yeast 44,49, but insights into stress response-regulating chromatin factors and
their importance in organismal stress responses are still very limited. Moreover, in vitro models
might not recapitulate environmentally-induced epigenetic modifications happening in vivo.

The EHMT/G9a protein family
The discovery of the Histone lysine methyl transferases (KMTs) encoded by Drosophila Su(Var)39 and yeast clr4 started the quest to characterize their evolutionary conserved counterparts
in mammals 50. In vitro characterization of mammalian H3K9me2-specific KMTs led to the
identification of two histone-modifying factors SUV39H1 and SETDB1; Suv39h1 was shown
to di- and trimetylate H3K9 at the heterochromatic chromocenter and SETDB1 at pericentric
heterochromatin formation 51,52. Tachibana et al. identified two additional KMTs, G9a and G9alike-protein (GLP). G9a and GLP have similar functions; they mono- and dimethylate H3K9 in
euchromatic regions 53–55. This EHMT family of H3K9 methyltransferases includes conserved
human and mouse paralogs EHMT1/GLP and EHMT2/G9a 56.
The functional protein domains of this protein family are partially conserved across species
(Figure 3Ҙѵ )((('.Ѷ/# !$-./счпҊ/ -($)'($)*$.2 - .#*2)/* .0Ȃ$$ )//*
promote gene activation in a nuclear receptor complex 57,58. Self-methylation of N-terminal
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lysine residues is required for the recruitment of co-factors 59. Ankyrin repeats (ANK) are required for protein-protein interaction and binding to H3K9me1 and H3K9me2 60. The C-terminal
SET domain exerts methyltransferase activity on H3K9me2/3, and weaker on H3K27me1/2 53,61.
G9a and GLP also contain two further protein domains, an N-terminal 25 glutamine amino-acid
stretch and cysteine-rich regions, whose functions are still unknown. GLP shares functional
protein domains with G9a (Figure 3): N-terminal lysine residues, glutamine and cysteine-rich
region, Ankyrin repeats and SET domain 56.
Studies in mice showed that either G9a and GLP knockout causes embryonic lethality due
to severe growth defects 55, and significant reduction of H3K9me1 and H3K9me2. Biochemical
characterization of G9a and GLP revealed that the formation of hetero- and homodimeric
protein complexes and the presence of both proteins is required to fulfill KMT function in vivo 55.
Deletion of the GLP SET domain causes severe growth defects and postnatal lethality, in
contrast to mutation of G9a’s SET domain, which resulted in embryonic lethality resembling
G9a loss 62. This study showed that SET-dependent methyltransferase activities by G9a and
 - $(+*-/)/!*- (-4*)$ 1 '*+( )/) ''$Ȃ - )/$/$*)ѵ*./)/')*)$tional forebrain neuron-specific knockout of G9a or GLP exhibited no neuronal or architectural
defects. However, these mice show defects in cognition and adaptive behavior 63.
In Drosophila, the G9a-GLP family is represented by a sole gene ortholog named G9a (Figure 3).
It harbors the Ankyrin repeats and C-terminal SET domain 64. In contrast to mammalian G9a
and GLP, full deletion of the Drosophila G9a gene does not cause lethality, allowing us to study
the function of the EHMT protein family in adult animals 65. Similar to neuronal phenotypes
in mice 63, deletion of Drosophila G9a leads to behavioral anomalies and memory defects 63,66.
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Figure 3: Protein domains of EHMT family and G9a associated epigenetic regulation of transcription.

1

Protein domain architecture of mammalian G9a and GLP and Drosophila G9a. Mammalian G9a protein
*)/$).х!0)/$*)'*($).*-#-/ -$./$.Ѷ//-$0/ /*$Ȃ - )/.+ /.*)/-$0/$)"/*/# 
regulation of transcription: N-terminal activation domain (1) and lysine residues (2) promote gene
activation by protein-protein interaction. Glutamate- (3) and cysteine-rich regions (4) have potential
yet undiscovered functions. Histone methylation-attributed regions include the Ankyrin repeats (5) that
enable G9a to bind its substrate H3K9me1/2 marks, whereas the G9a SET-protein domain (6) encodes
the methyltransferase activity, mainly catalyzing mono- and di-methylation. Mammalian GLP harbors
the same protein domains as G9a except for the N-terminal activation domain (1). The Drosophila G9a
ortholog contains the N-terminal Ankyrin repeats (5) and C-terminal SET domain domains (6).

G9a-associated mechanisms regulating gene transcription
0)/$*)'#-/ -$5/$*)*!ш$)$Ȃ - )/$*'*"$'*)/ 3/.- 1 ' $1 -. (*' ular mechanisms by which it exerts transcription regulatory function (Figure 4A-C). Initial
studies showed that G9a catalytic activity is essential for the transcriptional repression of
target genes. Although the mechanisms are not completely clear, it is believed that the initial
recruitment of G9a depends on auxiliary co-factors such as zinc finger-containing proteins
WIZ 67, ZNF644 68 and ZNF518 69 or non-coding RNA 70. Subsequent H3K9 dimethylation by G9a
initiates the recruitment of repressor proteins that bind to H3K9me2 71.
G9a-dependent H3K9me2 has been associated with gene repression during endotoxin
tolerance in innate immune cells like macrophages. G9a increases tolerance to chronic LPS
3+*.0- $)./$(0'/ (-*+#" .4/-" / - +- ..$*)*!!/*-.*!/# ɠ)ୁB
signaling pathway 71–73. In Drosophila, G9a has been shown to limit Jak-Stat signaling upon viral
infection 74. Interestingly, G9a mutant-associated lethality was shown to relate to excessive
activation of JAK-STAT target gene transcription; there was no increased pathogen burden.
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These studies revealed the role of G9a in repression of innate immune response genes to inflammatory signals. Diverse mechanisms of repression, such as DNA methylation by DNMTs 75,
histone deacetylation by Hdac1 76 or recruitment of H3K4 demethylase JARIDA 77 have been
shown to establish a repressive chromatin conformation upon G9a histone methylation
(Figure 4A).
In addition to histone-related epigenetic repression, G9a operates through at least two
other mechanisms, methylation of non-histone proteins and association with co-factors, to
regulate transcription. Apart from methylation of histones, G9a can methylate amino acid
residues of several non-histone substrates, including itself, Reptin, Pontin, WIZ, CDYL1, CSB,
ACINUS, HDAC1, DNMT1 and KLF12 57,78,79. While functional relevance has not been identified for most of these targets, hypoxia-induced G9a-mediated methylation of Reptin led
to Reptin-dependent repression of hypoxia response genes, thereby adjusting the cellular
response to hypoxia (Figure 4B) 78. Methylation of Hypoxia-inducible factor 1 (HIF1) results in
suppression of transcriptional activity and expression of hypoxia target genes 80. Methylation
of other transcriptional factors by G9a, such as CEBPß regulating myeloid genes and muscle
$Ȃ - )/$/$*)!/*-'.*( $/ .$)#$$/$*)*!/-" /" ) .81,82. Nevertheless, under
hypoxic conditions, G9a-dependent methylation of Pontin increases recruitment of coacti1/*-+тпп+-*(*/$)" 3+- ..$*)*! Ҋрɠ/-" /" ) ..0"" ./$)"/$1/$)")- +- ..$1 
consequences of protein methylation by G9a 83.
G9a’s non-catalytic binding of co-factors via its N-terminal region enables it to function as
a co-activator in a transcriptional complex regulating versatile biological processes through
contextual expression of target genes (Figure 4C) 84. G9a cooperates synergistically with GRIP1,
CARM1 and p300 as a coactivator for steroid hormone receptors 58. Furthermore, Estrogen receptor-induced gene expression is modulated by interaction of G9a, although methylation has
not been reported in this context 57ѵ$)$)"*!шҁ.Ҋ/ -($)'- "$*)2$/#)ɠ-  +/*-
*(+' 32..0Ȃ$$ )//*/$1/ ɠ/-" /" ) .ѵ0- '' /'ѵ.0"" .//#/+*./Ҋ/-).'/$*)
modification of G9a on particular target genes determine co-activator or co-repressor function, thereby increasing diverse mechanisms of G9a-mediated gene regulation 57. Nevertheless,
mechanisms of co-factor association determining whether G9a acts as an enhancer or inhibitor
of gene expression are complex and incompletely understood.
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Figure 4: G9a-associated mechanisms regulating chromatin remodeling and gene transcription.

1

(A) G9a is recruited by transcription factors to transcriptionally active genes and methylates Histone 3
lysine 9 amino-acid residues in the vicinity of target regions initiating recruitment of repression proteins,
such as Dnmt DNA methylation proteins, histone deacetylase HDAC1 or the H3K4 demethylase JARIDA
thereby establishing repressive chromatin conformation and repression of target genes. (B) G9a regulates
complex stability and transcriptional activity of co-factors by protein methylation. Methylation of HIF-1
and Reptin promotes repression of hypoxia target genes while Pontin methylation promotes their
activation (C) G9a facilitates Ankryin-dependent formation of hormone receptors co-activator complex
favoring expression of hormone-regulated target genes.

G9a, a multifaceted modulator of biological processes
Together, these above-summarized studies highlight the multifaceted mechanisms by which
G9a regulates transcription in response to hormonal and immunological cues. In addition,
G9a is involved in the regulation of further biological processes relevant to the onset of diseases. G9a expression is elevated in many types of cancer disrupting characteristic cellular
processes which promote malignancy of cancer cells, such as cellular proliferation and cell
cycle progression 85, autophagy 86, apoptosis 87, and DNA damage repair 88.
Furthermore, G9a functions in the epigenetic control of gene expression during cell-lineage
*(($/( )/)$Ȃ - )/$/$*)ѵшҝ )сҊ( $/ - +- ..$*)$.& 4!*-/$( '4
.$' )$)"*!+'0-$+*/ )4" ) .0-$)" ''$Ȃ - )/$/$*))($)/$)$)" ''Ҋ/4+ Ҋ.+ $!$
gene expression in muscle, blood and neuronal cell subtypes 89. Neuron-specific and post-natal
deficiency of G9a and GLP lead to de-repression of non-neuronal genes in neuron progenitor
cells and adult neurons. Disruption of G9a/GLP H3K9me2-mediated gene silencing, important
for brain function in developing and adult neurons, causes behavioral defects in mice and
humans 63. Neuron-specific deletion of G9a and GLP in mice causes behavioral abnormalities in learning deficiencies, motivational and environmental adaptation. While adaptive
function to hormonal and immunological ques have been attributed to G9a, the interest in
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GLP in developmental neurobiology has been triggered by a Human genetic disorder. G9a/
GLP-related phenotypes overlap with the human 9q34 intellectual disability syndrome 63,
meanwhile referred to as Kleefstra syndrome (KS) 90. The syndrome is caused by heterozygous
subtelomeric deletions of chromosome 9 (9q34) or heterozygous loss of mutations in the GLP/
EHMT1 gene characterized by intellectual disability and autistic features. Individuals further
show obesity, childhood hypotonia, reduced motor activity and loss of goal-directed activities
as well as a gradual, age-dependent development of severe apathetic behavior. In addition,
KS patients are susceptible to reoccurred infections 91–94
G9a further regulates neuronal plasticity in adult neurons. G9a plays an important role
in cocaine-induced structural and behavioral plasticity. Cocaine-induced decrease of G9a
mRNA levels and H3K9me2 repressive mark was associated with increase gene expression in
the nucleus accumbens, a brain structure important for substance reward associated with
addiction behavior 95. Furthermore, pharmacological inhibition of G9a gene activity in the
hippocampus of mice disrupted long-term memory formation 96. Later, G9a was also shown
to regulate homeostatic plasticity through epigenetic regulation of transcriptional programs
important for synaptic scaling 97.
Learning and memory deficits were also identified in Drosophila G9a mutants. Identification
of potential G9a target genes by H3K9me2 co-immunoprecipitation revealed an enriched
battery of established learning and memory genes 66. Strikingly, it can be noticed that also
other G9a target genes are involved in highly dynamic processes that require high levels of
transcriptional plasticity (Table 1). The biological functions attributed to these putative G9a
target genes were remarkably predictive of a number of identified phenotypes 66 as well as for
later established G9a functions. Among the G9a targets showing diminished levels of H3K9me2
upstream of the transcriptional start site, enrichment of genes with an annotated function
in OS responses was found. This led to the hypothesis that G9a plays a role in OS response,
which laid the foundation for the research presented in this thesis.
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Table 1
Biological process

Enrichment

P-value

Response to heat

3.16

6.47-05

Mannose metabolic process

9.42

1.72-04

Protein deglycosylation

7.07

2.24 -04

Response to oxidative stress

2.36

5.07-04

Negative regulation of hemopoiesis

7.71

5.61-04

Regulation of anatomical structure size

1.92

6.89 -04

10.10

7.28 -04

Secondary metabolic process

2.32

8.81-04

Cell growth

2.17

1.06 -04

Response to temperature stimulus

2.10

1.29 -04

Positive regulation of cytoskeleton organization

3.53

1.57-04

/.#*&Ҋ( $/ +*'4/ ) #-*(*.*( +0Ȃ$)"

Table contains biological processes associated with putative Drosophila G9a targets (re-analyzed data of
Kramer 2011 using current GO annotations), showing H3K9me2 loss of methylation in 5’ upstream gene
region upon G9a knockout in larvae. We annotated the biological function of genes with diminished
H3K9me2 levels upstream of the transcriptional start site with the current gene ontology tool DAVID 98.
Values represent fold-enrichment and significance (FDR) over background (all annotated genes). A list
of highly dynamic processes beyond established learning and memory became subject to future, yet
undiscovered G9a attributed functions.
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Scope and outline of this thesis
0)/$*)'./0$ .*)/# ш!($'4.0"" .//#/$/Ȃ /./-).-$+/$*)*!" ) .0+*) )1$ronmental cues through versatile mechanisms of gene regulation and with implications for
the onset and development of diseases. The evolutionary conservation of G9a in Drosophila
melanogaster and ease of genetic manipulation make it a suitable model to study stress responses. Functional analysis of transcriptional and physiological components controlling
stress responses may help to provide insight into molecular mechanisms at the cellular level
and shed light on the wider importance of stress response on the organismal level. Through
characterization of gene expression changes and their organismal consequences upon exposure to various stressors, it is possible to identify novel functions of G9a target genes in stress
signaling pathways and stress response transcriptional regulatory elements. This is essential
to gain knowledge on factors contributing to the onset of stress-related diseases.

The objectives of this thesis are
1. Identification of G9a-associated transcriptional and physiological changes upon exposure
to oxidative stress and other stressors in Drosophila melanogaster.
2. Functional characterization of a Drosophila G9a downstream target gene, Sgroppino, and
its role in viral infection.
3. Comparative analysis of own and available datasets from Drosophila, mouse and human
biological models and in response to various stressors to identify conserved versus diverging
epigenetics programs driving cellular and organismal stress responses.
In this introduction, I have introduced the basic concepts of cellular and organismal stress
response and underlying pathways and processes of OS and viral immune response pathways.
I described the transcriptional and epigenetic changes upon stress exposure and EHMT’s/
G9a’s multifaceted ways of transcriptional regulation in response to environmental stress
cues involved in health and diseases.
In Chapter 2, we characterize the transcriptional and physiological role of G9a in the OS
response using the Drosophila model organism. We show G9a is important for a normal OS
- .+*). ѵш(+ )./-).-$+/$*)'/$1/$*)*! Ȃ /*-" ) .)- "0'/ . ) -"4
mobilization during stress thereby increasing tolerance to OS. These results provide novel
$).$"#/.$)/*.0./$)$)"./- ../*' -) /#-*0"# Ȃ$$ )/( /*'$- +-*"-(($)")' 
to the hypothesis of G9a-attributed regulation of stress tolerance through homeostasis. This
energy concept is well known in the context of immune tolerance but has not been shown
concerning abiotic responses.
Motivated to investigate the metabolic contribution of stress tolerance to biotic stressors
we characterized G9a downstream target Sgroppinio in Chapter 3. Sgroppinio, a gene of previously unknown function, is important for viral infection and establishes viral resistance via an
uncharacterized process. This study revealed a peroxisomal function of Sgroppino, providing
a novel link between fat metabolism and viral resistance.
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In light of the newly discovered function of Drosophila G9a in stress tolerance, we investigate
a potential role of human GLP/EHMT1 in OS resistance and potential contribution to Kleefstra
syndrome-associated phenotypes in Chapter 4.
In Chapter 5, we address conserved functions and mechanisms of G9a in stress responses
and stress tolerance using a computational approach by comparing transcriptional datasets of
G9a depleted conditions in Drosophila, mouse and human in response to immune challenge, oxidative and hypoxic stress. The stress-induced transcriptional response is exaggerated across
all stressors upon G9a depletion suggesting conserved mechanisms of G9a transcriptional
- "0'/$*)40Ȃ -$)"$)0/$*)*!./- ..- .+*). " ) .$)Chapter 2. Furthermore, energy-generating metabolic pathways and pleiotropic core stress signaling pathways amongst
/# ш/-" /.- +- . )/$)(0'/$+' /. /.2# - ../- ..Ҋ.+ $!$. ).*-) Ȃ /*-
proteins are uniquely over-induced in a single dataset. Based on our findings, we suggest that
G9a regulates defensive stress response in a stress-specific manner while regulation of energy
homeostasis by G9a represents a universal mechanism of stress tolerance.
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ABSTRACT
Stress responses are crucial processes that require the activation of genetic programs that
protect from the stressor. Stress responses are also energy-consuming and can thus be deleterious to the organism. The mechanisms coordinating energy consumption during stress
response in multicellular organisms are not well understood. Here, we show that loss of the
+$" ) /$- "0'/*-ш$)-*.*+#$'0. ..#$ȅ$)/# /-).-$+/$*)')( /*'$
responses to oxidative stress (OS) that leads to decreased survival time upon feeding the xenobiotic paraquat. During OS exposure, G9a mutants show overactivation of stress response
genes, rapid depletion of glycogen, and inability to access lipid energy stores. The OS survival
deficiency of G9a mutants can be rescued by a high-sugar diet. Control flies also show improved OS survival when fed a high-sugar diet, suggesting that energy availability is generally
a limiting factor for OS tolerance. Directly limiting access to glycogen stores by knocking down
glycogen phosphorylase recapitulates the OS-induced survival defects of G9a mutants. We
propose that G9a mutants are sensitive to stress because they experience a net reduction in
available energy due to (1) rapid glycogen use, (2) an inability to access lipid energy stores,
and (3) an overinduced transcriptional response to stress that further exacerbates energy
demands. This suggests that G9a acts as a critical regulatory hub between the transcriptional
and metabolic responses to OS. Our findings, together with recent studies that established a
role for G9a in hypoxia resistance in cancer cell lines, suggest that G9a is of wide importance
in controlling the cellular and organismal response to multiple types of stress.
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INTRODUCTION
The ability of an organism to sense and adapt to changes in the environment is essential for
survival. In particular, harmful environmental challenges require acute responses to avoid
cellular and organismal damage 1. The coordinated regulation of stress response genes cou+' 2$/#- ''*/$*)*! ''0'- ) -"40. $.- ,0$- /*$(+' ( )/ Ȃ /$1  ''0'-./- ..
responses 2,3. In extreme cases, translation of non-stress-related proteins is repressed, and
cellular energy stores become primarily dedicated to the stress response, at the expense
of other normal cellular processes 4. Little is known about the regulators that safeguard an
++-*+-$/ (+'$/0 *!./- ..- .+*). ) ).0- .0Ȃ$$ )/ ''0'-- .*0- ./* 3 0/ 
) Ȃ /$1  ! ). ѵ
Conserved defense mechanisms have evolved to counteract stress such as heat shock, DNA
damage, and oxidative stress (OS) 1,5. Exposure to xenobiotics such as paraquat or hydrogen
peroxide (H2O2) can lead to increased accumulation of reactive oxygen species (ROS). Increased ROS triggers multiple signaling pathways, which activate key transcription factors
such as c-Jun N-terminal kinase (JNK) 6, activator protein 1 (AP-1) (D-Fos/D-jun) 7, forkhead box
O (FoxO) 8 and activating transcription factor 3 (Atf-3) 9. These transcription factors induce the
expression of ROS scavengers (superoxide dismutases [SODs], catalases, glutathione peroxidases, glutathione S-transferases) and genes involved in the repair of ROS-mediated damage
(peroxiredoxins, proteasomal components, DNA repair machinery)10,11.
Recent studies have indicated that chromatin regulators are critical factors in mediating
the cellular response to stress 12. Chromatin modifiers of the evolutionarily conserved G9a/
euchromatin histone methyltransferase (EHMT) protein family mediate histone H3 lysine 9
dimethylation (H3K9me2) within euchromatic regions of the genome 13. Recently, it has been
shown that G9a is required for hypoxia resistance during the rapid proliferation of cancer cells
in culture 14,15. At the organismal level, G9a is important in mediating responses to various
environmental insults and stimuli, including viral infection16, starvation 17,18, cocaine 19,20 and
learning 21,22. Previously, we characterized putative genomic H3K9me2 target sites of G9a in
Drosophila larvae. These G9a target sites were enriched at genes that are regulated in environmentally induced processes requiring immediate responses, including memory, immune
response, and response to OS 22. Whereas the former was demonstrated to be predictive for defects in learning and memory 22 and immune responses to virus infection 16 of G9a null mutant
flies, the biological relevance of Drosophila G9a OS-related targets has remained elusive.
In the present study, we demonstrate an essential role for G9a in OS tolerance. Our data
suggest that G9a mutants experience an overactivated stress response, elevated glycogen use,
and an inability to access lipid energy reserves, resulting in premature death due to reduced
net energy availability. This defines G9a as an important regulator of transcriptional and
metabolic homeostasis that is required for an optimal metabolic response to stress.
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MATERIAL AND METHODS
Fly Stocks and Maintenance
Flies were reared on standard medium (cornmeal/sugar/yeast) at 25 °C and 70 % humidity
on a 12 h light/dark cycle. Flies were reared at 28 °C and 60 % humidity for tissue-specific
G9a RNAi-mediated knockdown. G9aDD1 and G9aDD2 mutants were generated previously by
P-element excision 22. Although both mutants show undetectable G9a protein by Western
blot, G9aDD2 shows slightly milder phenotypes than G9aDD1 22, indicating that G9aDD2 may be a
strong hypomorph rather than a G9a null allele. A precise transposon excision line has been
generated in the same genetic background and served as a control for G9a null mutants in
'' 3+ -$( )/.ѵȅ -1 -$!$/$*)*!.0-1$1'$)G9aDD1 and G9aDD2 (Figures 1A and S1A),
we continued further experiments using G9aDD1 referred to as G9a null mutant throughout
the paper. The following driver lines were obtained from the Bloomington Drosophila stock
center (Indiana University) actin-Gal4, lsp2-Gal4, dilp2-Gal4: yw; actin-Gal4/CyO (BL4414), yw;;
lsp2-Gal4 (BL6357), w1118; dilp2-Gal4/CyO (BL37516). The driver w1118; UAS-Dicer-2/CyO GFP; elavGal4/TM6C was assembled in house. To generate the G9a and GlyP knockdown progenies and
their isogenic controls, the drivers were crossed to the UAS-G9a-RNAi (w1118; UAS-G9a-RNAi/CyO
(VDRC25474)), UAS-GlyP-RNAi (w1118; UAS-GlyP-RNAi/CyO (VDRC27928)) lines, and to the isogenic
background of the two RNAi lines (w1118 (VDRC60000)). VDRC25474, VDRC27928 and VDRC60000
lines were obtained from the Vienna Drosophila Resource Center (VDRC).

Paraquat exposure and sample collection
'$ .2 - *'' / ȅ - '*.$*))''*2 /*- *1 -!-*(2 exposure for 5 days prior
to paraquat exposure. Paraquat (Methyl viologen dichloride hydrate 98 %; Sigma 856177) was
mixed into the flyfood at 40 °C to a final concentration of 50 mM. For OS induction, 5-9 day old
flies were transferred to paraquat containing food and incubated at 25 °C and 70 % humidity.
At each time point, flies were flash-frozen in liquid nitrogen followed by vortexing and filtering
through a series of sieves to isolate heads from other body parts. Fly heads were used for RNA
extraction and metabolic measurements.

Paraquat survival assay
TriKinetics Drosophila Activity Monitors (DAM2) were used to quantify survival during paraquat
exposure. Flies (5–9 d old) were allowed to recover from CO2 exposure for 5 d. They were transferred by aspiration into 5 mm diameter tubes containing normal food or food supplemented
with 50 mM paraquat and incubated at 25°C and 70% humidity. Raw activity monitor files
2 - +-* .. 0.$)"$' )ррп.*ȅ2- җ-$ $) /$.Ҙѵ*)$/*-*0)/.2 - $)) + -
hour, and time of death was determined when counts reached zero. Survival curves showing
mean survival over time were plotted using Graphpad Prism. p-Values were obtained using
the Gehan-Breslow-Wilcoxon test. Experiments were repeated at least three times.
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Quantification of food intake
Consumption of food intake was quantified using the automated, high-resolution behavioral
monitoring system flyPAD 41. Fully fed individual male flies were placed in flyPAD arenas for
1 hour with standard food containing 1% agarose and 50mM Paraquat, following 0, 6 or 12
hours of Paraquat treatment. Total number of sips, previously shown to be the most reliable
measure of food intake 41, were used.

Treatment and analysis of responses to other stressors
For heat stress, two groups of 20 flies in standard food vials were put in a water bath at 37°C.
*-*'.#*&Ѷ!$1 "-*0+.*!сп!'$ .$) (+/41$'.2 - +0/$).'/-$) $ /#/ەф*!ڤ-р
h and moved to standard food vials for recovery. For MSB (Sigma M5750), flies were exposed to
75 mM MSB-containing food. For starvation, 16 individual flies per genotype were transferred
into vials containing 1% agar. For H2O2, five groups of 20 flies were put on fly food containing 5%
H2O2. Survival was monitored manually or using DAM activity monitors (Materials and methods
subsection Paraquat survival assay). During all stress assays except heat stress, survival was
monitored at 25°C and 70% humidity. All experiments were repeated at least twice. Survival
curves showing percent survival over time were plotted using Graphpad, and p-values were
obtained using the Gehan-Breslow-Wilcoxon test.

High-sugar and high-protein diet
Food was prepared with four-times-increased sugar dose (440 g/liter) or two-times-increased
dry baker’s yeast (56 g/liter) to obtain a high-sugar or high-protein diet, respectively. Flies
were transferred to vials containing either of these diets and 50 mM paraquat and monitored
for survival. Survival curves showing percent survival over time and SE were plotted using
Graphpad, and p-values are obtained using the Gehan-Breslow-Wilcoxon statistical test. Experiments were repeated three times.

Antioxidant treatment
Standard food was prepared, and paraquat was added to a final concentration of 50 mM. Then,
пѵф(1$/($)җɠҊ**+# -*'Ѷ$"(сфчпсуҘ)пѵсф(- 0 "'0//#$*) җ Ҋ'0/thione, Sigma G4251) were added to paraquat-containing food, and flies were subsequently
monitored for survival. Survival curves showing percent survival over time were plotted using
Graphpad, and p-values are obtained using the Gehan-Breslow-Wilcoxon statistical test. Experiments were repeated two times.

RNA-seq and data analysis
RNA was extracted from 200 fly heads per sample using QIAGEN lipid mini tissue kit. The TruSeq
RNA Sample Preparation Kit (Illumina) was used to prepare adapter-ligated PCR fragments for
sequencing. In brief, mRNA was purified from total RNA and fragmented. The cleaved mRNA
was primed with random hexamers and reverse transcribed into first-strand cDNA. The RNA
template was then removed, and a replacement, complementary strand was generated. The
ends of the double-stranded cDNA were repaired and adenylated. Then, sequencing adapters
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were ligated to the prepared cDNA. PCR was used to selectively enrich the fragments containing the adapters. The PCR fragments were validated using Agilent 2200 TapeStation. Single indexed samples were multiplexed and sequenced on an Illumina HiSeq 2500 sequencing system
in single-end mode with a read length of 30 bp. Quality of sequenced reads was assessed
with FastQC. The RNA-seq experiments were conducted on two biological duplicates for
each condition. Sequenced reads were aligned with the Burrows-Wheeler algorithm (BWA) 42
to the Drosophila reference genome (BDGP 5), and per-gene read counts were generated with
HTSeq count 43. A total of 25–30 million reads with high-quality alignment were obtained for
#.(+' )0. !*-$Ȃ - )/$' 3+- ..$*))'4.$.җS1 Data). DESeq 25 was used to
obtain library size–normalized read counts and to generate heatmap and principle component
+'*/.ѵ" ) .җ!*'#)" рѵфѶ%0./ pҊ1'0 ۜпѵпфѶ )%($)$Ҋ *# -"Ҙ2 - $ )/$fied using DESeq in seven pairwise comparisons: control 0 h versus 6 h, control 0 h versus 12
h, G9a mutant 0 h versus 6 h, G9a mutant 0 h versus 12 h, G9a mutant versus control 0 h, G9a
(0/)/1 -.0.*)/-*'х#Ѷ)ш(0/)/1 -.0.*)/-*'рс#ȅ - 3+*.0- җFigure 2,
Figure S3 and S2 Data). The RNA-seq data are available at the NCBI Gene Expression Omnibus
under series accession number GSE110240.

RT-qPCR
RNA was isolated from fly heads in triplicate using the RNeasy Lipid Tissue Mini Kit (QIAgen),
with DNase treatment, and cDNA synthesis was performed using iScript Reverse Transcription
Supermix or the SensiFAST cDNA Synthesis Kit (Bioline). RT-qPCR was performed using a 7500
Fast Real-Time PCR System (Applied Biosystems) and the BioRad CFX 384 with the GoTaq
Green Master Mix (Promega) or SensiFAST SYBR No-Rox kit. Expression of target genes was
normalized to transcript levels of the reference genes betacop, gamma-tubulin 23C, and eIF2.
Detections of GlyP RNAi-mediated knockdown was done as previously described 44. All primers
(S4 DataҘ2 - 1'$/ !*- Ȃ$$ )4*-$)"/*./)-+-* 0- .ѵ

Clustering and GO
Clustering was performed using the PAM algorithm 26. DE genes were clustered based on log2
!*'#)" .$)/# !*0-$Ȃ - )/+$-2$. *(+-$.*).ѵ)'4.$.2.+ -!*-( *)/# 
five principle groups (Figure 2C) using Panther (http://pantherdb.org/) 45 with all Drosophila
genes as the background and with Bonferroni-corrected p-values. Annotation of enzymes
involved in ROS (Figure 3) and metabolic pathways (Figure 5) is based on GO as well as manual
annotation of known enzymes involved in these processes. A complete list of genes and gene
3+- ..$*)1'0 .!*-/# $Ȃ - )/)( /*'$+/#24"-*0+.- .#*2)$)Figures
3 and 5 is provided as S3 Data.

Metabolite analysis
Groups of 20 fly heads in triplicate were used for metabolic measurements. H2O2, lipid peroxidation, and triglyceride and glycogen levels were measured using H2O2 colorimetric assay
(K265), lipid peroxidation (MDA) colorimetric assay (739), triglyceride quantification colorimetric assay (K622), and glycogen colorimetric assay kit II (K648), respectively, according
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to the manufacturer’s protocols (BioVision). Protein level was measured in parallel for each
sample using Pierce BCA Protein Assay Kit, and metabolite levels were normalized to total
protein content. Bar graphs showing mean values and standard error of the means (SEMs)
were generated using Graphpad, and p-values were obtained using multiple t-tests followed
by FDR correction according to Benjamini, Krieger, and Yekutieli.

Microscopy sample preparation and imaging
'4# .2 - *'' / $)с'"ڿ0/-' #4 0Ȃ - 2$/#пѵр.*$0(*4'/ җ+ 
цѵуҘѶ+*./!$3 $)р*ڿ.($0(/ /-*3$ $)' 0Ȃ -җ+ цѵуҘ2$/#пѵфڿ+*/..$0(# 34)*! --/ җ ҘҊ/-$#4-/ )ȅ - #4-/$*)$) /#)*')+-*+4' ) *3$ ѵ-*+.*!фڿ
Triton X-100 in PBS were added to decrease surface tension. Heads were embedded in EPON
epoxy resin and fixed at 50°C overnight. Embedded fly heads were cut transversally with a
microtome blade to the plane where optical lobes connect to the central brain, for consistency
 /2 ). /$*).ѵ*-'$"#/Ҋ($-*.*+4$("$)"Ѷ. ($/#$).'$ .җрɫ(Ҙ2 - 0/).0. quently stained with toluidine blue, and images were captured at 10× magnification using
an Axioskop 2 plus microscope. For scanning electron microscopy images, ultrathin sections
(±80 nm) are made and contrasted with 6% uranyl acetate and lead citrate solutions. Images
were captured on a JEOL 6310 SEM.

RESULTS
G9a is required for optimal survival in response to paraquat-induced OS
To investigate whether G9a is required for OS response, we exposed G9a null mutants (G9aDD1
and G9aDD2) and an isogenic control strain 22 to paraquat, a potent inducer of OS 23. Scoring
survival of the three genotypes over time, we found that G9a mutants showed reduced survival
upon paraquat exposure, dying dramatically faster than the controls. In contrast, untreated
G9a-null mutants and controls showed full viability over the time course of the experiment
(Figures 1A and S1A). To independently verify this finding, we also generated G9a knockdown
flies and exposed them to paraquat. Knocking down G9a using the ubiquitous actin-Gal4 driver
and a previously validated G9a RNA interference (RNAi) line 24 also led to a significant reduction in median survival time during exposure to paraquat compared to controls. Untreated
G9a-knockdown and control flies were viable over the time course of the experiment (Figure
1B). The observation that two G9a-null alleles and G9a-knockdown flies show reduced survival
in response to paraquat suggests that G9a may play a role in OS response. G9a mutant flies
were also sensitive to the OS-inducing agent menadione sodium bisulfite (MSB) (Figure S1B),
demonstrating that the sensitivity to OS is not specific to paraquat.
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Figure 1: G9a is required for resistance to paraquat-induced oxidative stress.

(A) Survival curves of G9a-null mutants and controls upon paraquat-induced OS exposure (treated)
show reduced survival in G9aDD1 mutants (median survival time: G9aDD1 mutants, treated: 24 h, n = 324;
versus control, treated, 48 h, n = 330; p < 0.0001). G9a mutants and controls show normal longevity
without OS exposure (untreated) during the time course of the experiment (G9aDD1, untreated n = 632;
control, untreated n = 697). (B) Survival curves of G9a ubiquitous knockdown flies show reduced survival
upon OS exposure (actin-Gal4 + UAS-G9a-RNAi, treated) compared to the controls (actin-Gal4, treated)
(median survival time: actin-Gal4 + UAS-G9a-RNAi, treated, 14 h, n = 48 versus actin-Gal4, treated, 18
h, n = 48; p = 0.007) and normal longevity when untreated. The ubiquitously expressed actin driver was
combined with a UAS-G9a RNAi construct (actin-Gal4 + UAS-G9a-RNAi) to knock down G9a expression or
crossed to the isogenic background of the RNAi construct to generate the isogenic control (actin-Gal4).
Survival curves showing percent survival over time and SE were plotted using Graphpad, and p-values
were obtained using the Gehan-Breslow-Wilcoxon statistical test. All experiments were independently
replicated at least three times. The numerical data depicted in this figure can be found in S5 Data.

G9a mutants show a highly augmented transcriptional response to OS
Previous chromatin immunoprecipitation sequencing (ChIP-seq) profiling of H3K9me2, the
epigenetic mark deposited by G9a, in G9a mutants versus control larvae revealed that genes
implicated in OS are enriched among putative G9a target genes. Based on this finding and the
increased susceptibility of G9a mutants to OS, we hypothesized that G9a may be required for
an appropriate transcriptional response to OS. To address this hypothesis and to uncover specific mechanisms underlying OS sensitivity of G9a mutant flies, we assessed gene expression
changes in G9a mutants over a time course of OS exposure. For this, we generated transcriptome profiles by RNA sequencing (RNA-seq) of G9a mutant and control heads at 0, 6, and 12 h
ȅ -+-,0/ 3+*.0- ѵ (++ - ./*/# -*.*+#$'- ! - ) " )*( )- / 
normalized count data (see Materials and methods and S1 Data). Euclidean sample to sample
distance (Figure S2A) showed that (1) biological duplicates cluster together, (2) controls and
G9a mutants with no OS exposure cluster apart from each other, (3) samples with OS expo.0- '0./ -+-/!-*(.(+' .2$/#)* 3+*.0- Ѷ)җуҘш(0/)/.(+' .ȅ -х)
12 h OS exposure cluster apart from the control samples with OS exposure. These findings
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.0"" .//#//# - - $Ȃ - ) .$)/# "'*'/-).-$+/$*)'- .+*). /*$)ш(0/)/.
compared to controls. Principal component analysis confirms that sample duplicates cluster
closely together. It also illustrates that transcriptional changes upon OS are more dramatic in
the mutants than in the controls (Figure S2BҘѵ*$ )/$!4$Ȃ - )/$''4 3+- .. җҘ" ) .Ѷ
we used DESeq 252$/#0/*Ȃ.*!рѵфҊ!*'#)" )+Ҋ%ۜпѵпфѵ + -!*-( !*0-+$-2$. 
comparisons: 0 h versus 6 h OS exposure and 0 h versus 12 h OS exposure in controls and G9a
(0/)/.ѵ !*0)сѶцтр" ) ./* $Ȃ - )/$''4 3+- .. $)/' ./*) *!/# !*0-+$-2$. 
comparisons (S2A Data). To reveal patterns in global gene expression changes among the two
genotypes during OS exposure, we used the partitioning around medoids (PAM) R package 26
to identify 12 clusters of genes with similar expression changes in response to OS (Figure
2A). Some of these 12 clusters showed a similar pattern across the four conditions varying
mostly by the amplitude of the changes. These were pooled, resulting in five principal groups
(Figure 2B and Table S2A). Genes in group 1 (271 genes, cluster 1) were up-regulated upon OS
exposure in both G9a mutants and controls to a similar extent. Group 2 (384 genes, cluster 2)
represents genes that were down-regulated in both G9a mutants and controls. Group 3 (1,139
genes, clusters 3–7), the largest group, includes genes that were induced by OS in control and
mutant conditions but to a larger extent in G9a mutants. Group 4 (285 genes, clusters 8–10)
represents genes that were up-regulated in the controls but down-regulated in G9a mutants.
Group 5 (652 genes, clusters 11 and 12) contains genes that were down-regulated in the control
and mutant conditions but to a larger extent in G9a mutants.
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Figure 2: G9a mutants show highly augmented transcriptional responses of genes regulating stress
defenses and metabolism.

(AҘ'0./ -$)"*!$Ȃ - )/$''4 3+- .. " ) .. *)'*"с!*'#)" 1'0 .*/$) !-*(
$Ȃ - )/$' 3+- ..$*))'4.$.$)!*0-+$-2$. *(+-$.*).ѵҗB) Heatmap and boxplots of log2 fold
#)" .*!$Ȃ - )/$''4 3+- .. " ) .*($) $)/*!$1 +-$)$+' "-*0+. -$1 !-*('0./ -.
2$/#.$($'-+// -).*!$Ȃ - )/$' 3+- ..$*)ѵ# !$1 +-$)$+' "-*0+..#*20+Ҋ- "0'/$*)$)ш
mutants and controls (group 1, cluster 1), down-regulation in G9a mutants and controls (group 2, cluster
2), more up-regulation in G9a mutants compared to controls (group 3, clusters 3–7), up-regulated in
controls and down-regulated in G9a mutants (group 4, clusters 8–10), and more down-regulation in G9a
mutants than in controls (group 5, clusters 11 and 12). The number of genes in each group is indicated. (C)
Gene ontology analysis showing the top enriched biological processes sorted by adjusted (Bonferronicorrected) p-value in each of the five principal groups, indicating enrichment in stress response genes
(highlighted in yellow) and metabolic genes (highlighted in brown). The numerical data depicted in this
figure can be found in S5 Data.

Next, we performed gene ontology (GO) enrichment analysis to obtain a global understanding of the biological function associated with the genes in the five principle groups described
in Figure 2B (complete GO statistics are shown in S3A Data). We identified several GO terms
related to stress response in the large group 3 (Figure 2C, highlighted in yellow, e.g., response
to toxic substances, response to stimulus, regulation of translation, immune system process,
protein folding, response to stress), which contained genes that were up-regulated in response
to OS but more up-regulated in G9a mutants (Figures 2A and 2B). Thus, G9a mutants show an
augmented transcriptional response to OS. In addition, many metabolic terms were enriched
(Figure 2C, highlighted in brown). This was especially evident for group 5 genes (Figure 2C,
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e.g., lipid metabolic processes, carbohydrate metabolic processes, carbohydrate transport,
steroid metabolic processes, generation of precursor metabolites, and energy and cellular
amino acid metabolic processes), which were down-regulated in response to stress but more
down-regulated in G9a mutants (Figures 2A and 2B).
We also investigated an alternative RNA-seq data analysis approach by performing pairwise
comparisons of transcriptional changes in G9a mutants versus control at each of the three
/$( +*$)/.ѷпѶхѶ)рс#*! 3+*.0- җ0/*Ȃ.*!рѵфҊ!*'#)" )pҊ%ۜпѵпфҘѵ.$)"
this approach, we identified 2,600 DE genes (S2B Data). By PAM clustering of DE genes, as
described above, we again identified five principle gene expression groups (Figure S3). We
found similar patterns of expression changes and comparable representation of biological
+-* .. .2$/#$)!$1 $Ȃ - )/+-$)$+'"-*0+.җFigure S3 and S3B Data). For example, group 3
of this alternative analysis contained many stress genes that were up-regulated in G9a mutants
*)'4/х)рс#ȅ -0/)*//п#$)./ 4Ҋ.// *)$/$*).ѵ-*0+ф*!/# '/ -)/$1 
)'4.$.*)/$) ()4( /*'$" ) ./#/2 - *2)Ҋ- "0'/ $)ш(0/)/.ȅ -х
and 12 h of OS exposure but not at 0 h in steady-state conditions (Figure S3). Taken together,
we consistently see augmented activation of stress response genes and reduced expression
*!( /*'$" ) .$)ш(0/)/.ȅ - 3+*.0- /*ѵ

Transcriptional overactivation of OS defense mechanisms in G9a mutants
We initially hypothesized that the strongly reduced survival of G9a mutants in response to
OS may be due to the inability to initiate the transcriptional defense mechanisms protecting
against OS. It was thus surprising to identify stress response genes to be enriched in group 3,
characterized by an exaggerated transcriptional response in G9a mutants (Figure 2). We therefore further analyzed specific genes encoding proteins that function in neutralizing ROS and
oxidative damage (Figure 3A. SOD catalyzes the transformation of oxygen radicals (•O ە2) into
H2O2. Catalase, glutathione peroxidases, peroxiredoxins, and thioredoxins help to reduce
H2O2 to water. Examining OS-induced expression changes of these enzymes, we found similar expression in G9a mutants and controls at steady-state. Upon OS exposure, we observed
)$)- . $)(' 1 '.ȅ -х#) 1 )(*- ȅ -рс#*! 3+*.0- Ѷ- .+*). 
that was augmented in G9a mutants (Figure 3B). The most striking examples for augmented
induction by OS are glutathione S-transferase E1 (GstE1Ҙҗ!*'$)- . /рс#ȅ -ۙрѵч
in controls versus 22.1 in G9a mutants, p = 0.017, Figure 3B, *//*(' ȅҘ)peroxiredoxin
2540-1 (Prx2450-1Ҙҗ!*'$)- . /рс#ȅ -ۙсѵс$)*)/-*'.1 -.0.рпѵф$)ш mutants,
p=0.025, Figure 3B, ($' -$"#/Ҙѵ# .  3+- ..$*)$Ȃ - ) .2 - 1'$/ $)$) + ) )/
quantitative real-time PCR (RT-qPCR) experiments (Figure S4A). GstE1, Prx2450-1, and Catalase (Cat) were previously predicted to be G9a targets by H3K9me2 ChIP-seq 22, suggesting
/#/ш($"#/ - ,0$- /*0Ȃ -/# ./- ..Ҋ$)0 $)0/$*)*!.*( - .+*). " ) .ѵ
These data show that G9a mutants are not defective in their ability to induce expression of OS
response genes but rather show increased induction.
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Figure 3: Enhanced expression of antioxidant and ROS damage pathway genes in G9a mutants
upon OS exposure.

(A) Schematic diagram of enzymes crucial for ROS elimination and prevention of ROS-mediated damage.
(B) Normalized expression values for selected genes involved in ROS elimination and ROS-mediated
(" $)ш(0/)/.)*)/-*'./пѶхѶ)рс#ȅ -$)0/$*)ѵ$")$!$) 2. / -($) 
using Student t-test. (C–E) Boxplots showing log2 fold changes for selected groups of genes encoding
glutathione S-transferases, peroxisomal proteins, and the DNA repair machinery. Fold changes were
 -$1 !-*(/# !*''*2$)"+$-2$. *(+-$.*).ѷш(0/)/1 -.0.*)/-*'ȅ -п#җ'$"#/"-4ҘѶ
control 0 versus 6 (dark gray) and 12 h (black) of OS, and G9a mutant 0 versus 6 (orange) and 12 h (brown)
of OS. Statistical comparisons between groups were performed using a Wilcoxon signed-rank test. ***p <
0.001; **p < 0.01; *p < 0.05. The numerical data depicted in this figure can be found in S5 Data.

Cellular ROS can react with and cause damage of lipids, DNA, and proteins. We therefore
further surveyed the expression of protein groups that counteract ROS-mediated damage.
These included glutathione S-transferases, which are responsible for detoxifying peroxidized
lipids (Figure 3C), DNA damage repair machinery (Figure 3D), and genes encoding components of the proteasome complex, a key organelle in clearing damaged proteins (Figure 3E).
)" ) -'Ѷ" ) .$)1*'1 $)/# . +-* .. .- )*/$Ȃ - )/$''4 3+- .. $)ш(0/)/.
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under steady-state conditions (Figures 3C-3EѶш)0''1 -.0.*)/-*'ȅ -п#Ҙѵ/х#
and 12 h OS, glutathione S-transferase genes show a trend toward increased expression in
controls, which is somewhat augmented in G9a mutants (Figure 3C). DNA repair genes show no
$)0/$*)ȅ -$)*)/-*'.*-ш(0/)/.Ѷ2$/#/#  3 +/$*)*!.*( *0/'$ -.җFigure 3D).
For genes encoding components of the proteasome, we observed a trend toward increased
3+- ..$*)$)*)/-*'.ȅ - 3+*.0- Ѷ)/#$.$)- . 2..$")$!$)/'4#$"# -$)ш
mutants (Figure 3E, ш)0''1 -.0.*)/-*'.ȅ -х#ѷ+ۙпѵппрсѶш)0''1 -.0.*)/-*'
ȅ -рс#ѷp=0.0011). Together, our data indicate that G9a mutants show an intact and even
exaggerated transcriptional response of genes implicated in OS defense.

No accumulation of ROS or ROS-induced damage in G9a mutants
Having identified that the transcription of OS defense genes was enhanced in G9a mutants,
we set out to measure markers of OS and oxidative damage in G9a mutants and controls upon
OS induction. We measured H2O2 levels, an intermediate ROS metabolite used as a marker
for ROS levels. G9a mutants already had significantly higher levels of H2O2 at steady-state (0
h OS) compared to controls (Figure 4A). However, H2O2 remained unchanged for up to 18 h
ȅ - 3+*.0- Ѷ2#$#2./# '/ .//$( +*$)//2#$#2 2 - ' /**'' /.0Ȃ$$ )/
living G9a mutant animals to perform measurements. We also estimated lipid peroxidation as
a marker for oxidative damage, by quantifying malondialdehyde (MDA) levels in G9a mutants
and controls (Figure 4B). We observed similar levels of MDA in both genotypes at steady-state
(0 h OS) and no changes in MDA levels upon OS induction. This indicates that G9a mutants are
not defective in clearing ROS or eliminating molecules that are damaged by ROS, in agreement
with the transcriptional data. In addition, we tried to rescue the G9a mutant OS sensitivity
by feeding the antioxidants vitamin E and glutathione at concentrations that have previously
 ).#*2)/**0)/ -/#-(!0' Ȃ /.*!27,28. However, we did not see any beneficial
Ȃ /.*!/# . )/$*3$)/.$) $/# -ш(0/)/.*-*)/-*'.җFigure S5), suggesting that
ROS clearance is not limiting for survival under these conditions.
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Figure 4: No accumulation of ROS or ROS-mediated damage during OS exposure in G9a mutants
and controls.

(A) Hydrogen peroxide and (B) lipid peroxidation levels in G9a mutants and controls over a time course
of OS exposure. Measurements could not be obtained for the G9a mutants at 24 and 48 h time points,
as most flies were already dead (indicated by cross). Bar graphs showing mean values and SEM were
generated using Graphpad, and p-values were obtained using multiple t-tests with FDR correction. ***p
< 0.001; *p < 0.05. The numerical data depicted in this figure can be found in S5 Data.

G9a mutants show altered regulation of metabolic genes driving energy
storage and usage
The results obtained above strongly suggested mechanisms other than an impaired stress response to underlying reduced survival of G9a mutants in response to OS. We therefore turned
to the second predominant biological theme of misregulated genes: genes involved in metabolism. We examined OS-induced expression changes for genes encoding the main enzymes
that drive energy use and storage (Figures 5A, S6, and S7). In G9a mutants at steady-state,
metabolic genes showed very little misregulation (Figures 5B-5M and S7), G9a mutants versus
*)/-*'.ȅ -п#ҘѶ2$/#/#  3 +/$*)*!! 2" ) .$)1*'1 $)/# - "0'/$*)*!!//4$
beta-oxidation and triglyceride synthesis (Figure S6). Upon OS induction, there were no global
changes in expression of genes involved in glycogen metabolism, gluconeogenesis, glycolysis,
pyruvate dehydrogenases, citric acid cycle, ketogenesis, ketolysis, or mitochondrial oxidative
phosphorylation (Figures 5B-5L).# - 2 - '.*)*.$")$!$)/$Ȃ - ) .$) 3+- ..$*)*!
/# . " ) .$)ш(0/)/.*(+- /**)/-*'.ȅ -$)0/$*)җFigure S7). However,
we noticed that specific genes regulating fatty acid beta-oxidation showed highly diverging
expression changes (in either direction, up and down) in response to OS in the G9a mutants
compared to the controls (Figures 5H, S6, and S7). Genes involved in triglyceride synthesis
showed a clear trend toward augmented down-regulation in G9a mutants upon both 6 h and
12 h of OS (Figure 5K, S6, and S7Ҙѵ# (*./-(/$ Ȃ /2.*. -1 !*-/# Lactate
dehydrogenase (Ldh) gene, the sole enzyme responsible for the conversion of pyruvate to
lactate, which was significantly up-regulated in controls upon OS induction and dramatically
*1 -$)0 $)ш(0/)/.җ!*'$)- . /рс#ȅ -ۙрцѵшр!*-*)/-*'.ѶшфѵчтҊ!*'!*-
G9a mutants, p = 0.012, Figure 5M). Like the hyperactivated genes operating in OS defense
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(GstE1, Prx2450-1, and Cat), Ldh was previously identified as a potential direct target gene of
G9a 22. We validated the identified expression changes for several metabolic genes, including Ldh, in an independent RT-qPCR experiment (Figure S4).
Figure 5: Altered expression of metabolic enzymes regulating energy storage and release in G9a
mutants upon OS exposure.

2

(A) Simplified schematic diagram of energy metabolism. (B-M) Boxplots showing log2 fold changes for
selected groups of genes encoding enzymes involved in (B) glycogen breakdown, (C) glycogen synthesis,
(D) gluconeogenesis, (E) glycolysis, (F) pyruvate dehydrogenases (G) citric acid cycle, (H) fatty acid
beta-oxidation, (I) ketogenesis, (J) ketolysis, (K) triglyceride synthesis, and (L) mitochondrial oxidative
phosphorylation. Fold changes were derived from the following pairwise comparisons: G9a mutant versus
*)/-*'ȅ -п#җ'$"#/"- 4ҘѶ*)/-*'п1 -.0.хҗ-&"- 4Ҙ)рс#җ'&Ҙ*!)ш(0/)/п1 -.0.
6 (orange) and 12 h (brown) of OS. (M) Normalized expression values of lactate dehydrogenase. P values were
obtained using a Student’s t-test. ** P<0.01. The numerical data depicted in this figure can be found in S5 Data.
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G9a mutants show accelerated glycogen consumption and failure to mobilize
triglycerides during OS exposure
Having observed misregulation of several genes involved in fat metabolism (see fatty acid
beta-oxidation and triglyceride synthesis, Figures 5, S6, and S7) and energy use (Lactate
dehydrogenase, Figure 5M) in G9a mutant heads at steady-state and upon OS induction, we
asked whether G9a mutants show altered energy use during OS exposure. In controls, glyco" )./*- .2 - "-0''4 +' / /-/ *!ەпѵсш)*-('$5 "'4*" )0)$/.җ)"0Ҙҝ#*1 -
the time course of OS exposure (Figure 6A). Although glycogen levels were 2.5-fold higher in
G9a mutants at steady-state compared to controls (G9a mutants = 19.75 ngu, controls = 7.73
ngu, p < 0.0001, Figure 6A), glycogen stores got depleted at a much higher, exponential rate
җەпѵшш)"0ҝ#Ҙ$)ш(0/)/.Ѷ- #$)"1'0 .'*2 -/#)$)*)/-*'.ȅ -рс#*!ѵ# . $!ferences in glycogen metabolism might be mediated through posttranslational modifications
rather than transcriptional changes since mRNA levels of glycogen regulators were overall not
.$")$!$)/'4$Ȃ - )/$)ш(0/)/.1 -.0.*)/-*'.җFigures 5 and S7).
Similar to glycogen energy stores, triglyceride levels were also highly increased in G9a
mutants at steady-state when compared to controls (G9a mutants = 462.81 normalized
triglyceride units [ntu], controls = 150.06 ntu, p < 0.0001, Figure 6B). Upon OS exposure, tri"'4 -$ ' 1 '."-0''4 - . $)*)/-*'!'$ ./-/ *!ەуѵхч)/0ҝ#җ*)/-*'.п#1 -.0.
18 h, p < 0.001). In contrast, triglyceride levels in the G9a mutants did not decrease during OS
exposure (Figure 6B). In agreement with the measured high triglyceride levels in G9a mutants,
histological sectioning revealed that G9a mutant heads, in comparison to controls, presented
with a striking increase in overall pericerebral fat body size and lipid droplet diameter (Figure
6C). Thus, G9a mutant heads showed a dramatic increase in steady-state energy stores and
showed altered use of these stores during the OS response. This is consistent with the observed
misregulation of genes involved in lipid metabolism in G9a mutants at steady-state and during
OS exposure (Figures 5, S6, and S7).
  .&  2# /# - /#  *. -1  $Ȃ - ) . *! ) -"4 ./*- .  /2 ) ш (0/)/. /
./ 4Ҋ.// )0-$)" 3+*.0- - 0 /*$Ȃ - ) .$)! $)"ѵ !*0)/#/ш
mutants have normal food intake; they eat neither more at steady-state nor less upon OS
exposure, as could be expected in light of increased steady-state energy stores and quickly
declining glycogen (Figure S8). Taken together, these data show that G9a mutants rapidly
used up glycogen during the OS response, and they failed to mobilize triglycerides. The data
'.*$)$/ /#//# *. -1 $Ȃ - ) .$) ) -"4./*- .- .0'/!-*(/-).-$+/$*)')
metabolic dysregulation that occurs despite normal food intake.
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Figure 6: Altered energy stores and accelerated energy consumption in G9a mutants during OS exposure.

2

(A) Glycogen and (B) triglyceride levels in G9a mutants and controls over a time course of OS exposure.
Bar graphs showing mean values and SEMs were generated using Graphpad, and p-values were obtained
using multiple t-tests with FDR correction. ***p < 0.001; n.s., p > 0.05. Metabolites could not be measured
for the G9a mutants at 24 and 48 h time points, as the vast majority of flies had died (indicated by a
cross). (C) Images from toluidine blue-stained sections of G9a mutant and controls heads obtained using
bright-field 10× magnification (top) and scanning electron (bottom) microscopy. Fat body tissues (black
rectangle) lateral anterior and posterior are enlarged in G9a mutants. Electron microscopy sections show
lipid droplets (indicated by star), which are larger in G9a mutants than in controls. The numerical data
depicted in this figure can be found in S5 Data.
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G9a is required for proper OS response in tissues that regulate energy homeostasis
Because the results above revealed abnormal energy consumption and metabolic dysregulation in G9a mutants, we investigated the role of G9a in tissues regulating energy homeostasis.
We performed tissue-specific knockdown of G9a in fat body tissue using the lsp2-Gal4 driver, in
insulin-secreting cells using the dilp2-Gal4 driver, and in all neurons using the elav-Gal4 driver
(Figures 7A-B, and S9). The Drosophila fat body is the main organ for energy storage and important for energy homeostasis during growth and development as well as in immediate energy
release in response to environmental stressors such as starvation, infection 16, and OS 3,29.
G9a knockdown in the fat body reduced survival upon OS, demonstrating a crucial function
of G9a in fat body tissue during OS induction by paraquat (Figure 7A). Drosophila insulin-like
peptide 2 (dilp2) neurons have a neuroendocrine function and are responsible for orchestrating hormonal regulation of energy storage and release via secretion of dilps, which act on the
fat body, muscles, gut, and other organs involved in uptake, storage, synthesis, and release
of energy 30. Decreasing G9a levels in dilp2-expressing neurons also resulted in reduced OS
resistance (Figure 7B). In contrast, pan-neuronal knockdown using elav-Gal4$)*/Ȃ /
OS resistance (Figure S9), possibly because elav-driven Gal4 is not as strongly expressed
as dilp2-driven Gal4 in dilp2-expressing neurons. Taken together, the data suggest that G9a
safeguards energy homeostasis during OS in tissues with a known role in mediating organismal
energy homeostasis.
Figure 7: Tissue-specific requirement for G9a in OS response.

Kaplan-Meier survival curves comparing G9a-knockdown flies to controls. Knockdown was targeted to (A)
fat body and (B) dilp2-expressing cells. (A) Survival curves of flies with fat body-specific G9a knockdown
(lsp2-Gal4 + UAS-G9a-RNAi) and controls (lsp2-Gal4) (median survival time: lsp2-Gal4 + UAS-G9a-RNAi,
15 h, n = 46 versus lsp2-Gal4, 23 h, n = 46; p = 0.0007). (B) Survival curves of flies with insulin-secreting
cell-specific G9a knockdown (dilp2-Gal4 + UAS-G9a-RNAi) and controls (dilp2-Gal4) (median survival
time: dilp2-Gal4 + UAS-G9a-RNAi, 22 h, n = 41 versus dilp2-Gal4, 33 h, n = 45; p = 0.0002). Fat body- or
insulin-secreting cell-specific drivers were combined with a UAS-G9a RNAi construct (lsp2-Gal4 + UASG9a-RNAi [A], dilp2-Gal4 + UAS-G9a RNAi [B]) to repress G9a expression in a tissue/cell-specific manner or
crossed to the isogenic background of the RNAi lines to generate the isogenic controls. Survival curves
showing percent survival and SE over time were plotted using Graphpad, and p-values were obtained using
the Gehan-Breslow-Wilcoxon test. All experiments were independently replicated at least three times.
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Energy availability is a key determinant of OS resistance
Finally, we asked whether energy could be a limiting factor for survival in our paraquat-induced OS regime and whether abnormal energy consumption in G9a mutants underlies their
premature death in response to OS. We addressed these questions by manipulating glucose
availability in G9a mutant and control animals.
First, we provided a high dose of glucose as an immediately accessible energy source (Figure 8A).
This high-sugar diet restored survival of G9a mutants to control levels (G9a null versus G9a null
high sugar, p < 0.0001; controls versus G9a null high sugar, p = 0.885) while also extending the
survival of controls (controls versus controls high sugar, p > 0.0001 (Figure 8A). In contrast,
when flies were provided a high-protein diet, no improvement of survival in G9a mutants or
controls was observed (Figure 8B). Improved OS resistance in response to a high-sugar diet
in G9a mutants and controls suggests that energy availability is generally a limiting factor
$)- .$./) ѵ*$- /'4- ..$!'$($/$)" ) -"41$'$'$/4Ȃ /.- .$./) Ѷ2 
determined the survival of flies with ubiquitous knockdown of glycogen phosphorylase (GlyP),
the rate-limiting enzyme responsible for glycogen breakdown into glucose. Ubiquitous GlyP
RNAi knockdown resulted in a 66% reduction in GlyP mRNA (Figure 8C) and caused partial
lethality. The surviving GlyP-knockdown adults recapitulated the reduced OS tolerance of
G9a mutants (Figure 8D). Taken together, these data show that access to energy stores is
a limiting factor in resistance to OS exposure. G9a mutants, which are characterized by a
perturbed metabolic response to OS resulting in a net reduction of available energy, show
reduced OS resistance.
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Figure 8: OS-mediated survival defects of G9a mutants can be rescued by a high-sugar diet and are
recapitulated by inhibition of glycogen breakdown.

(A, B) Survival curves of G9a mutants and controls fed or not with a high-sugar (A) or high-protein (B) diet
during OS exposure. (C) GlyP relative expression in ubiquitous GlyP-knockdown flies (actin-Gal4 + UASGlyP-RNAi) and controls (actin-Gal4), as determined by qPCR. To generate these flies, the ubiquitously
expressed actin driver was combined with a UAS-GlyP RNAi construct (actin-Gal4 + UAS-GlyP-RNAi) to
knock down GlyP expression or crossed to the isogenic background of the RNAi construct to generate the
isogenic control (actin-Gal4). (D) Survival curves of GlyP ubiquitous knockdown flies and controls (actinGal4, treated) upon paraquat-induced OS (treated) or untreated. Genotypes are as in (C). Median survival
time actin-Gal4 + UAS-GlyP-RNAi (treated): 28 h, n = 96 versus actin-Gal4 (treated) 79 h, n = 96; p < 0.0001.
Survival curves showing percent survival and SE over time were plotted using Graphpad, and p-values
were obtained using the Gehan-Breslow-Wilcoxon test. The numerical data depicted in this figure can
be found in S5 Data. GlyP, glycogen phosphorylase; n.s., not significant; OS, oxidative stress; qPCR,
quantitative PCR; RNAi, RNA interference; SE, standard error.
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DISCUSSION
In this study, we found that G9a mutants show reduced survival upon OS exposure and investigated the underlying transcriptional and physiological mechanisms. Transcriptional profiling
revealed that the largest group of DE genes are highly augmented upon OS induction in the
G9a mutant (41.7% of all DE genes, Group 3, Figure 2B). The second-largest group of DE genes
(23.9% of all DE genes, Group 5, Figure 2B) were more down-regulated in G9a mutants in response to OS. Genes that are overactivated in G9a mutants are predominantly involved in OS
response and OS-mediated damage, whereas genes that are down-regulated in G9a mutants
are involved in energy metabolism.
Analyses of OS markers revealed that G9a mutants were able to cope with the OS challenge,
since ROS levels and OS-mediated damage were not increased in G9a mutants (Figure 4),
and antioxidant supplementation did not rescue G9a mutant survival during OS (Figure S5).
Instead, G9a mutants showed abnormal energy use during OS exposure that was characterized
by rapid depletion of glycogen stores and by a failure to mobilize triglycerides (Figure 6).
Death of the mutant population coincided with exhausted glycogen stores and was rescued
Ȃ /$1 '44.0++'4$)")$(( $/ '41$''  ) -"4.*0- Ѷ"'0*. җFigure 7). Moreover,
we found that energy stores also declined in control animals in response to the applied OS
regime and that survival of controls also improved upon glucose supplementation, suggesting
that energy availability, in general, is a limiting factor in OS resistance. In support of this, we
demonstrated that directly limiting access to glycogen stores through knockdown of GlyP, the
rate-limiting enzyme in glycogen mobilization, also causes OS sensitivity. Together, our data
suggest that G9a safeguards appropriate transcriptional and metabolic responses to OS to
ensure that optimal energy recourses are available to fuel the stress response.

Mechanistic basis of OS susceptibility in G9a mutants
We propose that three mechanisms may contribute to increased OS susceptibility in G9a mu/)/.ѷҗрҘ$) ..$' !/./*- .ѶҗсҘ$) Ȃ$$ )/0. )/#0. ' -/ 2./$)"*!"'4*" )Ѷ
and (3) an overactivated transcriptional response to OS that will consume additional energy.
At steady-state, expression of the lipid phosphatases CG11437 and CG11438, which are
important for triglyceride synthesis, are up-regulated in G9a mutants (Figures 5K, S4B,
S6, and S7). Furthermore, expression of heimdall and bubblegum, two important enzymes
in charge of breaking down triglyceride long-chain fatty acids, are down-regulated in G9a
mutants (Figures 5H, S4B, S6, and S7). These findings may account for the identified high
triglyceride stores and increased abundance and size of fat body lipid droplets in G9a mutants
at steady-state (Figure 6B-C). Heimdall and bubblegum expression levels remain low in G9a
mutants during OS exposure, whereas in controls heimdall is strongly induced, which could
explain the defect in lipid mobilization during the OS response. Three transcription factors
are known to bind to both heimdall and bubblegum (cis-regulatory elements dorsal, kruppel,
and medea 31), but none of them has been linked to G9a, and in general, little is known about
G9a’s sequence-specific cofactors.
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Whereas triglycerides remain inaccessible in G9a mutants, we observed rapid exhaustion
of glycogen stores, suggesting that there is a high energy demand during the OS response.
Depletion of glycogen stores during OS exposure has been reported previously 32. Energy is
needed for the rapid production and activity of ROS protective enzymes. In the absence of G9a,
ROS protective enzymes are overactivated (Figure 3). Our data argue that this inappropriate
scaling of the transcriptional response to OS causes an additional energy demand in G9a mutants that is exacerbated by their deficiency in triglyceride breakdown, resulting in early death
due to lack of available energy. Some of the overactivated genes, such as GstE1, Prx2450-1, Cat,
and Ldh, were previously identified as targets for G9a-mediated H3K9me2. This suggests that
/#$. +$" ) /$(*$!$/$*)($"#/. -1 /*0Ȃ -./- ..Ҋ$)0 " ) /$1/$*)Ѷ.2 #1 
previously observed in the response to viral infection 16ѵ *2 1 -Ѷ/# .  +$" ) /$$Ȃ - ) .
were identified originally in whole larvae, and it remains to be seen if chromatin changes are
also present in G9a mutant heads or in other specific tissues/cells that we identified to be
important, such as the fat body or dilp2-expressing neurons.
0-/!0-/# -$)$/ /#/ш(0/)/.(4.0Ȃ -!-*()Ҋ$)0 ( /*'$.#$ȅ
- .0'/$)"$) ) -"4Ҋ2./$)"Ѷ&)*2)./# -0-" Ȃ /*- -*$"'4*'4.$. 33. The rapid
use of glycogen (Figure 6A) and the highly increased expression of Ldh in G9a mutants under
stress conditions (Figure 5M) - *).$./ )/2$/#/#$.( /*'$.// /#/$.*ȅ ). )$)
tumors, in which all energy is derived from glycolysis rather than from mitochondrial oxidative
phosphorylation, despite the presence of oxygen. Under these conditions, the main product
of glycolysis, pyruvate, is converted to lactate by Ldh, a process that produces energy quickly
0/' .. Ȃ$$ )/'4/#)($/*#*)-$'*3$/$1 +#*.+#*-4'/$*)ѵ

G9a functions as a protective factor in various stress responses
Recently, it was suggested that G9a is required for optimal survival in response to starvation
in Drosophila 17. An and colleagues 17 proposed that the role of G9a is highly specific for this
type of stress, as they were unable to detect susceptibility of G9a mutants to heat stress and
*. -1 )*$Ȃ - ) $).0-1$1'/$( 0+*) 3+*.0- /*рп(+-,0/2# )*(+- /*
controls. In contrast, we demonstrate the importance of G9a in the transcriptional and physiological response to OS and have previously provided evidence for G9a’s role in the response
to virus infections 16. In addition, we have observed that G9a-deficient flies are sensitive to
several stresses in addition to paraquat, including the alternative potent OS-inducing agent
MSB (Figure S1B), and other stressors such as heat stress (Figure S10A) and cold shock (Figure
S10B). Our observations are supported by several recent cell culture studies indicating the
importance of G9a in hypoxia resistance during the rapid proliferation of cancer cell lines 14,15.
Thus, in contrast to previous conclusions 17, it appears that Drosophila G9a has a protective
!0)/$*)$)- .+*). /*(0'/$+' $Ȃ - )//4+ .*!./- ..ѵ)*/# --  )/./04#..#*2)
that G9a mutants show increased resistance to starvation on agar media 34, which is consistent with our findings (Figure S10C) and makes sense in light of the increased steady-state
energy stores. The inconsistencies with An and colleagues 17 might arise from methodological
$Ȃ - ) ./#/2 -  (+'*4 4/# 0/#*-.Ѷ.0#./# 0. *!#$"#/ (+ -/0- җсшڤҘ$)
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combination with using filter paper during starvation assays, as opposed to agar media. It is
conceivable that these conditions might result in confounding factors such as dehydration.
Here, we report reduced survival of two G9a-null mutants and G9a RNAi-mediated knockdown flies upon exposure to 50 mM paraquat, which induces lethality within 48 h (Figure 1). An
and colleagues concluded that G9a is not important for OS resistance. Their applied level of OS
using 10 mM paraquat appears to be mild, as flies survived for up to 20 d 17. This may suggest
that G9a is particularly essential to defeat high levels of OS, which may be supported by our
observation that G9a was not required for OS resistance when exposed to 5% H2O2 (Figure
S10D), a milder OS agent than paraquat. It is also compatible with our finding that G9a mutants
are well able to combat ROS and oxidative damage, even under high OS as tested in our study
and that decreased OS resistance results from an energy shortage. An and colleagues also
observed that G9a mutants have a higher level of glycogen in steady-state conditions, which
is rapidly depleted in response to starvation. They did not observe increased triglycerides
in G9a mutant flies, nor did they observe an inability to access these stores in response to
starvation, findings for which we provided evidence both in histology as well as in metabolite
assays (Figure 6Ҙѵ'/#*0"#/# $.- +)4/./ 4Ҋ.// (4- '/ /*/# $Ȃ - )/ш
mutants that they have utilized, triglyceride usage in G9a mutants may also be specific to
the type of stress. Taken together, these studies suggest that G9a is involved in a complex
metabolic response to multiple types of environmental stress.

Potential relevance of the identified transcriptional and metabolic dysregulation to human disease
Recent studies have shown that G9a dampens the expression of target genes regulating hypoxia, tumor suppression, autophagy, and angiogenesis, making it an attractive target to interfere with cancer progression 14,15. Of note, mutations in the G9a orthologue EHMT1 in humans
cause Kleefstra syndrome, a neurodevelopmental disorder that is characterized by intellectual
disability and autism 24,35, also characterized by neurodegenerative features 36. Whether the
disorder is characterized by increased cancer resistance and/or metabolic defects is unknown,
but increased frequency of obesity has been reported as a feature of Kleefstra syndrome 37,38.
Combined loss of Drosophila heimdall and bubblegum, the two key enzymes of triglyceride
long-chain fatty acid breakdown that we found to be highly down-regulated in G9a mutants,
causes neurodegeneration 39, raising the possibility that equivalent metabolic mechanisms
could underlie neurodegenerative features of Kleefstra syndrome 36. Our data propose metabolic dysregulation as a novel hypothesis about the mechanisms underlying physiological
and pathological aspects of Kleefstra syndrome, meriting novel lines of clinical investigation.
In conclusion, we have identified a role for Drosophila G9a in the transcriptional and metabolic response to systemic OS exposure. These findings were obtained by feeding adult
Drosophila a lethal dose of paraquat. Notably, paraquat has been used as an herbicide in ag-$0'/0- )1 -.  Ȃ /.*)# '/#0 /*#-*)$ 3+*.0- - 2 ''./0$ $)#0().40.
While our experimental conditions do not mimic the environmental exposure in human populations, it has allowed us to identify the mechanistic role of G9a as a generally protective
factor in the organismal response to environmental stress.
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SUPPORTING INFORMATION
Figure S1: G9a mutants show reduced survival to OS. G9a mutants show reduced survival to OS.

(A) Survival curves of G9aDD2 mutants and controls upon paraquat-induced OS exposure (treated) show
reduced survival in G9aDD2 mutants (median survival time: G9aDD2 mutants, treated: 48 h, n = 57; versus
control, treated, 72 h, n = 57; p < 0.0001). G9a mutants and controls show normal longevity without
OS exposure (untreated) during the time course of the experiment (G9aDD2, untreated n = 118; control,
untreated: n = 118). Survival curves showing percent survival over time and SE were plotted using
Graphpad, and p-values are obtained using the Gehan-Breslow-Wilcoxon statistical test. (B) Survival
curves of G9a-null mutants and controls upon MSB-induced OS exposure show reduced survival in G9a
mutants (median survival time: G9aDD1 mutants, treated: 33 h, n = 80; versus control, treated, 58 h, n = 80;
p < 0.0001). Survival curves showing percent survival over time and SE were plotted using Graphpad, and
p-values are obtained using the Gehan-Breslow-Wilcoxon statistical test. The numerical data depicted
in this figure can be found in S5 Data.
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Figure S2: Comparison of transcriptional profiles (RNA-seq) from G9a mutant and control during
OS exposure.

2

(A) Heatmap shows Euclidean sample-to-sample distances of RNA-seq OS samples, using normalized
count data. Phylogenic tree on top of the figure shows Euclidean distance of OS samples; corresponding
.(+' )( .- .#*2)//# *//*(ѵ# *'*-& 4$)$/ .*-- '/$*)* Ȃ$$ )/*!*) .(+' 
(y-axis) to the other sample (x-axis). DESeq-normalized reads per gene obtained from RNA-seq were
compared between samples. (B) Principal component analysis showing the clustering of biological
replicates in the two largest components contributing to sample variance. OS sample conditions are
shown on top of the figure, and corresponding dots represent variance of individual samples compared
to all other samples. Note that the two control sample data points (in red) are overlapping. The numerical
data depicted in this figure can be found in S5 Data.
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Figure S3: G9a mutants show highly augmented transcriptional response of genes regulating stress
defense and metabolism (alternative comparison).

This figure shows an alternative analysis approach to Fig 2. Here, expression values of the G9aDD1 mutants
- *(+- /*/# *)/-*'.//# $Ȃ - )//$( +*$)/.ѵҗA) Partitioning around medoids clustering of
$Ȃ - )/$''4 3+- .. " ) .. *)'*"с!*'#)" 1'0 .*/$) !-*($Ȃ - )/$' 3+- ..$*)
analysis in alternative three pairwise comparisons. (B) Heatmap and boxplots of log2 fold changes of
$Ȃ - )/$''4 3+- .. " ) .*($) $)/*!$1 +-$)$+' "-*0+. -$1 !-*('0./ -.2$/#.$($'-
+// -).*!$Ȃ - )/$' 3+- ..$*)ѵ# !$1 +-$)$+' "-*0+..#*20+Ҋ- "0'/$*)$)ш(0/)/.0) -
all OS conditions (group 1, clusters 1–3), down-regulation in G9a mutants under all OS conditions (group
сѶ'0./ -.уҌхҘѶ0+Ҋ- "0'/$*)$)ш(0/)/.*)'4ȅ -х)рс#җ"-*0+тѶ'0./ -.ц)чҘѶ0+Ҋ
- "0'/ $)ш(0/)/./п#)*2)- "0'/ $)ш(0/)/.ȅ - 3+*.0- җ"-*0+уѶ
'0./ -.ш)рпҘѶ)(*- *2)Ҋ- "0'/$*)$)ш(0/)/.ȅ - 3+*.0- җ"-*0+фѶ'0./ -.рр
and 12). The number of genes in each group is indicated. (C) Gene ontology analysis showing the top
enriched biological processes sorted by adjusted (Bonferroni-corrected) p-value in each of the five
principal groups, indicating enrichment in stress response genes (highlighted in yellow) and metabolic
genes (highlighted in brown). The numerical data depicted in this figure can be found in S5 Data.
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Figure S4: Validation of ROS and metabolic RNA sequencing expression values by quantitative real-time PCR.

2

(AҘ-"-+#*!$Ȃ - )/$''4 3+- .. " ) .$)ш(0/)/.)*)/-*'$)1*'1 $)*-( /*'$
pathways during 0, 6, and 12 h OS exposure. Bars show log2 fold change values with SEM, and p-values
are obtained using two-way ANOVA. (B) qPCR validation of a set of metabolic genes; bars show log2
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fold change values with SEM, and p-values are obtained using Student t-test. *p = 0.01; **p = 0.001;
***p = 0.0001; ****p < 0.0001; n.s., p > 0.05. (C) Scatterplot showing a strong correlation between log2 fold
change values obtained from RNA sequencing (y-axis) and qRT-PCR (x-axis). Linear regression value is 0.85,
and Pearson correlation value is 0.92. The numerical data depicted in this figure can be found in S5 Data.

Figure S5: No improvement of reduced survival of G9a mutants by Antioxidant treatment.

(A, B) Survival curves show G9a mutants and controls fed with vitamin E (0.5 mM) (A) or GSH (0.25 mM) (B)
during OS exposure. (A) Vitamin E–treated G9a mutants (G9a null Vitamin E) and controls (control Vitamin
E) show no improvement compared to only paraquat-treated flies. (B) GSH-treated G9a mutants (G9a null
GSH) and controls (Control GSH) show no improvement compared to only paraquat-treated flies. Survival
curves showing percent survival over time and SE were plotted using Graphpad, and p-values are obtained
using the Gehan-Breslow-Wilcoxon test. The numerical data depicted in this figure can be found in S5 Data.
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Figure S6: G9a mutants show downregulation of triglyceride synthesis and lipid breakdown genes
at steady-state and during OS exposure.

2

Boxplots showing log2 fold changes for selected groups of genes encoding enzymes involved in (A)
triglyceride synthesis and (B) fatty acid beta-oxidation. Genes CG11437 and CG11438 (red circles), as
well as bubblegum (blue) and heimdall (green), are highlighted as highly dysregulated genes (circles
and arrows). The numerical data depicted in this figure can be found in S5 Data. OS, oxidative stress.
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Figure S7: G9a mutants show highly augmented transcriptional response of genes regulating stress
defenses and metabolism at steady-state.

(A-K) Boxplots showing log2 fold changes for selected groups of genes encoding enzymes involved
in glycogen breakdown (A), glycogen synthesis (B), gluconeogenesis (C), glycolysis (D), pyruvate
dehydrogenases (E), citric acid cycle (F), fatty acid beta-oxidation (G), ketogenesis (H), ketolysis (I),
triglyceride synthesis (J), and mitochondrial oxidative phosphorylation (K). Fold changes were derived
from the following pairwise comparisons: G9a mutant versus control at 0 (beige), 6 (orange), and 12 h
(dark orange) of OS. The numerical data depicted in this figure can be found in S5 Data.
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Figure S8: G9a mutant food intake during OS exposure.

2

Food intake is indicated as the cumulative number of total sips, as measured using the FlyPAD assay, at 0, 6,
and 12 h of OS. p-Values are obtained using 2-way ANOVA; n.s., p > 0.05. The numerical data depicted in
this figure can be found in S5 Data. n.s., not significant; OS, oxidative stress.

$"0- шѷ)) 0-*)'ш&)*&*2)* .)*/.$")$!$)/'4Ȃ / .0-1$1'0-$)"ѵ

Survival curves of pan-neuronal G9a knockdown (UAS-dicer2; elav-Gal4 + UAS-G9a-RNAi) during OS
exposure does not result in a significant reduction of survival compared to the controls (UAS-dicer2; elavGal4) (median survival time: UAS-dicer2; elav-Gal4 + UAS-G9a-RNAi, 24 h, n = 32 versus UAS-dicer2; elavGal4, 23.5 h, n = 32; p = 0.071). The pan-neuronally expressed elav driver was combined with a UAS-G9a RNAi
construct (UAS-dicer2; elav-Gal4 + UAS-G9a-RNAi) to knock down G9a expression or crossed to the isogenic
background of the RNAi construct to generate the isogenic control (UAS-dicer2; elav-Gal4). Survival curves
showing percent survival over time and SE were plotted using Graphpad, and p-values are obtained using
the Gehan-Breslow-Wilcoxon test. The numerical data depicted in this figure can be found in S5 Data.
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Figure S10: Response of G9a mutants to other stressors.

(A-B) Survival curves show reduced survival of G9a mutants during heat stress (37°C, p < 0.001, n = 55)
җҘ)*'.#*&- *1 -4җەуڤѶp < 0.001, n = 130) (B), compared to controls. (C) G9a mutants are less
sensitive to starvation and survive longer than controls (p = 0.0023, n = 16). (D) Survival of G9a mutants
on hydrogen peroxide is not significantly decreased compared to controls (p = 0.0621, n = 225). G9a
mutants in (A): G9aDD2, all other panels: G9aDD1. Survival curves showing percent survival over time and
SE were plotted using Graphpad, and p-values are obtained using the Gehan-Breslow-Wilcoxon test. The
numerical data depicted in this figure can be found in S5 Data.

S1 Data: Read count and alignment statistics for RNA sequencing.
S2 Data:$Ȃ - )/$' 3+- ..$*))'0./ -$)".//$./$.!*-Ҋ. ,/$)Fig 2 and S3 Fig.
S3 Data: Gene ontology enrichment statistics for the five principle groups in Fig 2 and S3 Fig.
S4 Data: Primer sequences of genes used for RT-qPCR.
S5 Data: Numerical values of underlying figures.
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ABSTRACT
The fruit fly Drosophila melanogaster is a valuable model organism for the discovery and characterization of innate immune pathways, but host responses to virus infection remain incompletely understood. Here, we describe a novel player in host defense, Sgroppino (Sgp). Genetic
depletion of Sgroppino causes hypersensitivity of adult flies to infections with the RNA viruses
Drosophila C virus, cricket paralysis virus, and Flock House virus. Canonical antiviral immune
pathways are functional in Sgroppino mutants, suggesting that Sgroppino exerts its activity via
an as yet uncharacterized process. We demonstrate that Sgroppino localizes to peroxisomes,
organelles involved in lipid metabolism. In accordance, Sgroppino-deficient flies show a defect
in lipid metabolism, reflected by higher triglyceride levels, higher body mass, and thicker
abdominal fat tissue. In addition, knock-down of Pex3, an essential peroxisome biogenesis
factor, increases sensitivity to virus infection. Together, our results establish a genetic link
between the peroxisomal protein Sgroppino, fat metabolism, and resistance to virus infection.
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INTRODUCTION
Viruses are the most abundant biological entities on earth, capable of infecting all cellular life
forms 1. Being intracellular parasites, viruses exploit host cellular machineries and pathways at
every step of their replication cycle. As a consequence, a myriad of host defense mechanisms
have evolved that directly or indirectly restrict viral replication.
Cellular organelles are exploited by viruses for entry, replication, and assembly 2. For example, many viruses enter the cell through endosomal compartments 3, several DNA and RNA
viruses remodel the ER network or other intracellular membranes into replication organelles
for genome replication 4–6, and enveloped viruses use cellular membranes for their assembly 2.
Yet, cellular organelles also play important roles at the other side of the virus-host interface, as
they are important sites for immune signaling in mammals 7. For instance, Toll-like receptors
at the plasma membrane and in endosomal compartments patrol the extra-cellular environment to detect pathogen-associated molecular patterns (PAMPs) 8, whereas mitochondrial
membranes are sites for immune signaling via mitochondrial antiviral signaling protein (MAVS)
ȅ -. ).$)"*!1$-'4 Ҋ Ҋ'$& -  +/*-.$)/# 4/*+'.(8.
The fruit fly Drosophila melanogaster is a powerful model organism for the identification
and characterization of host defense mechanisms 9–11, by virtue of its well-annotated genome
and vast genetic toolbox. RNA interference (RNAi), for example, is a major antiviral mechanism
that is initiated by processing of viral double-stranded RNA into small interfering RNAs by
Dicer-2. These small RNAs guide cleavage of viral RNA by the Argonaute-2 containing RNA
induced silencing complex 12,13. In addition, virus infection activates signaling pathways to
$)0 /-).-$+/$*)'- .+*). .Ѷ.0#./#  &Ҋ//+/#24)/# ҊɩҊ + ) )/*''
and Imd pathways 14–21. These pathways seem to participate in antiviral defense in a virus-specific manner and their relative importance may also depend on the route of inoculation. For
instance, Toll signaling is required for resistance to oral, but not systemic infection 20. Finally,
essential cellular processes, such as autophagy and the heat shock response, are also required
for resistance to virus infection 22–25.
Here, we describe a novel player in host defense against RNA viruses in Drosophila, which
we named Sgroppino. Sgroppino-deficient flies are hypersensitive to RNA virus infection,
which in the case of Drosophila C virus was associate with higher levels of replication. We
demonstrate that Sgroppino localizes to peroxisomes and that knock-down of the peroxisome
biogenesis factor Pex3 causes hypersensitivity to virus infection. In agreement with its predicted function, Sgroppino mutant flies exhibit defects in lipid metabolism. Altogether, our
/ (*)./-/ /#/"-*++$)*+-/$$+/ .$)#*./- .+*). Ѷ+*..$'44Ȃ /$)"'$+$
metabolism in peroxisomes.
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MATERIALS AND METHODS
Fly strains and husbandry
Flies were raised on standard cornmeal-agar medium at 25 °C in a light/dark cycle of 12 h/12 h.
All experiments, including RNAi mediated knock-downs were performed at 25 °C. The CG13091/
Sgroppino mutant (referred to as SgpʪȝʪҘ*)/$).қ"4сҜ/-).+*.*)$). -/$*)$)/# т܄Ҋ0)translated region of the CG13091 transcript 26 (Supplementary Fig. 1B). Sgpʪȝʪ and Arm-Gal4
driver lines were obtained from Bloomington Stock Center (stock numbers 15973 and 1561).
Flies expressing SgpRNAi and Ago2RNAi hairpins under control of UAS were obtained from the
Vienna Drosophila Stock center (stock no. 100943 and 49473) and UAS-Pex3RNAi and UAS-GFPRNAi
flies from the NIG-Fly Stock Center (stock no. 6859R-4 and GFP-IR-1). Hsf 4 and CnBw fly lines
have been described previously 25. We used y1w1 flies as control for Sgpʪȝʪ in all experiments.
In vivo RNAi experiments were performed by crossing GMR-Gal4, UAS-Diap1RNAi/CyO; Ago2321/
TM6, Sb virgins 27 with male UAS-SgpRNAi flies, UAS-Ago2RNAi flies, or control flies containing
the attP landing site that was used to introduce the RNAi-inducing transgenes (y1v1; attP2;
Bloomington stock no. 36303). The eye phenotype was assessed in three to five-day-old female
р*Ȃ.+-$)"*)/$)$)"/# хѶ') -)'&$)"/# 4') -ѵ
The 6 single nucleotide polymorphisms (SNPs) sites in the pastrel locus of Sgroppino mutants and y1w1 flies were determined by sequencing, as previously described 28. Sgp mutants
contained the following SNPs (genome positions: 3L:7,350,452 G, 3L:7,350,453 G, 3L:7,350,895 T,
3L:7,352,880 C) and two SNPs in introns (3L:7,351,494 T, 3L:7,352,966 G). With the exception
of the SNP at position 3L:7,352,280 T, the y1w1 control flies contained identical SNPs as Sgp
mutants, including the SNP at the 3 L:7,350,895 position that is strongly associated with resistance to DCV infection 29.

Starvation and heat shock assay
For the starvation assay, three to five-day-old flies were transferred, without using CO2 anesthesia, from standard fly food to starvation medium, consisting of distilled water jellified
with 0.66% agar (wt/vol) (adapted from 30). For the heat shock assay, three to five-day-old flies
were incubated at 35 °C for 4 days. Flies were transferred to fresh medium every 2 days, and
survival was assessed daily.

Weight measurement
Embryos were collected on apple juice-agar plates as previously described 28ѵ$ȅ4 (-4*.
were transferred to a single culture vial containing standard cornmeal-agar medium and cultured at 25 °C. Five to seven-day-old flies were collected and frozen in groups of ten individuals
of a single sex. The weight of each group was determined on a precision scale and expressed
as mass per individual fly.
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Time to pupation assay
$ȅ4 (-4*.2 - "-*2)*)./)-*-)( 'Ҋ"-( $0(/сфڤѶ. .-$ !*-2 $"#/
measurement. The appearance of pupae was scored twice a day.

Quantification of triglycerides
#- +**'.*!/2*!'$ .2 - #*(*" )$5 $)рфпɫ '4.$.0Ȃ -җрڿҊуп$)Ҙѵ(+' .
were heated for 5 minutes at 90 °C and allowed to cool down at room temperature; this step
was repeated twice. Debris was pelleted by centrifugation at 16,000 g for 2 min, and supernatant was transferred to a new tube. Total protein concentration was quantified using the
$ - +-*/ $)..4&$/җ# -(*$ )/$!$Ҙ*)сфɫ *!0)$'0/ '4./ Ѷ!*''*2$)"/# 
manufacturer’s instructions. Triglycerides were measured with the Triglyceride Quantification
kit (BioVision), following the manufacturer’s instructions using a 1:40 dilution of the same
lysate. Colorimetric measurements were performed at 570 nm using a Biotek Synergy 2 plate
reader. All measurements were performed in triplicate, and triglyceride levels were normalized
against protein levels.

Quantification of lipid peroxidation
Peroxidized lipids were quantified using the lipid peroxidation kit (K739, BioVision) following the manufacturer’s instructions. Three pools of 20–40 young (2–4 days) and old (10–12
4.Ҙ!'$ .2 - '4. $)тппɫ ('*)$' #4 җҘ'4.$.0Ȃ -)#*(*" )$. *)
QIAshredder column (QIAGEN) at 13,000 g for 10 min. Homogenates were diluted 1:4 before
measurement. Total protein concentration was quantified using the Pierce BCA protein assay
&$/җ# -(*$ )/$!$Ҙ*)сфɫ *!0)$'0/ '4./ Ѷ!*''*2$)"/# ()0!/0- -ҁ.$)./-0/$*).ѵ
Colorimetric measurements were performed at 532 nm using a Biotek Synergy 2 plate reader.
All measurements were performed in duplicate, and lipid peroxidation levels were normalized
against total protein content of the sample.

Virus and bacterial infection
Fly stocks were cleared of Wolbachia and persistent virus infections as previously described 28.
ȅ -) ./# .$2$/#2, three to five-day-old flies were inoculated with virus by intrathoraxical injection with a Nanoject II injector (Drummond), or pricked with a needle dipped in a freshly grown bacteria pellet (OD600 = 100). Virus inocula contained 1,000 median tissue culture
infectious doses (TCID50) of DCV and CrPV; 14,000 TCID50 of IIV-6; 3,000 TCID50 of FHV; and
2,000 TCID50 of DXV for all survival assays. An inoculum of 10,000 TCID50 of DCV was used in
experiments in which transcriptional responses were analyzed. Flies were transferred to fresh
food every 3 days and survival was assessed daily. Lethality on the first day was attributed to
the injection procedure and excluded from the survival analysis. Unless noted otherwise, three
pools of 10 to 15 flies were injected per condition with independent dilutions of virus stock.
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Virus titration
Viral titers were determined by end-point dilution, as previously described 28.

In vivo RNAi reporter assay
RNAi competency of adult flies was analyzed using a reporter assay, as described previously 21.
Briefly, three to five-day-old female flies were injected in the abdomen with a suspension
containing lipofection reagent complexed with Firefly luciferase (Fluc) and Renilla luciferase
(Rluc) reporter plasmids, along with Fluc specific or non-specific control (GFP) dsRNA. Fluc and
Rluc activity was measured in fly homogenate, Fluc over Rluc ratios were calculated for each
sample, and data are presented as fold silencing relative to the non-specific dsRNA control.

qPCR analyses
DNA was isolated from flies with the QIAamp DNA blood mini kit (Qiagen) following the manufacturer’s instructions and 25 ng of DNA was used as input in the qPCR to quantify IIV-6 levels.
RNA was isolated from flies using Isol-RNA lysis Agent (5-Prime). cDNA synthesis was per!*-( *)рɫ"*!.  җ($*)ҘҊ/- / 0.$)",) 1 -. -).-$+/$*) " )/.
(Applied Biosystems) according to the manufacturers’ instructions. qPCR was performed using
SYBR Green I Master reagents on a LightCycler 480 (Roche). The qPCR program was the following: 95 °C for 5 min, and 45 cycles of 95 °C for 5 s, 60 °C for 10 s, 72 °C for 20 s. Expression of
the gene of interest was normalized to transcript levels of the housekeeping gene Ribosomal
Protein 49 (Rp49), and fold change was calculated using the ddCt method 31. Primer sequences
are provided in Supplementary table 2.

Plasmids
Insect expression plasmids pAc-tagRFP and pAc-tagEGFP were constructed by modifying
pAc5.1-V5-His-A (Invitrogen) for expression of transgenes fused with GFP and RFP at the N-terminus. The full-length coding sequences of Sgp and PMP34 were amplified from cDNA of adult
CnBw flies, and cloned into pAc-tagRFP and pAc-tagEGFP, using SacI for Sgp and XbaI and SacI
for PMP34. Primer sequences are provided in Supplementary table 2.

dsRNA synthesis
In vitro transcription using T7 RNA polymerase was performed on a PCR product flanked by
T7 promoters. The reaction was incubated at 37 °C for 3 hours, followed by an incubation at
80 °C for 10 minutes and gradual cooling to room temperature. dsRNA was purified using the
GenElute Mammalian Total RNA Miniprep Kit (Sigma) following the manufacturer’s instructions. Primer sequences are provided in Supplementary table 2.

Fluorescence microscopy
For subcellular localization of Sgroppino and PMP34, 2 × 105 S2 cells (Invitrogen) per well were
seeded in a 24-well plate. A day later, cells were transfected with 500 ng of pAc-RFP-Sgp and
pAc-EGFP-PMP34Ѷ)Ѷ2# - ++'$' Ѷсп)"*!.0.$)"Ȃ / ) /-).! /$*)- " )/.
(Qiagen) following the manufacturer’s instructions. Two days post-transfection, cells were

SGROPPINO LINKS FAT METABOLISM WITH SURIVIVAL AFTER RNA VIRUS INFECTION

- .0.+ ) ).  *)*1 -.'$+.*/ 2$/#фпɫ *)1'$)җпѵф("ҝɫ Ҙ 32. Two
hours later, samples were fixed with 4% paraformaldehyde for 20 minutes. The cover slips
were then washed in PBS and permeabilized in 0.1% Triton X-100 in PBS for 15 minutes. Nuclei
were stained with Hoechst 33342 reagent (Sigma) for 5 minutes (1:15,000 dilution from a stock
concentration of 10 mg/mL in PBS/0.1% Triton), washed in PBS, and mounted with Mowiol
40–88 (Omnilabo). Pictures were taken on an Olympus FV1000 confocal microscope and processed using FIJI 33ѵ*'*'$5/$*)2.)'45 0.$)" .*ȅ2- җ1 -.$*)рѵшѵхѵп34). Briefly,
the ICY spot detector 35 was used to automatically detect puncta for the GFP and RFP signal
within regions of interest (ROI, hand-delimited cells). Spots were detected with wavelet scales
2 and 3 at a 100% sensitivity. ROI for WAT (Wavelet Adaptive Threshold) calculation was used
to correct for variation in background signal between the regions of interest. Per region of
interest the distances between the center of green and red puncta were calculated to define
colocalization (distance below 4 pixels). Colocalization was reported as percentage of RFP
puncta that colocalized with GFP puncta.

Statistical analysis
Unpaired two-tailed Student’s t-tests, as implemented in Graphpad Prism version 6, were
0. /**(+- $Ȃ - ) .$)" )  3+- ..$*)Ѷ1$-'' 1 '.Ѷ)'*"Ҋ/-).!*-( 1$-'
titers. Survival assays were assessed using Kaplan-Meier analyses and log-rank tests, as implemented in SPSS Statistics (version 20, IBM). P-values below 0.05 were considered statistically
significant.

RESULTS
Sgroppino mutant flies are more sensitive to RNA virus infection
To identify novel genes induced upon virus infection, we previously analyzed the transcriptome of virus-infected flies, which were either mutant for the epigenetic regulator G9a or
their wild-type controls, at 24 h post-infection (hpi) 21. Components of the heat shock and
Jak-Stat pathways were among the genes that were upregulated upon Drosophila C virus
(DCV) infection; we analyzed their role in host defense previously 21,25. Amongst the genes with
the highest induction in G9a mutants was the uncharacterized gene CG13091, which we later
named Sgroppino (Sgp) (Supplementary table 1).
To determine whether Sgroppino is important in host defense, we reduced Sgp expression
by expression of an RNAi-inducing hairpin RNA (SgpRNAi) under control of the ubiquitous Actin-Gal4 driver and monitored survival rates upon viral challenge. Upon infection with DCV, a
positive-sense RNA virus from the Dicistroviridae family, SgpRNAi flies exhibited lower survival
rates than control flies expressing the Actin-Gal4 driver only (Fig. 1A; mean survival = 5.3 and
7.0 days, respectively; P < 0.001). We used reverse transcription followed by quantitative PCR
(RT-qPCR) to confirm that Sgp&)*&Ҋ*2)2. Ȃ$$ )/Ѷ)!*0)/#/Sgp mRNA levels
were reduced by 80% in male and female flies (Supplementary Fig. 1A).
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Figure 1: Sgroppino mutants are hypersensitive to RNA virus infection.

(A) Survival upon DCV infection of flies ubiquitously expressing an RNAi-inducing hairpin targeting Sgp.
The ubiquitous Actin driver line (Actin-Gal4) was used to drive expression of the transcription factor
Gal4, which binds the Upstream Activating Sequence to induce expression a short hairpin RNA targeting
Sgp (UAS-SgpRNAi). Flies expressing the Actin-Gal4 driver, but not the UAS responder (Actin-Gal4>+), were
included as controls. (B–F) Survival of wild-type (y1w1) and Sgpەҝ ەmutant flies upon (B) DCV, (C) CrPV,
(D) FHV, (E) DXV and (F) IIV-6 infection. Data represent means and s.d. of three biological replicates of at
least 15 female flies for each genotype.

Next, we sought to confirm this observation using a mutant fly line (SgpEY06744) containing
қ"4сҜ/-).+*.*)$). -/$*)$)/# т܄Ҋ0)/-).'/ - "$*)*!/# Sgp gene 26 (Supplementary Fig. 1B). Sgp expression was reduced by 96% in these flies compared to wildtype
*)/-*'!'$ .Ѷ)/# $). -/$*)Ȃ /  3+- ..$*)' 1 '.*!*/#$.*!*-(.җSupplementary
Fig. 1C). For the remainder of our study we used this hypomorphic mutant, which we refer

SGROPPINO LINKS FAT METABOLISM WITH SURIVIVAL AFTER RNA VIRUS INFECTION

to as Sgpʪȝʪ. Sgroppino-deficient flies had no obvious defects in development and exhibited a
similar lifespan as wild-type flies under standard laboratory conditions (Supplementary Fig.
1D). Upon challenge with DCV, Sgp mutant flies had a reduced survival time compared to the
wild-type control (y1w1) flies (Fig. 1B; mean survival = 4.4 and 7.1 days, respectively; P < 0.001),
confirming the phenotype of SgpRNAi flies (Fig. 1A). We verified that mock infection did not
Ȃ /.0-1$1'-/ ..- .0'/*!$)%0-4Ҋ..*$/ ./- ..)(*-/'$/4җSupplementary Fig.
2A). Moreover, abiotic stresses, such as heat shock and starvation did not trigger premature
mortality (Supplementary Fig. 2B,C), excluding a broad sensitivity to various stressors.
We next challenged Sgp mutants with another dicistrovirus, cricket paralysis virus (CrPV).
As for DCV, infected mutant flies succumbed earlier to CrPV challenge than wild-type flies (Fig.
1C; mean survival = 4.4 and 5.6 days, respectively; P < 0.001). Hypersensitivity to viral infection was not sex-dependent, as male Sgp mutant flies also had reduced survival rates upon
DCV (Supplementary Fig. 2D; mean survival = 5.3 and 3.2 days; P < 0.001) and CrPV infection
(Supplementary Fig. 2E Fig; mean survival = 4.0 and 6.0 days; P < 0.001). Next, we evaluated
survival rates upon infection with two other RNA viruses: Flock House virus (FHV), a positive
sense RNA virus from the Nodaviridae family, and Drosophila X virus (DXV), a double stranded
RNA virus from the Birnaviridae family. Mean survival time was 6.7 days for wild-type flies upon
FHV infection, which was significantly reduced to 5.3 in Sgp mutant flies (Fig. 1D; P < 0.001).
*)1 -. '4Ѷ)*$Ȃ - ) $).0-1$1'2.*. -1 0+*)$)! /$*)*!"+(0/)/!'$ .
compared to control flies (Fig. 1E). Potential explanations for dissimilarities in susceptibility to
$Ȃ - )/1$-0. .*0' 1$-0.Ҋ.+ $!$ Ȃ /.Ѷ$Ȃ - ) .$)1$-'/-*+$.()/$..0 Ҋ.+ $!$
expression of Sgp. Indeed, we found that Sgp was expressed at 8-fold higher levels in the fat
body than in the whole body (Supplementary Fig. 2F; P = 0.02).
To test whether Sgp mutants were also more sensitive to DNA virus infection, we challenged
flies with invertebrate iridescent virus 6 (IIV-6). In contrast to our observations with RNA viruses,
survival rates of Sgp mutants were slightly higher, with mean survival times of 16.5 days for wildtype flies and 19.1 days for Sgp mutants (Fig. 1F; P = 0.02). Together, our results indicate that
Sgroppino mutants are hypersensitive to infections with several RNA viruses, but not a DNA virus.

Higher DCV genomic RNA replication in Sgroppino mutant flies
To determine whether hypersensitivity to virus infection was accompanied by higher viral
replication, we determined infectious titers using endpoint dilution assays and viral RNA levels
4Ҋ,*1 -сҊ4/$( *0-. ȅ -#'' )" 2$/#/# +) '*!1$-0. .*!Fig. 1.
Upon DCV infection, we observed a ~6-fold increase in viral titers in Sgp mutants relative
/*2$'Ҋ/4+ *)/-*'./су#+$)' ..+-*)*0) ѶтҊ!*'$Ȃ - ) /уч#+$Ѷ0//# . 
$Ȃ - ) .$)*/- #.//$./$'.$")$!$) җ$"ѵсҘѵ 3/Ѷ2 ( .0- ' 1 '.
and observed an 18-fold increase in DCV levels at 24 hpi (P < 0.001) and a 5.5-fold increase at 48
hpi in Sgp mutants relative to wild-type flies (P < 0.01, Fig. 2B). In contrast, upon CrPV infection,
)*$Ȃ - ) 2.!*0)!*-1$-'/$/ -.)1$-'' 1 '.Ѷ*/#/су)уч#+$җ$"ѵсѶҘѵ
Similarly, no significant increase in viral RNA levels could be detected in Sgpەҝ ەflies upon FHV
and DXV infection over the 2 days following infection (Fig. 2E,F). Finally, we measured viral DNA
' 1 '.*! ҊхѶ)!*0))*.$")$!$)/$Ȃ - ) . /2 )"+(0/)/!'$ .)2$'Ҋ/4+ 
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controls at any of the time points analyzed (3, 7 and 12 dpi, Fig. 2G). Together, these results
indicate that the hypersensitivity of Sgroppino mutant flies to RNA virus infection is associate
with higher RNA replication of Drosophila C virus, but not of the other viruses.
Figure 2: Higher DCV RNA levels in Sgroppino mutants.

(A,C) Viral titers in wild-type and Sgp mutant flies inoculated with (A) DCV and (C) CrPV at 24 and 48 hpi.
The dashed line represents the detection limit of the titration. (B,D–G) Viral RNA or DNA levels measured
by RT-qPCR in wild-type and Sgp mutant flies infected with (B) DCV, (D) CrPV, (E) FHV, (F) DXV and (G)
IIV-6. Viral RNA/DNA levels were normalized against transcript levels of the housekeeping gene Ribosomal
Protein 49 and presented as fold change relative to wild-type flies at 24 hpi (B,D–F) or 3 days post-infection
(G). *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test). Data represent (A,C) mean and s.d. of three
independent experiments, each consisting of three replicates of at least 5 female flies for each genotype,
or (B,D–G) means and s.d. of three biological replicates of at least 15 female flies for each genotype.
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RNA interference and canonical immune pathways are intact in Sgroppino-deficient
flies
To characterize the mechanism underlying the hypersensitivity of Sgp mutant flies to virus
infection, we asked whether canonical antiviral defenses were functional in those mutants.
RNAi is one of the main antiviral immune pathways in Drosophila 12,13. To test RNAi functionality,
we used an in vivo sensor assay 21 that is based on an RNAi-inducing hairpin RNA that silences
the inhibitor of apoptosis Death-associated inhibitor of apoptosis 1, also known as thread
(Diap1RNAi) 27,36. When driven specifically in the eye using the GMR-Gal4 driver, expression of
Diap1RNAi triggers severe apoptosis in the developing eye, characterized by loss of pigmentation
and reduced size (Fig. 3A). Argonaute 2 (AGO2) mutant flies missing the central catalytic component of the RNAi pathway do not exhibit this phenotype, demonstrating its full dependence
on the RNAi pathway 27,36. We confirmed this here, as concomitant expression of Diap1RNAi and
Ago2RNAi hairpins did not induce the eye phenotype (Fig. 3A). Simultaneous expression of Diap1RNAi and SgpRNAi hairpins, however, induced a similar eye phenotype as Diap1RNAi in control
flies (Fig. 3A), suggesting that the RNAi pathway is functional in Sgroppino-deficient flies.
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Figure 3: RNAi and canonical immune pathways are functional in Sgroppino mutants.

(A) Eye phenotype of 5 to 7-day-old flies expressing a hairpin RNA targeting the Death-associated inhibitor
of apoptosis Diap1 (Diap1RNAi), combined with either a hairpin RNA targeting Ago2 (Ago2RNAi), a hairpin
targeting Sgp (SgpRNAi), or the genetic background of the SgpRNAi line (control). Wild-type eye phenotype was
observed in flies not expressing the Diap1RNAi transgene from the same cross. Three representative images
are shown for each genotype. (B) In vivo RNAi reporter assay. Firefly (Fluc) and Renilla (Rluc) luciferase
reporter plasmids were co-transfected with Fluc specific dsRNA or non-specific control dsRNA in Sgp
and Dcr2ʪȝʪ mutant flies and wild-type control flies (y1w1). Fold silencing by Fluc dsRNA relative to control
dsRNA was calculated and presented as percentage of wild-type controls. Data are means and s.d. of three
independent pools of 5 female flies for each genotype. (C,D) Expression of immune genes at (C) 24 and
(DҘуч#*0-.ȅ -$)! /$*)җ$)*0'0(*!рпѶппп фпҘ / -($) 4Ҋ,$)2$'Ҋ/4+ *-"+
mutant flies. Expression of the indicated genes was normalized to transcript levels of the housekeeping
gene Ribosomal Protein 49) 3+- .. .!*'#)" - '/$1 /*(*&$)! /$*)җ-$.0Ȃ -Ҙѵ/- 
means and s.d. of three independent pools of 10 female flies for each genotype. *P < 0.05 (Student’s t-test).

To confirm this observation, we used a luciferase-based RNAi sensor assay to assess RNAi
Ȃ$$ )4$)Sgpʪȝʪ mutant flies, as described previously 25,36ѵ$' )$)" Ȃ$$ )42.( .0- $)!'4'4./ .Ѷ*'' / т4.ȅ -$)1$1*/-).! /$*)2$/#$- !'4җ'0Ҙ) )$''
luciferase reporter plasmids together with either Fluc-specific dsRNA or control dsRNA. The
strong reduction of silencing activity in Dicer-2 null mutants, compared to their wild-type
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controls (y1w1), demonstrates that silencing of Fluc expression was RNAi-dependent (Fig. 3B).
$' )$)" Ȃ$$ )$ .$)Sgpʪȝʪ mutant flies and controls were similar, confirming that RNAi is
fully functional in Sgpʪȝʪ mutant flies (Fig. 3B).
In addition to the RNAi pathway, viral infection has been shown to activate several immune
pathways 15,37. For example, the Jak-Stat pathway controls expression of genes encoding the
stress-related proteins Turandot A and M (TotA and TotM) and the infection-induced gene
virus induced RNA-1 (vir-1) 14,16ѵ# ҊɩҊ- '/ *'') (+/#24.Ѷ- "0'/  3+- ..$*)
of genes encoding antimicrobial peptides (AMP), such as Drosomycin, Metchnikowin, and Diptericin, which are secreted by the fat body upon bacterial challenge and in some cases upon
viral infections 17–19. To test whether these signaling cascades are functional in Sgp mutant
flies, we monitored expression of these downstream genes by RT-qPCR, at 24 and 48 hours
ȅ -$)! /$*)җFig. 3C,D).
*.$")$!$)/$)0/$*)*! &Ҋ//*-ҊɩҊ + ) )/" ) .2. / / /су#+$2$/#
DCV in wild-type or Sgp mutant flies (Fig. 3C). Amongst the genes analyzed, we observed the
highest induction (4-fold) for vir-1 in Sgp mutants. However, for none of the genes a significant
$Ȃ - ) 2.*. -1  /2 )(0/)/!'$ .)*)/-*'./су#+$җFig. 3C). At 48 hpi, expression of vir-1 was strongly increased in Sgp mutants (12.7-fold), whereas it was not induced
in wild-type flies (0.8-fold, P < 0.05; Fig. 3D). This is most likely due to higher DCV levels in Sgp
mutants (Fig. 2A,B). We noted that induction of these canonical Jak-Stat dependent genes was
consistently lower than previously reported with the same virus dose 21, which is most likely
0 /*/# $Ȃ - )/" ) /$&"-*0)ѵ*-/# */# - &Ҋ//*-Ҋɩ- "0'/ " ) .Ѷ2 
*. -1 *)'4'*2$)0/$*)0+*)$)! /$*)Ѷ)Ѷ(*- $(+*-/)/'4Ѷ)*.$")$!$)/$Ȃ - ) 
between wild-type and Sgp mutant flies. We also verified that constitutive expression levels
of Jak-Stat dependent genes were similar in wild-type and Sgp mutant flies (Supplementary
Fig. 3AҘѵ$) *)'4'*2 3+- ..$*)*!ҊɩҊ + ) )/" ) .2. 3+ / 0+*).4./ ($
viral challenge (reported previously in 14,17,21,38), we also measured the expression of Drosomycin,
Metchnikowin, Drosocin, Diptericin B, Immune induced 1, and Cecropin A2 at 6 and 24 hpi with
Gram positive (Micrococcus luteus) and Gram negative bacteria (Erwinia caratovora caratovora
15, Ecc 15) (Supplementary Fig. 3B–GҘѵ1 -''Ѷ)*.$")$!$)/$Ȃ - ) .$)$)0/$*)
levels were observed between Sgp mutants and control flies, at both time points and upon
both challenges. Taken together, these date indicate that canonical antiviral defense mechanisms are intact in Sgroppino mutant flies.

Sgroppino partially localizes to peroxisomes
To obtain more insights into the function of Sgroppino, we analyzed its intracellular localization in Drosophila S2 cells. In a previously published in silico analysis, Sgroppino was predicted as one of 17 Drosophila orthologs of the human fatty acyl-CoA reductase (FAR-1) gene
(although not the closest ortholog). FAR-1 transforms fatty acyl CoA into fatty alcohol within
the ether lipid synthesis pathway in peroxisomes 39. To determine whether Sgroppino localizes
to peroxisomes in Drosophila, we expressed Sgp fused to Red Fluorescent Protein (RFP) at its
N-terminus from an Actin promoter-driven expression plasmid. As a marker for peroxisomes,
we used an expression vector encoding N-terminally GFP-tagged Peroxisomal Membrane
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Protein 34 (PMP34), which contains a peroxisome membrane targeting signal and six transmembrane domains and localizes in the peroxisomal membrane 40. To control for specificity
)/* / -($) 2# /# -"+&)*&Ҋ*2)Ȃ /.+ -*3$.*( $)/ "-$/4Ѷ2 */-).! / 
dsRNA targeting Sgp, PMP34, or, as a negative control, luciferase. Upon transfection with control dsRNA, we observed punctate cytoplasmic GFP staining demonstrating that PMP34-GFP
localizes to peroxisomes, as expected (Fig. 4). Strikingly, Sgroppino-RFP repeatedly localized
to the similar puncta, and the merged images reveal partial colocalization of Sgroppino and
PMP34. We quantified colocalization in a total of 108 cells, defined as a distance below 4 pixels
between the centers of RFP and GFP-positive puncta (Fig. 4A). We found that 50,4% of the
Sgroppino-RFP colocalized with peroxisomal PMP34-GFP puncta, indicating that Sgroppino localizes, at least partly, to peroxisomes. As expected, RFP or GFP signals were strongly reduced
upon knock-down of Sgp and PMP34, respectively, demonstrating the specificity of the fluorescent signal (Fig. 4BҘѵ*- *1 -Ѷ"+&)*&Ҋ*2)$)*/Ȃ //# $./-$0/$*)*- ).$/4*!
PMP34-GFP puncta, suggesting that Sgp is not required for peroxisome biogenesis or integrity.
These results demonstrate that Sgp partially localizes to peroxisomes in Drosophila S2 cells.

Sgroppino mutant flies have a defect in lipid metabolism
Peroxisomes are intracellular organelles that are important for lipid metabolism, including
/# -'$+$$*.4)/# .$.ѶɠҊ*3$/$*)*!-)# #$)!//4$.Ѷ)ɡҊ*3$/$*)*!!//4
$.ѵ0-$)"ɡҊ*3$/$*)Ѷ- /$1 *34" ).+ $ .җҘ- " ) -/ )+ -*3$.*( .*)tain enzymes (oxidases and catalases) that regulate oxidative stress 39. Thus, we sought to
determine whether Sgroppino mutants had major defects in metabolism or growth. Pupation
is a highly regulated process in Drosophila that depends amongst others on hormonal signaling, circadian clock, and weight 41,42. To test how the time to pupation of Sgroppino mutants
compares to wild-type flies, we analyzed the formation of pupae in vials in which the same
)0( -*! (-4*.# )+' ѵ *2 1 -Ѷ2 !*0))*.$")$!$)/$Ȃ - ) $)+0+ 
formation between wild-type and Sgp mutant flies, suggesting that Sgroppino deficiency
does not impact the timing of larval growth and the transition from the larval to the pupal
stage (Fig. 5A).
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Figure 4: Sgroppino localizes to peroxisomes.

3

(A) Schematic representation of the approach used to quantify colocalization between Sgroppino and
Peroxisomal Membrane Protein (PMP34). (B) Localization of RFP-tagged Sgroppino and GFP-tagged
PMP34 in Drosophila S2 cells. Expression plasmids were co-transfected with dsRNA targeting Sgp, PMP34,
or, as a non-targeting control, luciferase (dsLuc), and cells were fixed and processed two days later. Images
were obtained by confocal microscopy.
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Figure 5: Sgroppino-deficiency causes weight increase and accumulation of fat.

(AҘ$( /*+0+/$*)*!2$'Ҋ/4+ )"+(0/)/!'$ .ѵ$ȅ4 "".2 - $)0/ *)./)-*-)( 'Ҋ
agar media at 25 °C, and monitored for the appearance of pupae at least twice a day. The 0 h time point
corresponds to the appearance of the first pupae, which was identical for wild-type and mutant flies. (B)
Weight of female and male wild-type and Sgp mutant flies. Three to five-day-old flies were weighed in
groups of 10 on a precision scale. (C,D) Levels of triglycerides in 3 to 5-day-old female wild-type and Sgp
mutant flies at steady-state (C) or upon DCV infection (D). All DCV infected Sgp mutant flies had died at
6 dpi. (E) Levels of peroxidated lipids in young (2–4 day old) or aged flies (10–12 day old). Data represent
mean and s.d. of three biological replicates of (A) 50 eggs, (B) 10 flies, (C,D) 2 flies, and (E) 20 to 40 flies
!*- #" )*/4+ ѵ*&$)! /$*)2.+ -!*-( 2$/#-$.0Ȃ -Ѷ)#-1 ./ /4сҗD). Student’s
/Ҋ/ ./.2 - 0. /**(+- /# $Ȃ - ) .$)2 $"#/)/-$"'4 -$ .җҡҡP < 0.01, ***P < 0.001).

We next determined the weight of adult flies, and noticed a significant increase in the weight
of Sgp mutants compared to wild-type flies, both in males and females (Fig. 5B). The increased
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weight of adults was even noticeable visually, with Sgp mutants having larger abdomens than
2$'Ҋ/4+ !'$ .ѵ )"- ( )/Ѷ2 *. -1 /#/Ѷȅ -- (*1'*!/# $" ./$1 /-&)- +-*ductive system, a larger mass of fat body tissue remained loosely attached to the abdominal
carcass (as illustrated in Supplementary Fig. 4). It formed large oleaginous droplets and
appeared white (which reminded us of the Sgroppino cocktail). The Drosophila fat body is a
multi-functional organ involved, for instance, in the storage of fat, and the secretion of humoral immune factors and endocrine mediators 43,44. In this organ, adipocytes store energy in the
form of glycogen and triglycerides, which may be recruited in response to energy demands
of the insect. It was previously demonstrated that high calorie diet leads to the storage of
excess triglycerides in large droplets in the fat body 45. Our visual observation (Supplementary
Fig. 5), together with the increased weight of Sgp mutants (Fig. 5B) prompted us to quantify
triglyceride levels. We found that Sgp mutant flies contained significantly higher amounts
of triglycerides than wild-type flies at steady-state levels (Fig. 5C). Upon mock infection,
/-$"'4 -$ ' 1 '.- ($) .$")$!$)/'4$Ȃ - )/Ѷ0/0+*)#'' )" 2$/#Ѷ/-$"'4 -$ 
levels were similar between Sgp mutants and wild-type flies at 1, 2, and 4 dpi (Fig. 5D).
Lipid peroxidation is defined as the degradation of lipids through oxidation of long chain
fatty acids, which occurs partly in peroxisomes 46. Quantification of malondialdehyde (MDA),
a byproduct of lipid peroxidation, is quantifiable with a colorimetric assay and can be used as
a proxy for lipid peroxidation levels, and thus, peroxisomal lipid degradation function. Using
this assay, we measured levels of lipid peroxidation in young (2–4 day old) and aged (10–12 day
old) flies, and found a significant increase in lipid peroxidation in young Sgpʪȝʪflies compared to
control flies of the same age (Fig. 5E). Together, these observations suggest that Sgp mutants
have a defect in lipid metabolism which is likely related to Sgroppino function in peroxisomes.

Peroxisomes are required for antiviral host defense
As Sgroppino is important for antiviral defense and localizes to peroxisomes, we asked whether these organelles are necessary for host defense. To this end, we used RNAi to reduce expression of Pex3, an essential factor for de novo peroxisome biogenesis and function 47. As
previously shown, elimination or strong reduction of the number of peroxisomes is developmentally lethal 47. To achieve a non-lethal reduction in the number of peroxisomes, we induced
ubiquitous knock-down of Pex3 using the armadillo-Gal4 driver. We challenged Pex3-deficient
flies (Arm > Pex3RNAi) and, as control, flies expressing a GFPRNAi hairpin (Arm > GFPRNAi) with DCV
and monitored survival rates. The mean survival time of Pex3 knock-down flies was 4 days,
whereas it was 7 days for Arm > GFPRNAi control flies (P < 0.001) (Fig. 6A). We performed mock
infections to verify that the early mortality observed in Pex3-deficient flies was indeed due
to DCV infection (Supplementary Fig. 5). We used RT-qPCR to confirm that Pex3 expression
was modestly, but significantly reduced at 24 and 48 hpi (1.8 and 2.6 fold reduction, respectively, Fig. 6B). Under these conditions, viral RNA levels were increased 8.2 and 7.5-fold in
Pex3-deficient flies relative to the controls at 24 and 48 hpi, respectively (Fig. 6C). We thus
*)'0 /#/+ -*3$.*( .- )  ..-4!*- Ȃ /$1 #*./- .+*). /*$)! /$*)Ѷ/# 
direct involvement of Sgp in that function remains to be established.
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Figure 6: Peroxisomes are required for host defense to DCV infection.

(A) Survival upon DCV infection of flies expressing an RNAi-inducing hairpin targeting Pex3 or GFP. The
ubiquitous armadillo driver (arm-Gal4) was used to drive expression of the transcription factor Gal4,
which binds to the Upstream Activating Sequence to induce expression a short hairpin RNA targeting
Pex3 (Arm > Pex3RNAi) or GFP (Arm > GFPRNAi). (B) Pex3 expression levels and (C) viral RNA levels upon DCV
infection of Pex3RNAi flies. Expression of Pex3 was normalized to transcript levels of the housekeeping gene
Ribosomal Protein 49 and expressed as percentage of Arm >+ controls. Expression of viral RNA levels was
normalized to the housekeeping gene Ribosomal Protein 49 and expressed as fold change relative to the
GFPRNAi control flies at 24 hpi. Data in panels A–C2 - *'' / $)+-'' 'Ѹ&)*&Ҋ*2) Ȃ$$ )$ .$)
(B) thus apply to the experiments in (A,C). Data represent means and s.d. of three independent pools of
(A,C) 5 or (BҘрф! (' !'$ .!*- #" )*/4+ ѵ/0 )/ҁ./Ҋ/ ./.2 - 0. /**(+- /# $Ȃ - ) .
in Pex3 or DCV RNA levels (*P < 0.05, **P < 0.01).

DISCUSSION
Although several mechanisms for antiviral host defense have been discovered in Drosophila
over the past years, our knowledge remains incomplete. Here, we propose Sgroppino as a
player in the antiviral host defense. Sgroppino-deficient flies are hypersensitive to infection
with a panel of single-stranded RNA viruses infection, of which DCV replicates to higher levels.
Sgroppino localizes to peroxisomes, and partial depletion of Pex3, a peroxisome biogenesis
factor, increases sensitivity of adult flies to DCV infection, accompanied by an increase in
virus replication. Overall, our data indicate that Sgroppino participates in the host response
to viral infection, conceivably through its function in lipid metabolism within peroxisomes.
# ( #)$.(42#$#"-*++$)*Ȃ /.1$-0.$)! /$*)- ($)./*  !$) ѵ"-*++$)*
is one of 17 Drosophila orthologs of fatty acyl-CoA reductases that are predicted to reduce fatty
acids into fatty alcohols, an intermediate in the biosynthesis of waxes and ether lipids 39. Ether
lipids are thought to contribute to a decrease in membrane fluidity, and might act as scavengers for reactive oxygen species to avoid the oxidation of other exposed membrane lipids 48.
At the subcellular level, ether lipid deficiency alters cholesterol distribution, resulting in cholesterol accumulation in endosomal and lysosomal compartments, and causing structural
changes in the ER and Golgi apparatus 49–51. As both cholesterol and intracellular membranous
networks are exploited by viruses for their replication 2,5,52–54, it is possible that the observed
dysregulation in lipid metabolism in Sgroppino-deficient flies generates an environment that
is favorable for virus replication.
Strikingly, Sgp mutant flies harbor higher levels of virus when infected with DCV, but not
other single-stranded RNA viruses (CrPV and FHV), even though higher mortality rates were
observed for all three viruses. Sgroppino is expressed at high levels in the adult fat body,
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according to our data (Supplementary Fig. 2F) and data from FlyAtlas 55. The abdominal fat
body supports high DCV replication in adult flies 56, which may explain the more pronounced
phenotype and higher DCV RNA load of Sgp mutants. We cannot exclude that hypersensitiv$/4/*-) $)! /$*)$.0. 4/$..0 Ҋ.+ $!$$Ȃ - ) .$)1$-'- +'$/$*)/#/
are below the sensitivity threshold of our assays in entire flies. Another possibility is that
Sgroppino also influences tolerance to infection, which is the ability of a host to endure an
infection 28,57–59.
The fat body plays an essential role in the storage and release of energy. Fatty acids are
stored in the form of triglycerides along with other neutral lipids in lipid droplets of adipocytes.
"-*++$)*$. 3+ / /**).0( !//4$.ȅ -*)1 -.$*)$)/*!//44'Ҋ*!*-/# 
production of ether-linked lipids, one of the major metabolic pathways in peroxisomes 39.
Intriguingly, studies in yeast revealed that peroxisomes form extensive physical contacts
with lipid droplets, coupling metabolic pathways of both compartments. In the absence of
Pex5, which leads to peroxisomal malfunction, lipids that fail to be oxidized accumulate in
the cytoplasm 60. It is possible that reduced consumption of lipids in Sgp mutant flies trigger
the accumulation of unprocessed lipid inclusions in cells, explaining the increased mass of
fat tissue in the fly abdomen.
Peroxisomes are mostly studied for their metabolic functions, but were recently found
to play a role in immunity. In mammals, peroxisomes have been proposed as platforms for
antiviral signal transduction, as had previously been reported for mitochondria 61,62. RIG-I like
receptors (RLR) can signal via MAVS on peroxisomes to drive expression of type III interferons,
which have tissue-specific functions in antiviral immunity 63. However, we did not find obvious
 ! /.$) &Ҋ//*-Ҋɩ.$")'$)"Ѷ.0"" ./$)"/#//# "-*++$)*+# )*/4+ $.)*/0. 
by defects in canonical immune pathways. A recent study showed that peroxisomes play an
essential role in phagocytosis of bacteria in Drosophila and mouse macrophages 64. As phagocytosis also contributes to virus-specific immune responses in Drosophila 38, it is possible that
defects in phagocytic processes explains the hypersensitivity of Sgp mutants to viral infection.
Human diseases linked to peroxisome dysfunction, such as Zellweger Syndrome, are rare and
$Ȃ$0'//*/- /ѵ  )/ 1 '*+( )/*!!'4(* '.!*-+ -*3$.*(' ! /.39,47,65,66*Ȃ -"- /
promise to study peroxisomal functions in metabolism, and, as our results suggest, immunity.
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Supporting information
Figure S1: Sgp expression levels are reduced in SgpRNAi and Sgp mutant lines, and Sgp deficiency
does not alter life-span.

(A) Relative Sgp expression levels in flies expressing Actin-Gal4>UAS-SgpRNAi (Actin>SgpRNAi) compared to
flies expressing Actin-Gal4 only (Actin>+). Expression of Sgp was normalized to transcript levels of the
housekeeping gene Ribosomal Protein 49 and expressed as percentage of Actin-Gal4>+. (B) Structure of
the Sgroppino locus. Both isoforms (Sgp-RA and Sgp-RB) are represented. Boxes represent exons (5’ and
3’- untranslated regions in gray, and coding sequence in white). The EY06744 insertion site of a P{EPgy2}
transposable element is depicted by dashed lines. (C) Relative Sgp expression levels in flies carrying the
EY06744 transposon insertion in the 3’-untranslated region of the Sgp transcript (Sgp-/-). Expression of Sgp
was normalized to transcript levels of the housekeeping gene Ribosomal Protein 49 and expressed relative
to wild-type control flies (y1w1). (D) Lifespan of Sgp mutant and y1w1 wild-type flies at 25°C. Data represent
means and s.d. of three biological replicates of (A, C) 5 or (D) 20 flies for each genotype. Student’s t-tests
2 - 0. /**(+- $Ȃ - ) .$)Sgp expression (**P < 0.01, ***P < 0.001).
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Figure S2: Sgp mutant flies are not sensitive to abiotic stressors, and hypersensitivity of Sgp mutant
flies to RNA virus infection is not sex-dependent.

3

(A) Survival of wild-type (y1w1) and Sgp(0/)/!'$ .!*''*2$)"$)*0'/$*)2$/#-$.0Ȃ -/#/. -1 ..
a mock control for the infections of Figure 1. (B) Survival upon heat shock at 35°C of Sgp and Heat shock
factor (Hsf) mutant flies, compared to their wild-type controls, y1w1 and CnBw, respectively. (C) Survival of
Sgp mutants and control flies upon starvation. (D, E) Survival of male Sgp mutants and w1118 control flies
upon (D) DCV and (E) CrPV infection. (F) Expression levels of Sgp measured by RT-qPCR on whole bodies,
heads, abdomens, or fat bodies of y1w1 flies. Expression of Sgp was normalized to transcript levels of the
housekeeping gene Ribosomal Protein 49 and expressed relative to whole bodies. Data represent means
and s.d. of three biological replicates of (B-F) 15 flies for each genotype. Panel A are data from one pool of
сп!'$ .+ -" )*/4+ ѵ/0 )/ҁ./Ҋ/ ./2.0. /**(+- /# $Ȃ - ) $)Sgp expression (*P < 0.05).
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Figure S3

(A) Constitutive expression levels of the Jak-Stat dependent transcripts TotM, TotA, and vir-1 determined
by RT-qPCR in 3 to 5 day-old wild-type or Sgp mutant flies. Expression of the indicated genes was
normalized to transcript levels of the housekeeping gene Ribosomal Protein 49. (B-G) Expression of
Ҋɩ + ) )/$((0) " ) ./х)су#*0-.ȅ -+-$&$)"2$/#) ' $++ $).0.+ ).$*)
(OD600=100) of Micrococcus luteus (Gram positive) and Erwinia caratovora caratovora 15 (Ecc 15, Gram
negative) determined by RT-qPCR in wild-type or Sgp mutant flies. Expression of the indicated genes
was normalized to transcript levels of the housekeeping gene Ribosomal Protein 49 and expressed as
!*'#)" - '/$1 /*(*&+-$&җ-$.0Ȃ -Ҙѵ/- ( ).).ѵѵ*!/#- $) + ) )/+**'.*!
рп! (' !'$ .!*- #" )*/4+ ѵ$Ȃ - ) .$) 3+- ..$*)2 - )*/.$")$!$)/'4$Ȃ - )/$)/0 )/ҁ.
t-tests between Sgp mutants and control flies, at both time points and upon both challenges, with the
only exception of CeCA2 expression upon Ecc 15 challenge at 6 hpi.
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Figure S4: *($)'-.. .ȅ -- (*1'*!$" ./$1 )- +-*0/$1 *-").*!2$'Ҋ/4+ )Sgp
mutant flies visualized using a stereomicroscope

3

Figure S5: Survival upon mock infection of flies expressing an RNAi-inducing hairpin RNA targeting Pex3.

The ubiquitous armadillo driver (arm-Gal4) was used to drive expression of the transcription factor Gal4,
which binds the Upstream Activating Sequence to induce expression of a short hairpin RNA targeting
Pex3 (Arm>Pex3RNAi). Data represent a minimum of 15 female flies for each genotype.
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Supplementary Table 1: List of significantly upregulated genes (> 2-fold) in G9a mutant flies infected with

DCV versus mock at 24 hours post-infection. Fold change in expression in the corresponding wild-type
context is shown in the last column, if significant. The full list of significantly up- and down-regulated genes
in wildtype flies has previously been published [25]. The full data set is available at the NCBI Gene Expression
Omnibus database (accession number GSE56013), and the analysis was previously described [21].

SGROPPINO LINKS FAT METABOLISM WITH SURIVIVAL AFTER RNA VIRUS INFECTION

105

Table S2: List of primers

3

CHAPTER 4

Evaluating the putative role of
EHMT1/EHMT2 in stress responses
and metabolism using two
Kleefstra patient cell models

Human Riahi 1, Saskia van de Velde-Visser 1, Annette Schenck1, Jamie M. Kramer1,2

1

Department of Human Genetics, Donders Institute for Brain, Cognition and Behaviour,
Radboud university medical center, Nijmegen, the Netherlands. 2 Department of
Physiology and Pharmacology, Schulich School of Medicine and Dentistry,
Western University, London, Ontario, Canada; Department of Biology.

108

CHAPTER 4

ABSTRACT
The EHMT family of H3K9 methyltransferases, including G9a-like-protein (GLP) /EHMT1 and
G9a/EHMT2, are essential factors during embryonic development by regulating lineage-spe$!$*(($/( )/Ѷ+-*'$! -/$*)) ''$Ȃ - )/$/$*)ѵ
Our recent work has highlighted Drosophila G9a, the sole fly ortholog of GLP/EHMT1 and
G9a/EHMT2, as a key regulator of the transcriptional response and tolerance to various
stresses, most importantly such as oxidative stress and viral immune responses. A crucial
role for mammalian G9a/EHMT2 in regulating the transcriptional response to stresses has
also been demonstrated in mammals. Stress-related diseases occur during adulthood causing
$(+$-( )/*!) 0-*)'$Ȃ - )/$/$*)Ѷ ''0'-.$")'$)"Ѷ.4)+/$+'./$$/4)) 0-*)'
transmission that can lead to neurodevelopmental and psychiatric disorders during early embryonic development and later childhood. Whether mammalian GLP/EHMT1 also plays a role in
stress response and whether stress susceptibility and metabolic defects contribute to neurodevelopmental or degenerative phenotypes associated with Kleefstra syndrome is unknown.
In this study, we aimed to recapitulate previous findings of G9a-related function in stress response and metabolic reprogramming in fly model system to Kleefstra syndrome cell models.
We tested the survival of patients-derived fibroblasts and Epstein-Barr-Virus transformed
lymphoblastoid cell lines upon OS exposure and measured steady-state glycogen levels of
Kleefstra syndrome fibroblasts. Although OS exposure led to reduced survival in both cell
lines, decreased OS tolerance of EHMT1-depleted cell lines compared to cell lines from healthy
controls were not found. EHMT1-depleted cell lines tend towards increased glycogen levels,
similar to G9a mutant flies. In conclusion, we were not able to confirm G9a-related phenotypes
to GLP/EHMT1 depleted Kleefstra cell models.
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INTRODUCTION
Stress response is a highly dynamic process that requires the allocation of an organism’s resources to fight the stressor 1. As oxygen radicals and various derivatives, collectively termed
Reactive oxygen species (ROS) are produced as a byproduct of aerobic respiration, organisms
are well adapted to control endogenous ROS levels. Moreover, ROS as a signaling molecule
takes an integrative part in many biological processes 2. Radical changes in ROS levels due
to defective mitochondrial respiration or upon exposure to xenobiotics can lead to oxidative
./- ..җҘѶ)$(+*-/)/*)/-$0/$)"!/*-/*/#  1 '*+( )/*!$Ȃ - )/$. . ..0#.
atherosclerosis 3, inflammatory diseases 4 and cancer 5 as well as neurodegenerative illnesses
such as Alzheimer and Parkinson 6.
Apart from the above-mentioned stress-related diseases which primarily occur during adulthood, increased exposure to OS during critical stages of development can cause impairment
*!) 0-*)'$Ȃ - )/$/$*)Ѷ ''0'-.$")'$)"Ѷ.4)+/$+'./$$/4)) 0-*)'/-).($..$*)7.
Disruption of these fundamental biological processes can lead to neurodevelopmental and
psychiatric disorders during early embryonic development and later childhood 8. Moreover,
OS-induced decreased genome integrity and stability, that trigger accumulation of DNA mutations are associated with the onset of neurodevelopmental disorders 9, further increasing the
risk of developing age-related neurodegenerative phenotypes later in life 10,11. It is thus important to understand the molecular changes during stress exposure that contribute to the onset
of both neurodevelopmental and -degenerative disorders to find viable targets for therapy.
The histone methyltransferases GLP/EHMT1 and G9a/EHMT2 are essential factors during
embryonic development. Cooperating in a large protein complex 12, the two paralogs regulate
timely expression of factors important for lineage-specific commitment, proliferation and
 ''$Ȃ - )/$/$*)13. Our recent work has highlighted Drosophila G9a, the sole fly ortholog of
GLP/EHMT1 and G9a/EHMT2, as a key regulator of the transcriptional response and tolerance
to various stresses, most importantly to oxidative stress (Chapter 2) 14 and viral immune responses 15. A crucial role for mammalian G9a/EHMT2 in regulating the transcriptional response
to stresses has also been demonstrated in mammals (Immune stimulation 16 and hypoxia 17,18).
Interestingly, the stress susceptibility of Drosophila G9a is not caused by a failure to induce
stress resistance pathways, but by a failure to attenuate the transcriptional response and
.! "0-( /*'$- +-*"-(($)"/#/*(+)$ .) Ȃ /$1 4 / ) -"4+- . -1$)"
stress defense. Whether mammalian GLP/EHMT1 also plays a role in stress response has not
been addressed. This question is particularly relevant because heterozygous disruption or
deletion of the GLP/EHMT1 causes Kleefstra syndrome, an intellectual disability and autism
spectrum disorder, characterized by regressive periods with neurodegenerative features 19.
Whether stress susceptibility and metabolic defects contribute to neurodevelopmental or regressive features of Kleefstra syndrome is unknown. Given that decreased stress tolerance can
contribute to the development of neurodevelopmental and neurodegenerative disorders 7-11,
and weight increased in childhood leading to obesity in 50% of patients, it can be speculated
that GLP/EHMT1 also plays a role in regulating stress tolerance and susceptibility 19,20.
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In this study we aimed to recapitulate previous findings of G9a-related function in stress response and metabolic reprogramming in fly model system to Kleefstra syndrome cell models.
We tested survival of Kleefstra syndrome patients-derived fibroblast and Epstein-Barr-Virus
transformed lymphoblastoid cell lines upon OS exposure. To investigate whether EHMT1-depleted condition causes similar defects as loss of G9a in Drosophila, we measured steadystate glycogen levels of Kleefstra syndrome fibroblasts. Although OS exposure led to reduced
survival in both cell lines, decreased OS tolerance of EHMT1-depleted cell lines compared to
cell lines from healthy controls were not found. EHMT1-depleted cell lines tend to increased
glycogen levels, similar to G9a mutant flies.

MATERIAL AND METHODS
Cell lines and culturing
For this study we used the following secondary patient material in line with approved ethical
procedures: Immortalized, Epstein-Barr-Virus transformed lymphoblastoid cell lines from
Kleefstra syndrome (cell ID: 30225, 39775, 43564, HEP10-01348) and control cell lines (cell ID:
11119, 11129, 11207), grown in suspension. In addition, also Kleefstra syndrome patient-derived
fibroblast cell lines (CL10-00033, CL11-00027, CL11-00034) and fibroblast cell lines from control
(cell ID: CL09-00021, CL10-00008, CL11-00009) were investigated. Additional information about
cell lines is available in Supplementary table 1. All cell lines contain deleterious point mutations of the GLP/EHMT1 gene. Lymphoblastoid cell lines were maintained in RPMI 1640 and
15% fetal calf serum. Human fibroblast cells were maintained in culture medium DMEM with
10% fetal calf serum. Lymphoblastoid and fibroblast cells were grown at 37° C and 5-10% CO2.

Paraquat treatment and cell counting
Paraquat (Methyl viologen dichloride hydrate 98%, Sigma Aldrich) was dissolved in water to
obtain a 1M stock solution and subsequently added to the lymphoblastoid and fibroblast
"-*2/#( $/**/$)$)$/ !$)'*) )/-/$*).җрппѶсппѶфппѶрпппɫҝ('Ҙѵ 4(+#*blastoid and fibroblast cell lines were resuspended in paraquat-containing growth media
)/- / !*-уч#*0-.ѵȅ -уч#*0-.*!/- /( )/Ѷ'4(+#*'./*$ ''.2 - *'' / 4
spinning the cell suspension down. The cell pellet was resuspended in 2 ml PBS and subsequently counted manually using a Hemocytometer. Fibroblast cells were first detached using
a trypsin-EDTA solution, resuspended in 5-6 ml PBS, and counted. Dead cells were identified
from living cells by cell morphology and a cell viability assay (Trypan blue staining).

Glycogen measurement
Glycogen levels of fibroblasts from Kleefstra syndrome patients and controls were measured
using the glycogen colorimetric assay kit II (K648) according to the manufacturer’s protocols
(BioVision). Protein levels of each sample were measured in parallel using the Pierce™ BCA
Protein Assay Kit, and glycogen levels were normalized to total protein content. Bar graphs
show mean values and standard error of the means (SEMs). Dots represent values of individual
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measurements. Figures were generated using Graphpad PRISM and p-values were obtained
using a Mann-Whitney test. Samples were measure in triplicate and experiments where repeated twice.

Statistical analysis
Total number of living cells (per million) was counted to determine survival percentage of paraquat-treated cells and subsequently compared to the survival percentage of untreated cells.
Experiments determining of survival percentage of lymphoblastoid and fibroblast control cells
to paraquat (Figure 1) was performed twice. Experiments comparing survival percentage of the
patient to control cell lines (Figure 2 and 3) were repeated three times. Correlation of survival
to increasing paraquat concentrations of lymphoblastoid and fibroblast cells was calculated
by linear regression. Significance of survival of Kleefstra syndrome cells compared to control
cells was determined using a two-way ANOVA. Figures were generated with GraphPad PRISM.

RESULTS
Control cells show reduced OS survival to increasing doses of paraquat
To investigate OS survival in Kleefstra syndrome cell line models we induced OS in lymphoblastoid and fibroblast control cells (Figure 1)4 3+*.$)"/# (/*$Ȃ - )/+-,0/*) )trations for 48 hours and quantified cell survival. Both lymphoblastoid (blue line, r2= 0.92) and
fibroblast (red, r2= 0.96) cells show reduced survival to increasing paraquat concentrations.
Figure 1: Reduced survival to OS in control cells upon increasing paraquat concentrations.

Survival graph shows percentage survival of lymphoblastoid (blue) and fibroblast (red) control cells to
$)- .$)"+-,0/*) )/-/$*).җрппѶсппѶфпп)рпппɫҝ('Ҙѵ'0 .- +- . )/1 -" .0-1$1'
and error bars show SEM. Linear regression analysis reveals a strong correlation between survival and
increasing paraquat concentrations in lymphoblastoids (r2= 0.92) and fibroblasts (r2= 0.96).
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No reduced OS survival in Kleefstra cells compared to controls
ȅ - ./'$.#$)") Ȃ /$1 +-,0/*) )/-/$*)$)*)/-*' ''.' $)"/*- 0 
survival, we investigated OS survival of Kleefstra syndrome cells compared to controls. We
treated lymphoblastoid (Figure 2A) and fibroblast cells (Figure 2B) with established paraquat
concentrations (Figure 1Ҙ)( .0- .0-1$1'ȅ -уч#*0-.ѵ 4(+#*'./*$җFigure 2A,
p<0.0001) and fibroblast cells (Figure 2B, p=0.001) show significantly reduced OS sensitivity
to increasing paraquat concentrations. However, lymphoblastoid (Figure 2A, p=0.259) and
fibroblast cells (Figure 2B, p=0.581) do not show increased OS sensitivity compared to their
respective controls.
Figure 2: No reduced OS survival of Kleefstra syndrome compared to control cell lines.

Survival graph shows percentage survival of treated lymphoblastoid (A) and fibroblast (B) cells to
paraquat. (A) Lymphoblastoid cells show decreasing survival to increasing paraquat concentration
(pۚпѵпппрҘѵ $Ȃ - ) .  /2 ) ' !./- .4)-*(  җ- Ҙ ) *)/-*' җ'0 Ҙ '4(+#*'./*$  ''.
are not significant (p=0.0.259). (B) Fibroblast cells shows decreasing survival to increasing paraquat
concentration (pۙпѵппрҘѵ$Ȃ - ) . /2 ) ' !./-.4)-*( җ- Ҙ)*)/-*'җ'0 Ҙ!$-*'./
cells are not significant (p=0.581). Values represent average survival. Error bars show SEM. Significance
was determined using a two-way ANOVA test.

Kleefstra cells show a trend towards increased glycogen stores
G9a Drosophila mutants show increased energy stores (glycogen and triglycerides) at steadystate and rapid depletion of glycogen stores upon oxidative stress induction (Chapter 2). To
test potential metabolic defect in the three EHMT1 Kleefstra syndrome fibroblast cell lines,
we measured glycogen levels of fibroblasts at steady-state (Figure 3). Kleefstra syndrome
fibroblasts show a trend, although not significant, towards increased glycogen storage compared to controls (p=0.101).
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Figure 3: Kleefstra fibroblasts show a trend towards increased glycogen stores

4

Quantification of steady-state glycogen storage in Kleefstra syndrome and control fibroblast cells.
Bargraph showing glycogen levels (μg glycogen/mg protein) of Kleefstra syndrome and control fibroblast
cells. Kleefstra syndrome fibroblast cells show a trend towards increased glycogen storage compared
to controls (p=0.101).

DISCUSSION
Here we addressed the question of whether G9a/EHMT2-related function of OS tolerance
and metabolic defects in the Drosophila model system to GLP/EHMT1 depleted Kleefstra syndrome cell models. Both lymphoblastoid and fibroblast control cells show reduced survival
to increasing paraquat concentrations (Figure 1). Subsequently, we tested OS survival of in
lymphoblastoid (Figure 2A) and fibroblast (Figure 2B) cells with established paraquat concentrations. Finally, we investigated G9a attributed metabolic defects by measuring steady-state
glycogen levels of Kleefstra syndrome fibroblasts (Figure 3).
Although we found paraquat dosage-dependent survival rates in Kleefstra syndrome patient
and control cells (Figure 1, Figure 2)Ѷ/# /2*"-*0+.$)*/.#*2.$")$!$)/$Ȃ - ) җFigure 2).
Fibroblast cells did show a trend towards increased glycogen level at steady-state (Figure 3).
In Chapter 2, we revealed a function of Drosophila G9a in stress tolerance, mediated by
metabolic defects 14. Since disruption of stress responses and metabolic defects can lead to
neurodegenerative and neurodevelopmental phenotypes 8,9, as mammalian G9a has already
been implicated in responses to stress-like cues 16,17,21, and since both genes have been found
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as part of the same chromatin remodeling complex and share function, it seems likely that
also GLP/EHMT1 is involved in stress responses including OS response. However, we were not
able to confirm G9a-related phenotypes to GLP/EHMT1 depleted Kleefstra cell models. There
are a couple of factors we have to consider in this model:
In contrast to our OS paradigm in fly, where we show reduced survival of G9a mutants to
OS over a time course, in the GLP/EHMT1 cellular work here, we used a single timepoint of
48 hours to evaluate OS survival in Kleefstra syndrome cell line models. This experimental
setup is less comprehensive and we cannot exclude that we would have been able to measure
$Ȃ - ) /*/# -/$( +*$)/.ѵ$($'-'4Ѷ( .0-$)" +' /$*)*!"'4*" ) ) -"4./*- .0+*)
OS exposure as shown in fly (Chapter 2Ҙ(4#1 - 1 ' .$")$!$)/$Ȃ - ) .$(+'$/$)"
also GLP/EHMT1 in OS stress response. More work is needed.
We cannot exclude that, GLP/EHMT1 is not involved in regulating stress response in contrast
to its close relative G9a/EHMT2. Drosophila G9a is the orthologe to both G9a/EHMT2 and GLP/
EHMT1 22. Many phenotypes found in mouse G9a models show overlap with Drosophila G9a 23,24
while the functional role of GLP/EHMT1 in stress responses and metabolic reprogramming in
humans remains to be investigated. Moreover, no deletions or mutations of G9a/EHMT2 have
been found has to been associated with Kleefstra syndrome. Therefore we could conclude that
investigation of underlying phenotypes resembles the function of G9a rather than GLP protein.
However, GLP might still have an impact on G9a-related function like modulating H3K9me2
activity or contextual formation of protein complexes regulating biological processes of stress
response or metabolic regulation 25.
We attempted to recapitulate systemic phenotypes obtained in Drosophila in Epstein-Barr-Virus-transformed lymphoblastoid cells or skin cell fibroblast cells. These phenotypes could be
cell-type specific or require an intact, more complex organism, preventing direct translatability
to the in vitro cellular models. However, similar studies on mouse and human cell lines uncovered that G9a regulates transcriptional homeostasis during stress response in mammalian
species 26,27. Therefore, metabolism-linked stress tolerance resulting in decreased survival is
possibly not cellular but a systemic phenomenon. More work using in vivo models is required
to address the role of GLP/EHMT1 in organismal stress responses.
Still, the integrative role of G9a regulating transcriptional homeostasis and metabolism
revealed in Chapter 2 could still be conserved in humans and other species. To address the
hypothesis of functional conservation, we turned to an in silico analysis of G9a depleted
models of stress response in human, mouse and fly (Chapter 5).
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Supporting information
Supplementary table 1: Additional information about Kleefstra syndrome and control cell lines
Lymphoblastoid cells
Cell line ID

Status

Gender

Year of birth

39775

Kleefstra sydrome

Female

1995

30225

Kleefstra sydrome

Male

1999

43564

Kleefstra sydrome

Male

2001

HEP10-01348

Kleefstra sydrome

Male

2007

10989

Control

Male

1977

11129

Control

Female

1980

11207

Control

Female

1979

11119

Control

Male

1977

Cell line ID

Status

Gender

Year of birth

CL10-00033

Kleefstra sydrome

Female

1977

CL11-00027

Kleefstra sydrome

Female

1998

CL11-00034

Kleefstra sydrome

Male

2006

CL09-00021

Control

Female

1968

CL10-00008

Control

Female

1995

CL11-00009

Control

Male

2005

Fibroblast cells
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ABSTRACT
Resistance and tolerance are two coexisting defense strategies for fighting infections. Resistance is mediated by signaling pathways that induce transcriptional activation of defense
mechanisms aiming to eliminate the pathogen. Tolerance refers to adaptations that limit the
health impact of a given pathogen burden, without targeting the infectious agent. The key
players governing immune tolerance are largely unknown. In Drosophila, the histone H3 lysine 9
(H3K9) methyltransferase G9a was shown to mediate tolerance to virus infection and oxidative
stress (OS), suggesting that abiotic stresses like OS may also evoke tolerance mechanisms. In
response to both virus and OS, stress resistance genes were overinduced in Drosophila G9a
mutants, suggesting an intact but overactive stress response. We recently demonstrated that
G9a promotes tolerance to OS is by maintaining metabolic homeostasis and safeguarding
energy availability, but it remained unclear if this mechanism also applies to viral infection, or
is conserved in other species and stress responses. To address these questions, we analyzed
publicly available datasets from Drosophila, mouse, and human in which global gene expres.$*)' 1 '.2 - ( .0- $)шҊ +' / *)$/$*).)*)/-*'./$Ȃ - )//$( +*$)/.
upon stress exposure. In all investigated datasets, G9a attenuates the transcriptional stress
responses that confer stress resistance against the encountered stressor. Comparative analysis
of conserved G9a-dependent stress response genes suggests that G9a is an intimate part of
/#  .$")+-$)$+' *!./- ..- .$./) Ѷ0Ȃ -$)"/# $)0/$*).*!./- ..Ҋ.+ $!$-  +/*-.Ѷ
+' $*/-*+$*- ./- ...$")'$)"+/#24.Ѷ)./- ..Ҋ.+ $!$ Ȃ /*-.ѵ (+*-/)/'4Ѷ2 !*0)
stress-dependent downregulation of metabolic genes to also be dependent on G9a across all
of the tested datasets. These results suggest that G9a sets the balance between activation of
resistance genes and maintaining metabolic homeostasis, thereby ensuring optimal fitness
0-$)" 3+*.0- /*$1 -. /4+ .*!./- ..-*..$Ȃ - )/.+ $ .ѵ /# - !*- +-*+*. 
G9a as a potentially conserved master regulator underlying the widely important, yet poorly
understood, concept of stress tolerance.
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INTRODUCTION
Multicellular organisms have evolved mechanisms to defend themselves against harmful
agents in their environment 1. These can be biotic factors like infectious microorganisms and
parasites, or abiotic factors such as oxidative stress (OS) and hypoxia. Organisms use two complementary strategies to protect themselves against infectious microorganisms: resistance
and tolerance 2–4. In immune responses, resistance refers to mechanisms that are designed
to eliminate the microbe from the host. Bacteria, for example, can be killed by the expression
of antimicrobial peptides, and invading pathogens can be encapsulated or phagocytosed by
immune cells to eliminate infections. In contrast, tolerance refers to mechanisms that mitigate
the damage caused by infection and the associated immune response of the host 2–4.
The host immune response is associated with systemic metabolic remodeling. In Drosophila,
infection by a parasitoid wasp or bacteria causes glycogen breakdown and increased circulating glucose 3,5,6. This increased glucose demand is thought to serve the increased energy
needs of activated immune cells 6,7. In humans, the response to severe infection also involves
( /*'$.#$ȅѶ$)' 0&*4/ .Ѷ/#/$.#-/ -$5 4- 0 *3$/$1 +#*.+#*-4'/$*)
as a means of energy production, coupled with increased aerobic glycolysis (the Warburg
Ȃ /Ҙѵ3$/$1 +#*.+#*-4'/$*)(4 /**.'*2/*( //# -+$ ) -"4) .*!/$1/ 
$((0)  ''.ѵ -*$"'4*'4.$.Ѷ2#$' ' .. Ȃ$$ )/Ѷ+-*0 .!./ -)'.*+- 1 )/.
further accumulation of ROS, which is produced primarily during mitochondrial oxidative
phosphorylation 8. Aerobic glycolysis can also supply crucial intermediates that are used as
building blocks for the synthesis of new cellular materials, like lipids, which may be required
for vesicle formation during phagocytosis of pathogens 9. Defects in immunometabolism are
associated with sepsis and immune paralysis 10,11. However, while metabolic remodeling is
essential for the immune response, it can also be harmful to the host organism because cell
resources are diverted away from other physiological processes and can become limiting 3,5,12.
Therefore, attenuation of the immune response and the associated metabolic remodeling
has been proposed as an important mechanism in immune tolerance 5,12. In addition, exciting
recent work has shown that tolerance can be triggered by preventing inhibition of endogenous
glucose production via liver gluconeogenesis or by inducing a hypometabolic state at low
temperature 13,14.
The regulatory factors driving tolerance are still poorly understood. One exception is the
epigenetic regulator G9a, which was shown to be required for tolerance to virus infection in
Drosophila melanogaster 15ѵш(0/)/.$ !./ -/#)*)/-*'.ȅ - 3+*.0- /*1$-0.0/
maintain a normal viral load 15. G9a is a histone methyltransferase that mediates dimethylation
of histone H3 on Lysine 9 (H3K9me2), which is an epigenetic mark that has been associated
with repressed transcription 16. In response to virus infection, the JAK/STAT pathway is activated, inducing key transcriptional targets involved in anti-viral defense. Through its role as an
epigenetic repressor, G9a limits the induction of JAK/STAT-induced immune response genes.
Overactivation of JAK/STAT signaling is harmful, suggesting G9a promotes viral tolerance in
part by preventing an overactive immune response 15.
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G9a is also involved in preventing overactivation of resistance mechanisms against reactive
oxygen species (ROS) in Drosophila 17. ROS is eliminated by the OS response, a transcriptional
program that upregulates defense enzymes including superoxide dismutase and catalase,
which together can convert harmful oxygen radicals into water. G9a mutants die faster than
controls when exposed to OS and show overactivation of key OS resistance genes. However,
G9a mutants ultimately die during OS exposure, not due to sustained oxidative damage, but
due to a lack of available energy 17. Therefore, in Drosophila OS response, G9a promotes stress
tolerance by maintaining a balance between activation of resistance genes and maintenance
of metabolic homeostasis 17. While Drosophila G9a does regulate tolerance to both virus and
OS, it is unclear whether viral tolerance is linked to metabolic dysregulation.
G9a has also been implicated in biotic and abiotic stress responses in mammals. Regulation
of interferon-mediated immune response in mouse embryonic fibroblasts (MEFs) was found
to depend on G9a-mediated H3K9me2 18. The induction of interferon response genes is much
#$"# -$)./#/-  +' / *!шѶ.0"" ./$)"/#/ш$.- .+*).$' !*-0Ȃ -$)"/# 
mouse immune response 18, similar to what was observed during the Drosophila virus and OS
response 15,17. G9a is also required for hypoxia response in human MCF-7 breast cancer cells
)(*0.  (-4*)$./ (җҘ ''.)2..#*2)/*0Ȃ -#4+*3$Ҋ$)0 " ) .19–21.
Taken together, these studies suggest that G9a might be a key factor in preventing the
overactivation of stress response genes. It is unclear, however, if mammalian G9a functions
to promote stress tolerance and energy homeostasis, as observed in Drosophila. Here, we
integrated publicly available Drosophila 15,17 and mammalian 18,19,21 transcriptome datasets
/*$)1 ./$"/ /# +*/ )/$'.#- -*' *!ш$)$Ȃ - )/.+ $ .0) -$Ȃ - )//4+ .*!
stress. Across the investigated datasets, we observe striking conservation of G9a-dependent
stress-responsive genes and biological processes. Our results suggest G9a as a potential conserved universal regulator of stress tolerance that balances the activation of stress resistance
genes with the need to maintain metabolic homeostasis.

RESULTS
ш.! "0-./-).-$+/$*)'#*( *./.$.$)$Ȃ - )/.+ $ .0) -$Ȃ - )/
types of stress
To investigate shared G9a-dependent transcriptional programs across stressors and species,
we analyzed published G9a stressor datasets that provided transcriptome data from G9a-depleted systems and controls in non-induced conditions and upon stress exposure, at one or
two time points past stress induction. We identified 5 such datasets: 1) Adult Drosophila G9a
mutants exposed to paraquat (Oxidative Stress Drosophila) 17, 2) Adult Drosophila G9a mutants
exposed to virus (Virus Drosophila) 15, 3) G9a knockout MEFs exposed to Poly I:C immune stimulation (Interferon MEF) 18, 4) G9a knockout mouse ES cells exposed to hypoxia (Hypoxia ES) 21,
and 5) a dataset collected upon pharmacological inhibition of G9a in human MCF-7 breast
cancer cells exposed to hypoxia (Hypoxia MCF-7) 19. Collectively, these five transcriptome
/. /.- +- . )/т$Ȃ - )/*-")$.(.җ!'4Ѷ(*0. Ѷ)#0()Ҙ)/#- " ) -'/4+ .*!
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stress: oxidative, immune, and hypoxic stress. Within each dataset, we identified stress-responsive genes, which were defined as any gene showing a significant change in expression
ȅ - 3+*.0- /*./- ..җp-adj < 0.05, fold change > 1.2) (Table 1). Consistently, we observe a
higher number of stress-responsive genes in G9a-depleted conditions compared to controls
(Fig 1). To test if G9a might have a role in regulating the expression of these stress-responsive
" ) .2 / ./ /# $-$Ȃ - )/$' 3+- ..$*)$)шҊ +' / *)$/$*).1 -.0.*)/-*'.Ѷȅ -
stress exposure. Across all datasets, we found that an average of >40% of stress-responsive
genes were dependent on G9a (Table 1), revealing a major contribution of G9a to stress-induced transcriptional programs.
Figure 1: Stress-induced gene expression changes are increased in G9a-depleted conditions

5

-"-+#.#*2$)"/# )0( -*!$Ȃ - )/$''4 3+- .. " ) .$ )/$!$ $)+$-2$. *(+-$.*).*!
(' 1 '. !*- )ȅ -./- .. 3+*.0- $)ш +' / *)$/$*).җ*-)" Ҙ)*)/-*'.җ $" Ҙѵ
$Ȃ - )/$''4 3+- .. " ) .2 -  !$) 4)%0./ p-value < 0.05, and a fold change > 1.2 up
(normal fill) or down (striped).
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4, 24

4, 24

6,12

24

6,12
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Time (h)

3757

4165

7311

2560

5737

Stressresponsive
genes1

1994

1365

2130

1290

2243

G9a-dependent stressresponsive genes2

53%

32%

29%
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39%

Percentage of stressresponsive genes
dependent on G9a

Dm - Drosophila melanogaster, Mm - Mus musculus, Hs - Homo sapiens
1
/- ..Ҋ- .+*).$1 " ) .-  !$) .#1$)".$")$!$)/'4$Ȃ - )/ 3+- ..$*)' 1 '.җp-adj<0.05, fold change >1.2) in response to stress in controls or G9a depleted
conditions.
2
/- ..Ҋ- .+*).$1 " ) ./#/'.*#1 .$")$!$)/'4$Ȃ - )/ 3+- ..$*)$)ш +' / *)$/$*).*(+- /**)/-*'.җp-adj<0.05, fold change >1.2).

Mm

Mm

hypoxia ES 19

interferon MEF

Dm

virus Drosophila 15

fat body

whole head

Dm

oxidative stress
Drosophila 17

18

Tissue or
cell line

Organism

Dataset short name

Table 1: Identification of G9a-dependent stress-responsive genes
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$"0- сѷш// )0/ ../- ..Ҋ$)0 " )  3+- ..$*)#)" .$)$Ȃ - )/.+ $ .0) -$Ȃ -ent types of stress.

5

Boxplots and heat maps showing log2 fold changes of G9a-dependent stress-responsive genes across all
five published datasets. Stress-dependent gene expression changes tend to be increased in magnitude in
ш +' / *)$/$*).Ѷ $)" $/# -*1 -$)0 *-*1 -- +- .. ȅ -./- .. 3+*.0- ѵ# )0( -$'
data depicted in this Figure can be found in S1 Data.
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 3/Ѷ 2  3($)  /#  Ȃ / *! ш *) /#  (")$/0  ) $- /$*) *! 4.- "0'/ 
stress-responsive genes. G9a-dependent stress-responsive genes generally showed an exaggerated response. Genes that were induced in controls, were more induced in G9a-depleted
conditions, while genes that were repressed in response to stress in controls were more repressed in G9a-depleted systems. We refer to these groups as overinduced and overrepressed
genes, respectively (Figure 2, S1 Data). Taken together, our analysis demonstrates that G9a
0Ȃ -../- ..Ҋ$)0 " )  3+- ..$*)#)" .)($)/$)./-).-$+/$*)'#*( *./.$.
$)$Ȃ - )/.+ $ .0) -$Ȃ - )//4+ .*!./- ..ѵ

ш- "0'/ ..#- $*'*"$'+-* .. .$)$Ȃ - )/.+ $ .0) -$Ȃ - )/
types of stress
To identify the cellular pathways and functions that are under control of G9a during stress responses, we applied gene ontology (GO) analysis to the G9a-dependent overinduced and overrepressed gene sets. To provide a comparative overview across the 5 datasets we constructed
GO heatmaps displaying p-value significance for GO terms that are enriched in at least four
of the five datasets (Fig 3). Among G9a-dependent overinduced genes we observed enriched
biological processes related to stress responses, immune responses (also a type of stress
response), cellular signalling, and transcription. These themes were not generally enriched
among G9a-dependent overrepressed genes (Fig 3A). This demonstrates that G9a attenuates
/# $)0/$*)*!./- ..- .+*). " ) .$)$Ȃ - )/.+ $ .0) -$Ȃ - )//4+ .*!./- ..ѵ
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Figure 3: Stress response genes are overinduced and metabolic genes are overrepressed in G9a
depleted conditions.

5

(A-B) Heatmaps showing p-values for GO enrichment are highlighted in light to dark blue. Not significant
genes are highlighted grey. Columns show overinduced (column 1-5, annotated in red) and overrepressed
(column 5-10, annotated in purple) gene groups from each dataset. Row colors indicate -log10 of p-value
(False Discovery Rate) for enrichment of the indicated GO terms in each dataset. Here we show all selected
common GO terms subdivided into functional groups of (A) stress-related terms: Stress response, immune
response, cellular signaling and transcription, additional biological processes and (B) metabolic terms:
Metabolism, Carbohydrate metabolism, Lipid metabolism, Nucleotide metabolism.

Both G9a-dependent overinduced and overrepressed genes are enriched for GO terms
related to metabolism. However, terms related to small molecule metabolism, carbohydrate
metabolism, lipid metabolism, and nucleotide metabolism show preferential enrichment
among G9a-dependent overrepressed genes (Fig 3B). These data point to a role for G9a in
- "0'/$)" ) -"4( /*'$.(0-$)"*). -1 ./- ..- .+*). .$)$Ȃ - )/.+ $ .0) -
$Ȃ - )//4+ .*!./- ..ѵ

G9a regulates stress-specific genes and common stress response genes
Next, we further zoomed into the data and investigated conservation of G9a-dependent overinduced and overrepressed responses at the gene level. Pairwise comparisons between each
dataset revealed a significant overlap in specific genes between most datasets for both overinduced (Fig 4A) and overrepressed (Fig 4B) gene groups (p<0.05 for 18 of 20 comparisons,
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hypergeometric test; color gradient indicates Jaccard Index). The most significant degrees of
overlaps were found between datasets derived from the same species (mouse and fly) or same
type of stress (hypoxia), however significant overlap was also observed among all other pairs
of overinduced gene-sets and most other pairs of overrepressed gene-sets (Fig 4A-B). In total,
there were 740 overinduced and 841 overrepressed genes that overlap in two or more datasets
(Fig 4C-D, highlighted in blue), while 2797 overinduced genes and 2895 overrepressed genes
were unique to single datasets (Fig 4C-D, highlighted in beige). The complete list of unique
and overlapping genes is provided in Table S1.
Attempting to understand the nature of gene sets that were dysregulated exclusively in
a single G9a stressor dataset, we compared uniquely overinduced genes to genes that are
annotated with the specific GO terms ‘response to oxidative stress’, ‘immune response’, and
‘response to hypoxia’. Interestingly, many known stress-specific defense genes are found
to be uniquely overinduced in the relevant transcriptome dataset (Table 2). For example,
in the Drosophila OS response, we observed overinduction of several enzymes involved in
neutralizing oxygen free radicals, including Catalase, Glutathione S Transferase E1, and peroxiredoxin 2450-1/2. The other G9a stressor datasets also show overinduction of stress-specific
defense genes that are specifically required to defeat the stress that was applied (Table 2 – see
discussion for a more detailed description).
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5

(A-B) Heatmaps indicating pairwise overlap of genes between the five datasets for the color gradient
indicates the Jaccard index (A) overinduced and (B) overrepressed gene groups. The total number of fly
genes, or fly orthologs of mouse and human genes, is indicated below the dataset name. Overlap statistics
on each tile connecting two datasets include hypergeometric p-value for the enrichment, the number of
overlapping genes, fold enrichment and percentage of overlap. (C, D) Venn diagram showing overlaps
between datasets for the (C) overinduced and (D) overrepressed genes groups. The total number of fly
genes, or fly orthologs of mouse and human genes, is indicated below the dataset name. Overlap between
two or more groups is highlighted in blue and unique genes in each dataset are indicated in beige.
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Table 2: G9a dependent stress-responsive genes that are uniquely dysregulated in a single G9a
stressor datasets.
Dataset

GO term

Genes

Oxidative stress
Drosophila

Response to
oxidative stress
(GO:0006979)

prx2540-1,inr,spz,p38a,cnc,cd,cat,
jafrac1,gste1,thor,cg12896,wfs1,
sirup,irc,cg15547,prx2540-2,mtf-1,
p38c, lon,naprt,scyl

Virus Drosophila

Immune response
(GO:0002376)

unc-45,ths,spas,p38b,nub,lola,hh, dnr1,wnt4,vps33b,
totb,pvf3,ppo3, nt1,ect4,dhc64c,cecc,cecb,attd

Interferon MEF

Immune response
(GO:0006955)

pde4b,pde4d,gata2,gata3,ptger4, tnfaip8l2,serpinb1a,
serpinc1,serpinb9,tlr4,tlr12,tlr11,fcna,fcnb,myd88, dpp4,
hspa8,tlr1,tlr2,tlr6,stx8,serpinb9b,fgl2,tcirg1,hist2h2be,
jak2,chia1,tlr13,tlr3,tlr9,tlr7,serpinb3a,hlx, plscr1,star,
otub1,otud5,kdm6b, d6wsu163e,spink5,tnfaip3,tlr5,tlr8,
bmpr1a,cyld,fyn,fgr,blk,hck,lck,lyn

Hypoxia ES

Response to hypoxia capn2,npepps,car9,sox4,brip1,ets1, kcnk2,slc6a4,lct,
(GO:0001666)
apaf1,scap,suv39h2,suv39h1,srf,adrb2,higd1a,ece1

Hypoxia MCF-7

Response to hypoxia NOS1,NOS2,ADAM17,SOD2,SMAD3, CCNB1,CCNA2,HK2,
(GO:0001666)
CYBB,RBPJ,ENDOG, ITPR1,ITPR2,GNGT1,UBQLN1,ITGA2,
LDHA,TGFBR2,OGT,ADORA1,ATP7A, TGFB1,TGFB2,VHL,
AK4,RYR2,RYR1

Finally, we characterized conserved G9a-dependent stress-responsive genes that were dysregulated in multiple datasets. We found that G9a-dependent overinduced genes that overlap
in two or more datasets form a highly cohesive protein-protein interaction (PPI) network that is
significantly enriched over background protein-protein connectivity (665 versus 420 randomly
expected edges, p < 1*10 -16, 22) (Fig 5). The network of overinduced genes is enriched for KEGG
pathways related to stress response signalling pathways, such as MAPK signalling, several Akt
related KEGG pathways, including AGE-RAGE signalling and longevity regulating pathways, and
Toll and Imd signalling (Fig 5). In contrast to the G9a-dependent overinduced genes that are
unique to specific datasets, these conserved G9a-dependent overinduced genes represent
core stress response signalling pathways. G9a-dependent stress response genes are also
enriched for KEGG terms related to endocytosis and autophagy as well as genes annotated
with the GO term metabolic pathways themselves (Fig 5).
G9a-dependent overrepressed genes also form a PPI network with highly enriched connectivity (1270 edges versus 994 randomly expected, p < 1*10 -16, 22) (Fig 6). Genes in this network
are enriched for KEGG pathways related to energy metabolism, such as oxidative phosphorylation, sugar metabolism, and fatty acid metabolism, again underscoring the importance of
ш$)/# - "0'/$*)*! ) -"4( /*'$.(0-$)"1-$*0../- ..- .+*). $)$Ȃ - )/.+ $ .
0) -$Ȃ - )//4+ .*!./- ..ѵ
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(A) Protein interaction networks of overinduced overlap genes, as generated using the STRING app in
Cytoscape. Of the 740 overinduced overlap genes, 237 are connected to at least one other gene in the
group. The color-code indicates enriched KEGG terms associated with the networks, as indicated in B.
(B) KEGG pathway enrichment of genes within the overinduced networks.

132

CHAPTER 5

$"0- хѷш// )0/ .) /2*-&*!- +- .. " ) .$)$Ȃ - )/.+ $ .0) -$Ȃ - )//4+ .*!./- ..ѵ

(A) Protein interaction networks of overrepressed overlap genes, as generated using the STRING app in
Cytoscape. Of the 841 overrepressed overlap genes, 364 are connected to at least one other gene in the
group. The color-code indicates enriched KEGG terms associated with the networks, as indicated in B.
(B) KEGG pathway enrichment of genes within the overrepressed networks.
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DISCUSSION
In this study, we integrated five transcriptome datasets to investigate the conserved role of the
+$" ) /$- "0'/*-ш$)/# /-).-$+/$*)'- .+*). /*$Ȃ - )//4+ .*!./- ..$)$Ȃ - )/
species and systems. Our results suggest that G9a is an intimate part of the design principle of
./- ..- .$./) Ѷ0Ȃ -$)"/# $)0/$*).*!./- ..Ҋ.+ $!$-  +/*-.Ѷ+' $*/-*+$*- ./- ..
.$")'$)"+/#24.Ѷ)./- ..Ҋ.+ $!$ Ȃ /*-.ѵ )$/$*)/*0Ȃ -$)"/# /$1/ ./- ..
resistance program, G9a is also required across all five datasets for maintaining homeostasis of
metabolic gene expression. Balancing the activation of stress resistance programs with metabolic needs of the cell may be a fundamental mechanism underlying the poorly understood
concept of disease tolerance. We therefore propose that G9a may be a universally conserved
regulator of stress tolerance that sets the balance between stress resistance and metabolic
homeostasis.

G9a attenuates stress-induced transcription of the stress defense response
In all five G9a stressor datasets, we consistently observed a transcriptional overinduction of
stress response genes. Genes that were overinduced in multiple datasets were enriched for
pleiotropic core components of known stress, immune, and metabolic signaling pathways,
including MAPK signaling, TGF-beta signaling, Toll/Imd signaling, and insulin-PI3K-Akt-FOXO
signaling (Fig 5). In contrast, overinduced G9a targets that were specifically dysregulated in
a single stress dataset encompass key factors that are required to detect and eliminate the
specific stressor to which the specific system had been exposed. These stress-specific factors
(Table 2) either act upstream of the pleiotropic core signalling components as stress-specific
-  +/*-.*-*2)./- (Ѷ. Ȃ /*-+/#24./#/ '$($)/ /# - .+ /$1 ./- ..*-*-'$($/
its induced damage. For example, we observed overinduction of ROS defense enzymes (catalase, Glutathione S Transferase E1, and peroxiredoxin 2450-1) in the Drosophila G9a mutant
OS response 23. In the Drosophila G9a mutant response to infection, we observed an upregulation of specific antibacterial peptides, CecB, CecC, AttD, and Tep3 24. G9a knockout MEF cells
exposed to interferon show specific overinduction of NF-kB-associated immune response
proteins, including the Toll-like receptor proteins (TLR1-13), MYD88, LCK and LYN intracellular
associated signaling proteins for Toll-like receptors 25, and RELB, a transcription factor involved
in a non-canonical NF-kB pathway that specifically regulates important adaptive functions
of the innate immune response 4. In addition, JAK2 a key regulator of JAK-STAT signaling
and downstream activation of immune response pathways is overinduced in G9a depleted
conditions 26. G9a knockout MEFs exposed to interferon also show specific overinduction of
+-*/ $).$)1*'1 $)'4/$"-)0' /-Ȃ$&$)"җчҘѶ2#$#(4 - ,0$- /* )"0'!+/#*" ).ȅ -$)! /$*)27 and during cytotoxic T-cell responses 28, respectively. Interestingly, G9a
depleted MEF cells show induction of several serine-associated proteinase inhibitor proteins
(SERPINB1A, SERPIN3A, SERPINB9, SERPINB9B, SERPINB9B, SERPINC1, SPINK5) which play
an essential role in the regulation of innate immune responses, inflammation and cellular
homeostasis 29. G9a-depleted human MCF-7 cells exposed to hypoxia showed specific overinduction of the oxygen-sensing proteins VHL(Von Hippel-Lindau), which regulate the level of
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the hypoxia-inducible factor (HIF), a transcription factor that responds to changing O2 levels30.
Furthermore, MCF-7 cells show increased expression of glycolytic genes HK2 and LDHA, which
promote enhanced aerobic glycolysis to maintain rapid growth and promotion of metastasis
in cancer cells 31,32. In addition, MCF-7 cells also show specific overinduction of genes related
to transforming growth factor-beta (TGFB) signaling, including TGFB2, the TGFB2 Receptor
җсҘѶ)/# т*2)./- ( Ȃ /*- 33. Mouse G9a knockout ES cells also show
overexpression of the HIF1 regulating proteins SUV39H1, ADRB2, 34,35, transcription factor
ETS1 which regulates hypoxia-inducible gene expression 36 and of TGFB components SRF in response to hypoxia37. HIF and TGFB pathways counteract hypoxia by promoting angiogenesis 38.
Finally, ES cells show increased expression of HIGD1A, a HIF1 induced survival factor that
promotes cell survival under nutrient deprivation and low-oxygen conditions 39. Taken to" /# -Ѷш++ -./*// )0/ ./- ..Ҋ$)0 /-).-$+/$*)*!" ) . )*$)"$Ȃ - )/
components involved at all levels of defense signalling, from initial sensing of the stressor
and activation of pleiotropic core signalling pathways, down to the executing, stress-tailored
defense mechanisms.

G9a promotes stress tolerance by maintaining transcriptional homeostasis of
metabolic genes
 /*'$- +-*"-(($)"Ѷ$)'0$)".#$ȅ!-*(*3$/$1 +#*.+#*-4'/$*)/* -*$"'4*'4.$.җ'.*'' /# -0-" Ȃ /ҘѶ$.- ,0$- /*!0 ')$(( $/ ) Ȃ /$1 $((0) 
- .+*). ѵ *2 1 -Ѷ2#$'  ) !$$'/!$-./Ѷ/#$.( /*'$.#$ȅ) 1 )/0''4(" /# 
host because energy reserves are directed away from other essential processes. Consequently,
it needs to be under tight control; a prolonged or overactive immune response can lead to
death resulting from energy-wasting 40. We showed previously that energy-wasting was the
cause of death in Drosophila G9a mutants exposed to OS 17. Therefore, tolerance to biotic and
abiotic stressors is mediated, at least in part, by limiting energy wasting. In perfect agreement,
we observed wide dysregulation of metabolic genes in G9a depleted conditions across the
$Ȃ - )/./- ..*-.).+ $ ./#/2 )'45 $)/#$../04ѵ
Our analysis provides some insight into the conserved metabolic pathways that are dysregulated in response to G9a deficiency upon exposure to various stressors. Interestingly, genes
encoding components of the cell’s major ATP-producing pathways tend to be overrepressed
in G9a depleted conditions. This includes several components of the electron transport chain,
key enzymes of mitochondrial and peroxisomal fatty acid oxidation, and key enzymes of glycolysis (Fig 6). Thus, the capacity for ATP production during stress appears to be compromised
in G9a-deficient conditions. In our previous in vivo work examining the response to OS in G9a
mutant flies, we observed signs of aerobic glycolysis, such as rapid glucose decline and, on
the transcriptional level, highly upregulated lactate dehydrogenase 17. It was thus surprising to
observe transcriptional downregulation of glycolysis genes in most G9a deficient conditions.
Given the high glucose demand that we and others have observed under stress conditions 6,17,41,
we expected glycolysis to be increased. It is possible, however, that glucose is being used,
not for energy production, but for biosynthesis. Glycolysis can be divided into two parts.
The first part is unidirectional and consumes 2 ATP molecules per glucose molecule; glucose
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is converted to fructose 1,6,-bisphosphate. The second part is reversible and generates 4
ATP molecules for every glucose. This energy-generating branch of glycolysis involves seven
enzymes that convert fructose 1,6,-bisphosphate to pyruvate. Four of the seven enzymes
show reduced expression in G9a depleted conditions. Glycolytic intermediates upstream of
these enzymes are essential for de novo synthesis of nucleotides, amino acids, and lipids 9.
Interestingly, genes that are overinduced in G9a-depleted conditions show enrichment for GO
terms related to macromolecule biosynthesis, particularly RNA biosynthesis. It is thus possible
/#/ш(0/)/..#$ȅ/# 0. *!"'0*. /*2-.$*.4)/# .$.*!)0' */$ .)($)*$.
that are required to support their exaggerated transcriptional response to stress. G9a’s role
in attenuating stress-induced gene expression may, therefore, promote stress tolerance by
allowing for greater glycolytic energy production in place of glycolytic biosynthesis.
One limitation of the three mammalian datasets analyzed in this study is that the data have
been acquired from cellular systems that do not reflect the complex local, versus systemic,
metabolic reprogramming that occurs in vivo during infection, hypoxia, and likely also other
types of stresses. In particular, based on the intrinsic property of cultured cell lines to proliferate, there might be a bias towards glycolytic biosynthesis rather than energy production. An
additional limitation is that all of the utilized studies and datasets have, with one or two time
points, very limited temporal resolution. It is not guaranteed that the available data reflect
comparable phases during the respective stress responses. We therefore expect a considerable
amount of false-negative genes among the shared group of genes that are dysregulated in
G9a-deficient systems, while the uniquely dysregulated genes are for this reason probably
overestimated. Ultimately, the net consequences of the integrated transcriptional responses
that we describe in this study need to be revealed by targeted in vivo experiments, ideally with
spatiotemporal resolution.

G9a and stress tolerance in human disease
The G9a protein family appears to play a paradoxical function in the context of human disease.
Its loss in tumors prevents cancer progression, however, germline mutations in its close paralog and binding partner EHMT1/GLP cause the severe neurodevelopmental disorder Kleefstra syndrome 42. This paradox may be explained by viewing the G9a family in the context of
its arising role in metabolic adaptations to stress. Our previous work suggested that energy
availability is essential for stress tolerance 15,17. Stress-responsive tissues undergo temporary
local and systemic metabolic remodeling to cope with the high energy demand of the stress
defense 9, and G9a acts to limit the amplitude of this response to the minimal yet required
' 1 'Ѷ/# - 4.! "0-$)" ) -"4- .*0- .)($)$($5$)"/# +*/ )/$''4("$)" Ȃ /
*!/#$..#$ȅѵ#$.( )./#/ш+-*1$ . ) !$//*/0(*- ''.Ѷ2#$#) /*($)/$)
proliferation under hypoxia 43. Tumor cells are, however, not the only cells that undergo metabolic remodeling to support their biological function. For example, aerobic glycolysis provides
) -"4)$*.4)/# /$$)/ -( $/ .0-$)"./ ( ''$Ȃ - )/$/$*)44, in neurogenesis of
specific fast-expanding neuronal populations 6, and in stimulated neurons that form memory
circuits in the brain 45. It is possible that G9a-mediated stress tolerance also plays a role in
coping with these physiological metabolic adaptations, potentially explaining developmental
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and cognitive deficits associated with loss of the G9a ortholog EHMT1, in humans. Metabolic reprogramming is also of critical importance in sepsis, where an overactivated immune response
to infection can cause a fatal outcome referred to as immunoparalysis 46,47. Our data suggest
the evolutionarily conserved G9a family of epigenetic remodellers as exciting key master regulators of controlled, appropriately scaled stress responses, which promote tolerance to a multitude of biotic and abiotic stressors and, potentially, to demanding physiological conditions.

MATERIALS AND METHODS
$Ȃ - )/$'3+- ..$*))'4.$.
For the Drosophila Oxidative stress and Drosophila virus RNA sequencing data, fastq files
were obtained from the GEO Database (GSE110240, GSE56013) and aligned to Drosophila
melanogaster reference genome (dmel 6.19) 48 with STAR aligner (version 2.6.0b) 49. Counts
per gene were obtained using htseqcount (version 0.9.1) 50. For the Drosophila OS dataset we
used DESeq2 (version 1.38.0) 51/*)*-('$5 *0)//4'$--4.$5 )'0'/ $Ȃ -entially expressed genes. Since there were no biological replicates for the Virus Drosophila
/. /Ѷ2 $ )/$!$ $Ȃ - )/$''4 3+- .. " ) .2$/#  ,җ1 -.$*)сѵсчѵпҘ52 using the
.$(0'/ - +'$/ .*+/$*)җ .$(Ҙ2$/#0/*Ȃ.*!рѵсҊ!*'#)" ),Ҋ1'0 *!ۛпѵшпѵ
For microarray data, raw files for the Interferon MEF, Hypoxia ES, and Hypoxia MCF-7 datasets were obtained from the GEO Database (GSE24776, GSE35061, GSE89891) using GEO2R
package 53. We used the limma R package (version 3.42.3) 54 to normalize samples using the
,0)/$' )*-('$5/$*)( /#*)/*'0'/ $Ȃ - )/$' 3+- ..$*)2$/#/# '$) -(* '
(lmFit function) and empirical Bayes model (eBayes function). For all datasets, we performed
$Ȃ - )/$' 3+- ..$*))'4.$. /2 )/# ./- ..Ҋ$)0 .(+' .)/# )*)Ҋ$)0 
samples to identify stress-responsive genes with a statistical threshold of >1.2-fold change and
p-adj<0.05. Stress-responsive genes were defined as any gene that passed this threshold in
at least one stress-induced timepoint and either G9a-depleted conditions or controls. Among
/# ./- ..Ҋ- .+*).$1 " ) .2 $ )/$!$ " ) ./#/.#*2 .$")$!$)/'4$Ȃ - )/ 3+- ..$*)
(fold change>1.2, p-adj<0.05) between G9a-depleted systems and controls at stress-induced
time points. Therefore, G9a-dependent stress-responsive genes result from flittering for the
intersection of genes that are significantly changed during stress and those, that are signifi)/'4$Ȃ - )/ /2 )шҊ +' / *)$/$*).)*)/-*'.ѵ

Gene Ontology analysis
We used g:Profiler (version e94_eg41_p11_9f195a1) 55, to identify enriched GO terms with
a Bonferroni-corrected p-value < 0.05. Enrichment scores for GO terms were calculated as
!*''*2 ѷҗҝҘҝҙҗەҘҝҗەҘҚѶ2# - 4$./# )0( -*!" ) ...*$/ 2$/#/# / -(Ѷ
b is the total number of genes in the principal group, c is the total number of genes in the
genome associated with that GO term and d is the total number of genes in the dataset-tested
!*-$Ȃ - )/$' 3+- ..$*)ѵ $ )/$!$ / -(./#/2 -  )-$# $)*1 -$)0 )
overrepressed groups across at least four of the five datasets. Enrichment P-values for each
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term were calculated using false discovery rate (Benjamini-Hochberg) and visualized using
ComplexHeatmaps 56.

Orthology prediction
We used the DRSC Integrative Ortholog Prediction Tool (version 8.0) 57 to identify Drosophila
orthologs of mouse and human genes. Per gene, we selected the top-scoring gene orthologue
)'.*''*2 +-'*".2$/# .*- .тѵ

Gene overlap of stress-specific genes and common stress response genes
Gene overlap was visualized using the R package GeneOverlap (version 1.24.0)58. Color code
- +- . )/./#  -* Ȃ$$ )/Ѷ !$) 4/# .$5 *!/# $)/ -. /$*)$1$ 4/# 0)$*)
of the sample sets 59. P-value was calculated using false discovery rate (Benjamini-Hochberg).
For the total number of genes, we only considered genes with a fly ortholog, according to
the above criterion. Enrichment was calculated as described above (section Gene Ontology
analysis). Percentage of overlap between two datasets was calculated by dividing the number
of overlapping genes by the total number of genes in the smaller dataset. Venn diagrams were
generated using InteractiVenn 60.

Protein interaction networks
We constructed a protein interaction network of highly overlapping genes using the STRING
app (version 1.5.0) in Cytoscape (version 3.8.0) 61. For the construction of the networks shown
in Figs 5 and 6, we excluded text-mining as evidence and used a high interaction confidence
0/Ҋ*Ȃ*!пѵшѵ# .$")$!$) *!/#  "- *!*)) /$1$/42.'0'/ 0.$)"/# /-$)"
algorithm Random Graph with Given Degree Sequence 22. KEGG enrichment on genes in the
networks was calculated using g:Profiler 55.
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Adaptation to environmental changes is a fundamental evolutionary trait assuring an organism’s survival. Physiological and transcriptional changes in response to abiotic and
biotic stress require intricate regulation of cellular processes counteracting these stressors.
As genetic factors and cellular pathways involved in stress responses are conserved throughout
species, past research focused on identifying common denominators using human cell models
and model organisms. Functional genomics research led to the identification of stress-spe$!$ ''0'-. ).*-) Ȃ /*-+-*/ $)..2 ''./# $-$)/ -( $/ .$")'$)"+/#24.ѵ
Previous research also implicated fast-acting and reversible epigenetic changes by chromatin
regulating proteins to have a pronounced role in transcriptional regulation upon exposure to
environmental stressors. The histone-modifying G9a protein family was found to control highly
plastic biological processes. How these epigenetic changes trigger adaptive processes on the
organismal level to achieve stress defense and tissue homeostasis, are poorly understood.
In this thesis, we elucidate the role of G9a regulating organismal stress responses. In chapter 2,
we showed G9a’s role in transcriptional and physiological regulation of oxidative stress
responses. In chapter 3 we characterized a novel mechanism of viral resistance by the G9a
downstream peroxisomal protein Sgroppinio. We asked whether the binding partner and close
G9a ortholog GLP/EHMT1 contributes to stress-related phenotypes associated with Kleefstra
syndrome in chapter 4. Finally, we identified a conserved mechanism of stress tolerance,
regulated by G9a, across stressors and species in chapter 5. In this chapter, I discuss my results
and achievements in a broader view and provide a future outlook on stress response-related
research.

Potential mechanisms of G9a-dependent regulation of stress response
In chapters 2 and 5 we attempted to answer through which molecular mechanism(s) G9a
regulates stress responses. We investigated transcriptional and physiological consequences
of G9a depletion upon stress response in chapter 2. G9a mediates resistance to oxidative
stress in part through transcriptional regulation of key antioxidant genes. G9a mutants show
an overactive oxidative stress response suggesting that G9a dampens expression of stress
response target genes by transcriptional repression (chapter 2: figure 3). Furthermore, G9a
regulates metabolic reprogramming needed for rapid mobilization of energy storage and
attenuation of energy mobilization to avoid wasting, to serve energy-demanding enzymatic
reactions to eliminate ROS and repair ROS mediated damage, as well as energy-expensive
transcriptional induction of stress response (chapter 2: figure 5, figure 6). In chapter 5, I
identified conserved and stress-specific targets of G9a mediating stress responses by integrating five transcriptomes of G9a-depleted conditions in Drosophila, mouse and human, in
response to immune challenge, oxidative and hypoxic stress. In absence of G9a, the induced
transcriptional stress responses are exaggerated across all stressors suggesting a conserved
mechanism of G9a transcriptional regulation by regulating stress response gene levels, similar
to observations in chapter 2. Energy-generating metabolic pathways and pleiotropic core
stress signaling pathways are amongst the G9a targets that are present in multiple datasets
2# - ../- ..Ҋ.+ $!$. ).*-) Ȃ /*-+-*/ $).- 0)$,0 '4*1 -$)0 $)/# .$)"' 
datasets, specifically depending on the nature of the stressor (chapter 5: table 2). In summary,
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the outstanding conserved themes among G9a-dependent gene regulation are: 1) Dampening expression of induced stress resistance pathway, contextual to the type of stress; and 2)
Enhancing expression of genes required for stress defense and repression of non-essential
energy-demanding processes. However, the molecular mechanisms of how G9a orchestrates
the transcriptional response to OS in flies remain to be determined. Based on the literature,
several combinatorial mechanisms can be envisioned (Figure 1).
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Figure 1: G9a regulation of cellular and organismal response to stress and disease related functions

(A) Schematic overview of proposed G9a regulation of cellular and organismal stress response gene
/-).-$+/$*)ѵ /- .. 3+*.0-  ($"#/ /-$"" - +*./Ҋ/-).'/$*)' ( #)$.(. Ȃ /$)" ш +-*/ $)
levels (1). These directly influence G9a mechanisms of transcriptional regulation: H3K9me2 epigenetic
silencing (2), modification of target proteins (3-4) and co-factor association and co-factor dependent
- -0$/( )/җфҘѵш/# - 4- "0'/ ./-).-$+/$*)*!./- .. Ȃ /*-+-*/ $).)($"#/$)/ -/
2$/# ) -"4#*( *./.$.)./- ..- "0'/$)"+-*/ $).0'/$(/ '4ѷ.#$ȅ$)"/-).-$+/$*)'- .+*). Ѷ
(*$'$5  ) -"4- .*0- .)+*..$'4Ȃ /$)"+ -*3$.*('!0)/$*)ѵ# - .0'/$)".#$ȅ!-*(- "0'-
growth and proliferation status of the organism to stress survival has consequences for energy and
- *3#*( *./.$.Ѷ$)- . ./- ../*' -) Ѷ)+*/ )/$'/-)." ) -/$*)' Ȃ /.ѵҗҘ (+$- ш
!0)/$*)($"#/$)/ -! - 2$/#.$")'$)"!0)/$*)- .0'/$)"$) --)/ ''$Ȃ - )/$/$*)Ѷ.4)+/$
/-).($..$*)Ѷ.4)+/$+'./$$/4Ѷ' -)$)")( (*-4Ѷ/# - 4Ȃ /$)") 0-*)'!0)/$*)Ѷ 1 '*+( )/
and degeneration. Perturbation of cellular ROS homeostasis contributes to cellular senescence and higher
susceptibility to cell death contributing to the onset and progression of neurodegenerative diseases.
Increased activation and/or expression of G9a can mediate adaptive strategies in cancer cells, such as
increased cell proliferation and cell cycle progression, inhibition of apoptosis, and evasion of detection
and clearance of tumor cells by the immune system.

First, alteration of G9a protein levels and recruitment of transcription factors in response
/*#4+*3$)0'/$(/ '4Ȃ / т ш( сҊ( $/ - +- ..$*)*!/-" /" ) .4шѵ) -
normoxic conditions, G9a protein levels are reduced by propyl-hydroxylase-mediated pVHL
protein degradation, which is inhibited upon hypoxia, leading to increased G9a and H3K9me2
levels observed at target promoters 1. Through a similar mechanism, ROS treatment inhibits
pVHL-dependent degradation of Hypoxia-inducible factor 1 (HIF-1), the master regulator of
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hypoxia-mediated transcriptional responses, leading to enhanced expression of hypoxia genes 2.
Therefore, direct regulation of G9a protein levels through ROS seems plausible and should
be investigated.
Second, G9a-mediated, epigenetic gene silencing can be established through the repressive
H3K9me2 mark, which induces recruitment of co-repressor proteins such as heterochromatin
protein 1 (HP1) 3, DNA methyltransferases (DNMTs) 4, histone deacetylase 1 (HDAC1) 5,
and/or the H3K4 demethylase JARID1A 6. ROS exposure causes global H3K9me2/3 increase
through modulation of expression and activity of histone demethylases (KDMs) and histone
methyltransferases (KMTs) 7. Exposure to arsenic and hypoxia leads to G9a-dependent global and
gene-specific increase of H3K9me2 8. KDMs such as Jumonji C domain-containing proteins (JMJC)
require molecular oxygen for enzymatic activity and are inhibited by H2O2 or NO exposure 9,10.
In contrast, HIF-1 up-regulates the expression of several KDMs which increase transcription by
removing the H3K9me2 mark 11. In the G9a Drosophila model, highly induced JAK-STAT target
genes domeless and Socs36E showed depletion of H3K9me2 in absence of G9a compared
to control upon viral infection, suggesting that G9a regulates OS genes directly through
H3K9me2 histone modification 12. These studies show that H3K9me2-mediated modulation
of gene transcription can be achieved through ROS-induced modulation of expression and
activity of KDMs and KMTs resulting in changes of gene-specific and global H3K9me2 levels.
Third, posttranslational modifications including G9a automethylation might also influence
$Ȃ - )/$'ш/$1/$*)).0./-/ Ҋ.+ $!$$)/ -/$*) 13. A recent study showed that
sumoylation of G9a N-terminal lysine residues regulates activation of myoblast genes 14. Yet
undiscovered types of post-translational modification at uncharacterized G9a protein domains
might uncover additional novel functions. In this context, it is worthwhile to note that G9a
cysteine-rich regions might be of interest in the context of ROS-induced stress response
induction. ROS-dependent oxidation of cysteine-residue containing stress sensor kinases
leads to activation of stress response cascade 15. It is therefore possible that ROS targets
cysteine-rich residues of G9a leading to direct activation, translocation to the nucleus and
recruitment to OS target genes in a similar manner. It would be exciting to test this hypothesis
experimentally, e.g. by targeted mutagenesis.
Fourth, while initial research on lysine methylation proteins focused on their function as
histone-modifying enzymes, their general role in modifying protein beyond histones becomes
more evident 16. Posttranslational modification by G9a-mediated lysine methylation of nonhistone proteins has been found to determine selective activation or repression of target genes
in response to hypoxia. Methylation of transcription factor HIF-1 and chromatin-remodeling
factor Reptin leads to repression of HIF-1 target genes 17. In contrast, methylation of HIF-1 cofactor Pontin initiates recruitment of co-activator p300 and expression of hypoxia target genes 18.
Similarly, lysine methylation impacts biological function of modified proteins in immune
and oxidative stress responses. Methylation of RELA by SETD6 recruits G9a/GLP, thereby
repressing NF-ୁB-induced transcriptional response 19. SET9 mediated lysine methylation
reduces DNA-binding and transactivation of FOXO3 upon oxidative stress, inhibiting FOXO3mediated transcription and neuronal apoptosis 20. Apart from HIF-1, several already identified
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G9a non-histone substrates play a role in oxidative stress-related biological processes
such as p53, CYDL1, CSB, HDAC1 and DNMT1 21–25. Very likely, others have to be identified.
$ȅ#Ѷш- -0$/( )//*" ) +-*(*/ -.$.( $/ 4$- /$)/ -/$*)2$/#/-).-$+/$*)
factors mediating recruitment of co-activator and co-repressor complexes. G9a interacts
with hormonal estrogen and steroid receptors, facilitating recruitment of co-activators GRIP,
CARM1 and p300 26,27. G9a mediates epigenetic silencing by interaction with NF-ୁB and RELB
pro-inflammatory genes thereby increasing endotoxin tolerance 28. G9a and GLP bind HIF-1,
suppressing downstream activation of target genes in response to hypoxia 29. In addition, G9a
recruitment to DNA is mediated by zinc-finger containing proteins WIZ, ZNF644 and ZNF518 30,31.
My colleague Tom Koemans identified an uncharacterized zinc finger protein that interacts
with Drosophila G9a, suggesting conserved regulatory mechanisms by interaction with zincfinger proteins 32. However, none of these zinc factors have been associated with regulation
of stress responses. These studies show that recruitment of G9a to its target genes depends
on the cellular and biological context; stress-specific G9a interactors have yet to be identified.

)#) "'4*'4.$.!0 '$)"$*.4)/# .$.)/$1$/4*!./- .. Ȃ /*-+-*/ $).
0-!$)$)". (+#.$5 /# $(+*-/) *!/2*!/*-./#/- -0$'!*-) Ȃ /$1 ./- ..
defense: first, an intact but also not exaggerated induction of stress resistance genes to fight
the stressor. Second, metabolic remodeling rapidly provides the required energy for fighting
the stressor, but in a controlled manner that avoids wasting of energy. In both processes, the
golden path in the middle has to be taken to maximize systemic stress resistance. G9a depletion resulted in an overactive, therefore energetically costly transcriptional stress response.
Furthermore, metabolic processes during the OS response were widely altered in G9a mutants.
Glycogen breakdown was greatly enhanced, while lipid stores appeared inaccessible, i.e. were
used only in control (chapter 2: figure 6). Interestingly, supplementation of glucose during OS
exposure enhances stress tolerance in G9a-depleted conditions and unexpectedly to us at the
time, in wild-type condition. Ubiquitous knockdown of glycogen phosphorylase, the rate-limiting enzyme in the conversion of glycogen to glucose, reduces OS tolerance (chapter 2: figure 8).
These findings emphasized the importance of glucose metabolic pathways as a primary
energy source during acute OS responses implicating that a balanced stress response
is an integral factor of stress tolerance (chapter 5: figure 3). Our data suggested that the
enhancement of cytosolic glycolysis might be important for survival under stressful conditions.
'/#*0"#4/*.*'$"'4*'4.$.$.$) Ȃ$$ )/Ѷ$)/ -(.*! ) -"4" ) -/$*)+ -(*' 0' *!
glucose, compared to mitochondrial respiration it is 10-100 times faster than full oxidation of
glucose molecules. Thereby cytosolic glycolysis enables rapid utilization of energy resources
/*!0 '$*.4)/# .$.*! ''0'-*(+*) )/.)/$1$/4*!./- .. Ȃ /*-+-*/ $).33,34. Studies
on metabolic adaptation to stress exposure show the importance of the pentose phosphate
pathway and generation of lactate by aerobic glycolysis for stress resistance. Diverting glucose
byproducts to the pentose phosphate pathway (PPP) increases the production of NAPDH and
precursors of nucleotide biosynthesis, supporting stress response and proliferation 35. Initial
enzymatic conversion of Glucose-6-phosphate by Glucose-6-phosphate dehydrogenase
(G6PDH) is responsible for most of the cellular NADPH production, providing energy for
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maintaining redox-homeostasis. Most antioxidant enzymes, such as glutathione and
thioredoxin, reduce ROS intermediates, oxidized proteins, and oxidized lipids using NADPH
as an essential co-factor 36. Furthermore, enhanced activation of the PPP during LPS-mediated
inflammatory response provides NAPDH for ROS-mediated elimination of pathogens via
NAPDH oxidases and simultaneously keeping ROS-related inflammatory processes in check
via antioxidant defense enzymes 37,38.
Furthermore, enhanced conversion of pyruvate to lactate and increase enzymatic activity
of the pyruvate converting enzyme lactate dehydrogenase have been observed upon stress
exposure (chapter 2: Figure 5M) 39–41. Recent studies suggest that metabolic intermediates
such as lactate and pyruvate induce Hypoxia induceable factor 1 (HIF-1)-mediated glycolytic
.#$ȅ+-*(*/$)"*3$/$1 ./- ..- .$./) )$((0)  ! ). 42–44. Antioxidant and immunity
regulating factors play a dual role in detoxification of ROS and ROS-mediated damage and
initiate necessary metabolic changes during immune and stress responses. Stress response
transcription factors such as HIF-1 and nuclear factor erythroid 2–related factor 2 (NRF2)
regulate expression of glycolytic genes enhancing anaerobic glycolysis and PPP 45,46. HIF-1
- "0'/ . 3+- ..$*)*!"'4*'4/$ )54( .+-*(*/$)".#$ȅ!-*(($/*#*)-$'*3$/$1 
phosphorylation to the anaerobic glycolysis. By inhibiting pyruvate dehydrogenase complex,
Ҋр .#$ȅ. +4-01/  - &*2) !-*( ($/*#*)-$' /* '//  "'4*'4.$. 47. Antioxidant
response regulating factor NRF2 promotes NAPDH producing metabolic pathways upon
oxidative stress exposure and NRF2 antioxidant action depends on glucose availability 46,48.
G9a might regulate antioxidant and metabolic target genes indirectly through regulation of
HIF-1 or NRF2 expression or even by directly modulating their activity at gene promoters.
With this idea in mind, we should look back to a possible metabolic contribution in G9adependent regulation of viral stress response: in viral infection and oxidative stress exposure,
G9a depletion lead to overexpression of viral and OS response genes, resulting in increased
lethality, suggesting timely repression of these targets by G9a is important to increase
tolerance 49,50. Comparative transcriptome analysis of chapter 5 revealed misregulation
of metabolic genes upon viral infection. Interestingly, key metabolic enzymes regulating
carbohydrate and lipid metabolism were misregulated upon viral infection suggesting a coregulatory function of stress and metabolic responses (chapter 5). Therefore, G9a possibly
contributes to viral immune tolerance through metabolic reprogramming. Furthermore,
Merkling suggested that increased lethality is caused by overexpression of Jak-Stat immune
response pathway, which induces apoptosis. Oxidative damage-induced apoptosis might
contribute to OS stress-induced lethality in a similar manner 51.
As overactive transcriptional responses can be partially compensated by supplementation
of glucose (chapter 2: figure 8) energy availability might indeed be the determining factor
in stress tolerance. Past research on mechanistic function of G9a in cellular stress responses
in mouse and fly 49,52,53, including our work (chapter 2) revealed that timely repression of
stress-specific resistance genes is an intrinsic function of G9a shared across human, mouse
and fly (chapter 5). To our surprise, G9a depletion shows no accumulation of ROS levels and
( $/ (" $)$/$)"*3$/$1 ./- .. ! ). $../$'' Ȃ /$1 җchapter 2: figure 4).
0-$)"1$-'$)! /$*)Ѷ1$-''*.*!ш +' / !'$ .$)*/$Ȃ -!-*(*)/-*'.2#$' 1$-'
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defense genes were highly augmented suggest viral immune defense is still functional 49.
Therefore, we suggest that G9a mediates stress tolerance through regulation of energetically
costly transcriptional stress response and attenuation of energy mobilization to avoid wasting
and not due to increased stress resistance. While this hypothesis has been confirmed for G9amediated oxidative stress responses (chapter 2) meta-analysis of transcriptional data on
G9a-mediated stress response in human, mouse and fly revealed misregulation of energy
metabolic pathways in all datasets (chapter 5) suggesting that stress-induced metabolic
reprogramming serves as a universal mechanism for stress tolerance.
Still, the question remains whether the metabolic reprogramming upon stress response is
a cause or a consequence of transcriptional stress response. Activation of metabolic sensors
might be a consequence of low energy status due to induced transcriptional changes which in
turn mediate metabolic reprogramming. An interesting study on the metabolic reconfiguration
of antioxidant response suggests the opposite by showing that activation of glycolysis through
PPP precedes transcription regulation of stress response factors. Levels of PPP metabolic inter( $/ .#)" ȅ -р($)0/ *! 2O2 treatment, implying that initial steps of stress response
are mediated through metabolic changes 54. Metabolic profiling during stress exposure to capture the full spectrum of metabolic changes or conditional knockdowns of metabolic enzymes
is an important step to understand the reprogramming of energy metabolism under stress.

Metabolic regulation by G9a may function through insulin and AMPK/mTOR
signaling
Energy sensory proteins react to changes in cellular energy levels, inducing metabolic adaptation to stress and immune responses. Important guardians of metabolic homeostasis:
Insulin pathway, AMP-activated protein kinase (AMPK) and mammalian target of Rapamycin
(mTOR) might interact with G9a to guide the organism through the energetic bottleneck during
stress responses. In chapter 5 we observed an increased expression of components of insulin
and mTOR pathways in G9a-depleted conditions across three species and multiple stressors
(chapter 5: figure 6). In addition, G9a knockdown in Drosophila insulin-like peptide-2 secreting
cells reduced oxidative stress tolerance (chapter 2: figure 7), suggesting the involvement of
these energy-regulating factors in organismal stress response (Figure 1A).
Insulin signaling is evolutionary conserved and important for growth and development,
glucose and lipid metabolism, organismal stress response and life span. In humans, food
$)" ./$*)+-*(*/ .$).0'$)+-*0/$*))- ' . 4+)- /$ɡҊ ''.$)/*/# '**./- (
activating insulin receptor-mediated signaling on target tissues such as brain, liver, skeletal
muscles and adipose tissues. In flies and worms, insulin receptor-related inhibition of the
FOXO transcription factor is alleviated upon increased cellular ROS and amino acid starvation,
promoting oxidative stress and starvation resistance 55 similar to mammalian cells 56,57.
Furthermore, ROS enhances insulin signaling through increased insulin secretion in pancreatic
beta cells and insulin sensitivity in muscle tissue regulating cellular glucose uptake 58,59.
Activation of immune, metabolic and oxidative stress factors results in feedback inhibition
of insulin receptor signaling. Thereby physiological levels of insulin signaling have a beneficial
Ȃ /*)$)!'((/*-4)- *3#*( *./.$.ѵ3 ..$1 )0/-$ )/$)/& $)- . ' 1 '.Ѷ
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hypoxia and inflammatory responses inhibit cellular transduction of insulin signaling causing
insulin resistance 60. The resulting increase in circulating insulin levels might induce beneficial
anti-inflammatory responses in the short term but they increase long-term pro-inflammatory
responses, ER-stress and fat accumulation further promoting diseases progression of cancer
and diabetes type 2 61,62. Obesity and diabetes cause increased risk of cancer development due
to insulin resistance and resulting hyperinsulinemia 63. A study on obesity in mice showed that
high fat diet causes ER-stress and lipogenesis with transgenerational reduction of H3K9me2
and G9a levels 64. G9a inhibits adipogenesis by silencing early adipogenic transcription
!/*-.ɡ/*ɢ65. Furthermore, G9a regulates hepatic insulin signaling and glucose
homeostasis by modulating expression of insulin receptor, AKT and GSK3, preventing insulin
resistance, hyperglycemia and hyperinsulinemia 66. These studies indicate that G9a prevents
development of metabolic diseases and insulin resistance through regulation of lipogenesis,
adipogenesis and insulin signaling.
In the context of cellular metabolic adaptation to stress exposure, G9a might interact
with two important regulators of metabolic homeostasis: AMPK and mTOR. AMPK can be
activated through insulin receptor activation, oxidative stress, viral response factors and
nutrient starvation. AMPK promotes energy-generating catabolic processes such as glucose
uptake and glycolysis, fatty acid oxidation and autophagy while inhibiting energy-consuming
anabolic processes 67. AMPK binds cellular glycogen and acts as a sensor of energy storage
and regulates glycogen mobilization upon oxidative and hyperosmotic stress 68–70. Upon
oxidative stress, AMPK inhibits glycogen synthesis thereby promoting glycogen breakdown
and glucose flux through glycolysis 71. AMPK inhibits mammalian target of Rapamycin
(mTOR) which promotes energy-consuming anabolic processes such as cell proliferation
and biosynthesis of nucleotides and amino acids, through activation of the PPP as well as
upregulation of antioxidant genes via growth-factor dependent activation of PI3K-AKT or
changes in amino acid, glucose and oxygen levels 72. In the context of autophagy, G9a induction
of autophagy depends on activation of the AMPK-mTOR pathway 73. G9a regulates mTOR
transcription through H3K9 methylation. Pharmacological G9a inhibition activates mTOR
pathway promoting proliferation while inhibiting autophagy in cancer cells 74. In the context of
stress response, G9a might keep AMPK energy generating and preserving functions and mTOR
energy-consuming processes in balance. Recruitment of G9a to chromatin might be dependent
on stress and metabolic sensory pathways such as AMPK-mTOR and PI3K-AKT. Depletion of G9a
could lead to increased overactivation of mTOR pathway enhancing proliferation, biosynthesis
and antioxidant protein expression to the cost of increased energy consumption leading to
G9a related energy wasting upon oxidative stress (chapter 2). Investigating G9a-dependent
regulation of insulin and AMPK-mTOR would not only be interesting for mechanistic insight
in environmental stress regulation, but also would help in understating stress and immune
associated metabolic diseases such as diabetes, metabolic syndrome and cancer.

A potential impact of G9a on peroxisomes and lipid metabolism
Apart from alteration in glucose metabolism, we strengthened the importance of G9a-dependent regulation of lipid metabolic processes upon stress and viral exposure in chapter 2,
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chapter 3 and chapter 5. G9a lipid defects could in part be related to peroxisomal function.
G9a knockout mutants showed lipid accumulation similar to that observed upon knockout of
the peroxisomal protein - and G9a target - Sgroppino. G9a and Sgroppino have been shown to
regulate host response to viral infection 49,75ѵшҁ. Ȃ /*)+ -*3$.*('!0)/$*)(4*)tribute to increased oxidative stress and immune tolerance. In chapter 2 and chapter 5 we
found many lipid-related themes among common G9a overrepressed targets. Furthermore,
knockdown of Pex3, regulating de novo peroxisome biogenesis led to reduced survival upon
viral infection coupled with increased mRNA levels (chapter 3: figure 6).
Under conditions where cellular glucose reserves are depleted, breakdown of fatty acids
through mitochondrial fatty acid ß-oxidation serves as an alternate NADPH and ATP generating pathway. While mitochondrial ß-oxidation is related to energy production, peroxisomal
ß-oxidation involves biosynthesis of fatty acids important for stress, metabolic and immune
signaling pathways 76. Peroxisomes conduct pro- and antioxidant functions and contain H2O2
producing and detoxifying enzymes 77. Furthermore, peroxisomes serve as a signaling platform
for pathogen recognition through membrane-bound RIG1-MAVS proteins that activate NF-ୁB
and MAPK immune pathways mediating production of antimicrobial and antiviral compounds
important for immune defense 78,79. Peroxisomal lipid synthesis is important for composition
of membrane lipids altering membrane properties relevant for phagocytosis and endocytosis
of viral and bacterial compounds 80. Therefore, peroxisomal dysfunction can lead to impaired
ß-oxidation and lipid accumulation as seen in G9a and Sgroppino mutants as well as interfere
with antioxidant and viral defense mechanisms. Peroxisomes originate through vesicle formation from the endoplasmatic reticulum membrane and biogenesis of peroxisomes can be
adjusted depending on cellular need. Peroxisomal proliferation-activating receptors (PPAR)
are a group of nuclear receptors regulating expression of peroxisome biogenesis genes (Pex
genes). PPAR regulates expression of antioxidant enzymes in response to oxidative stress and
promotes anti-inflammatory responses by preventing overactivation of immune responses through trans-repression of NF-ୁB 81. In a metabolic context, PPAR promotes fatty acid
ß-oxidation upon activation by metabolic sensor AMPK under low energy status of the cell 82.
Concerning G9a, PPAR expression depends on G9a-related, H3K9me2 mediated repression
during adipogenesis 65. G9a-dependent regulation of PPAR modification of lipid metabolism,
viral and stress responses is unknown. Despite the compelling evidence linking G9a to peroxisome function, the potential interaction between G9a and Sgroppino and their precise role in
peroxisome function remains unknown.

G9a maintains genome integrity through DNA repair and cell cycle control
 )*( $)/ "-$/4$.#'' )" 4$Ȃ - )//4+ .*!./- .. 3+*.0- ѵ )/ - ./$)"'4Ѷ2 !*0)
DNA repair genes are upregulated upon oxidative stress induction (chapter 2, figure 3D) in
addition to misregulated genes functioning in DNA damage response, DNA replication and
cell cycle checkpoint control (chapter 2, supplemental data S3). This fits with several other
studies that have shown the importance of G9a in DNA damage responses and cell cycle
*)/-*'ѵ $./*) (*$!4$)"!/*-. / -($) / -/$-4#-*(/$)./-0/0- Ȃ /$)"
damage repair, DNA replication and chromosome segregation 83. While conformational changes
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in euchromatic regions increase accessibility to transcription factors they also expose DNA to
harmful agents and increased transcription and replication stress resulting in DNA damage 84,85.
DNA repair factors restore mutations or breaks in genomic DNA while cell cycle checkpoints
prevent further proliferation of damaged cells by inducing cellular senescence or apoptosis 86.
Disruption of repressive chromatin-modifying proteins such as G9a might decrease the
stability of gene silencing, leading to inappropriate gene transcription, thereby promoting
genome instability. Cell studies show G9a and GLP facilitate recruitment of DNA repair
complexes to sites of DNA damage, transcriptional regulation cell cycle transition of G1 to S and
G2 to M phases 87–89. Post-translational modification of G9a and GLP by Ataxia-telangiectasia
mutated kinase (ATM) leads to recruitment to damaged DNA sites. Whether ATM-associated
transcriptional silencing is mediated by G9a still needs to be investigated 87. Furthermore,
ш($)/$).+-*'$! -/$*)*!(4*4/ .4 +$" ) /$''4- +- ..$)"$Ȃ - )/$/$*)!/*-.
MYOD and simultaneously activating E2F1/PCAF proliferating factors during G1 to S phase
through formation of co-activator complexes. Thereby G9a assures proper cell identity and
adequate cell growth 88. Furthermore, G9a and GLP are responsible for restoring H3K9me2
#$./*) ( /#4'/$*)+// -).*)) 2'4.4)/# .$5 #$./*) .ȅ -- +'$/$*)0-$)"
G2 to M phase and G1 phases, thereby maintain cell-type-specific epigenome in dividing,
$Ȃ - )/$/  ''.89. This suggests a possible role of G9a in preventing accumulation of DNA
damage and maintain genome integrity during mitotic cell cycle transition phases.
Related to G9a function of cell cycle control, we found a large number of genes with
highly enriched function to cell cycle, DNA replication and chromosomal organization to be
upregulated in G9a deficient flies but downregulated in control condition upon viral infection
(chapter 5). These genes might relate to cell cycle regulating factors which are targeted by
viral proteins. Viruses modulate host cell cycle machinery with benefits to pathogen survival
or viral replication. Viral proteins interfere with activation of proteins involved in DNA damage
checkpoint proteins as well as G1 to S and G2 to M transition regulating proteins 90,91. In
conclusion, G9a thus contributes to overall genome integrity. Further investigation of stressinduced cellular deficiencies and the importance of cell cycle control-related pathogen-host
interactions is needed.

Epigenetic memory upon chronic or repeated stress exposure
It is a general trend that upon repeated exposure, cells or organisms show increased
transcriptional responsiveness to environmental and immunological stimuli, leading to stronger
and faster induction of stress response genes 92–94. Long-term adaptation to environmental
#)" ./#-*0"#$)- .  Ȃ$$ )4$)/# +#4.$*'*"$'- .+*). ./*&)*2)./- ..*-Ѷ)
inheritance of this “behavior” to progeny, are essential drivers of evolutionary adaptation. In
addition, these mechanisms relate to core features of stress resistance and tolerance. Therefore,
$/$. ) !$$'/*,0$- ҂" ) /$( (*-4҃ȅ -$)$/$'./- .. 3+*.0- ѵ# ( #)$.(.
underlying this genetic memory involve epigenetic modifications of chromatin, including
DNA methylation and histone modifications, as well as changes in expression of micro RNAs 95
+$" ) /$(*$!$/$*).*!#$./*) .)+ -.$./'*)"ȅ -./- .. 3+*.0- )) 1 ) 
transmitted to progeny 96. Hypermethylation of H3K4me3 in response to environmental stress is
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associated with poised gene expression and was proposed as a mark for memory 97–99. Drosophila
activating transcription factor dATF-2 is involved in H3K9me2-mediated epigenetic silencing of
heterochromatin. Osmotic or heat-shock stress resulted in release of dATF-2 and remodeling of
heterochromatin region which is transmitted to the next generation. Although this work showed
dATF-2 association with a HP1 repressor complex, the HMTase responsible for distribution of
H3K9me2 mark remained unidentified 100. G9a would be a candidate. In the metabolic context,
continuous high-fat diets leading to severe metabolic syndrome over successive generations were
associated with gradual downregulation of histone methylation levels and reduced G9a protein
levels 64. It would be a very interesting to investigate whether G9a confers epigenetic memory
0-$)"./- ..- .+*). .2$/#$)/-Ҋ)/-)." ) -/$*)' Ȃ /.*)- + / ./- .. 3+*.0- ѵ

G9a as a therapeutic target for diverse diseases
ш)$/." ) !($'4ҁ.1 -./$' - "0'/$*)*! (-4*)$ 1 '*+( )/Ѷ ''$Ȃ - )/$/$*)Ѷ
autophagy, apoptosis, DNA damage and repair, insulin signaling, inflammation, and
immune function can be related to the onset and progression of numerous diseases such
as neurodevelopmental and neurodegenerative disorders, cancer, diabetes, as well as
immune and inflammatory associated illnesses 101–106. Identification of G9a’s underlying
functional mechanisms and cellular interactors opens up a window for therapeutic
approaches. Modulation of G9a function by pharmacological inhibition represents a promising
therapeutic target for various cancers with enhanced G9a expression 102,107–109. In contrast,
neurodevelopmental and neurodegenerative diseases associated with loss of GLP/G9a are
$Ȃ$0'//*/- /.0-- )/( /#*.))*/- ./*- ш/$1$/4*))*-")$.('.' ѵшҁ.
importance in mediating adaptive strategies in cancer cells and the significance of energy
supply and ROS signaling for normal brain function as well as onset and progression of
neurodevelopmental and degenerative diseases will be discussed in the following two sections.

G9a mediates adaptive strategies in cancer cells
The hallmark of cancer cells is their ability to survive under stressful conditions such as
oxidative stress, hypoxia, low pH and depletion of glucose and amino acids. To maintain
cellular growth and proliferation they modulate glucose and amino acid uptake as well as
energy metabolic pathways for biosynthesis and NADPH production through activation of
PI3K-AKT, AMPK/mTOR, insulin and MAPK pathways. Oncogenicity of cancer cells depends
on the availability of glucose, amino acids and free fatty acids 110,111ѵ) - ''..0Ȃ -!-*(
increased ROS levels due to increased metabolic rate. The resulting diminished supply of
oxygen renders them hypoxic, further promoting genome instability and cancer progression.
# - !*- ) - ''..#$ȅ24!-*(*3$/$1 )Ҋ" ) -/$)"($/*#*)-$'- .+$-/$*)
to cytosolic glycolysis, thereby evading ROS-related cell death (Figure 1B). In addition,
increased ROS levels are quenched through expression of antioxidant genes 112. Finally, cancer
cells can evade cellular fail-safe mechanisms by repressing autophagy, apoptosis, and by
bypassing cell cycle checkpoints 113.
In early stages of tumor development, cancer cells are recognized by cytotoxic immune cells
) '$($)/ ѵȅ -!0-/# -+-*"- ..$*)*!/0(*-"-*2/#Ѷ) - ''.- ' ..$((0)*" )$
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and able to evade detection by the immune system (Figure 1B). Long-term immune tolerance
and the battle between the immune system and cancer cells results in chronic inflammation,
increasing genomic instability, mutation rate and metastatic progression 114.
G9a mediates cellular strategies adopted by cancer cells to maintain cell proliferation under
metabolic stress: increased stress tolerance, modulation of immune tolerance and evasion
of fail-safe mechanisms 49,50,115,116. Indeed, G9a expression is enhanced in various cancers and
correlates with poor prognosis in disease progression 102,107–109. G9a selective inhibitors interfere
with cancer-promoting function and are a promising target for future development of anti-cancer
drugs 29,107,109,117. Apart from inhibiting G9a enzymatic activity directly, G9a-associated interactors
mediating epigenetic repression (DNMT/HP1a) as well as transcription factors modulating cellular
proliferation (MYC) and cellular response to hypoxia (HIF-1) are viable therapeutic targets 29,107,109,117.

Importance of energy supply and endogenous ROS signaling for normal brain
function: onset and progression of neurodevelopmental and degenerative
phenotypes
The brain is the most energy-demanding organ in our body. It accounts for 2% of our body
weight but consumes about 20% of glucose-derived energy. Glucose delivers the bioenergetic
basis for synthesis of neurotransmitters, glycoproteins and lipids and amino acids 118. Further, as
neurons usually do not contain significant amounts of lipid droplets and glycogen, they rely on
various supporting cells such as astrocytes, microglia and oligodendrocytes to supply energy
metabolites, and important lipids for synthesis of membrane structures and vesicle regulation
of synaptic transmission 119. Due to the high metabolic turnover, neurons utilize glycolytic
pathways such as PPP to generate NADPH to manage oxidative stress and synthesize nucleic
acids precursors. Maintaining adequate energy levels and redox homeostasis is important for
neurons, therefore the brain is prone to lack of energy due to oxygen shortage, disturbance
in glucose homeostasis, and unbalanced redox homeostasis caused by oxidative stress 120.
&*!"'0*. $)/# -$)$.- ! -- /*.) 0-*"'4*+ )$ѵ /Ȃ /.) 0-*)'!0)/$*)Ѷ
alters brain function and behavior and causes a variety of neuropathological symptoms
including intellectual disability (e.g. illustrated by GLUT1 deficiency), ataxia, epilepsy,
personality disorders and muscle weakness. Early diagnosis of these deficiencies is important
to improve disease outcomes in newborns 121,122. As neurons can utilize alternative energy
.*0- . .0# . & /*)  *$ .Ѷ & /*" )$ $ / #. ( -"  . ) Ȃ /$1  /- /( )/ *!
childhood epilepsy 123. Furthermore, deficiencies of glucose-6-phosphate-dehydrogenase,
the rate-limiting enzyme of the PPP, are linked to onset of neurodegenerative diseases such
as Huntington, Parkinson’s, Alzheimer’s disease 124.
G9a-mediated regulation of glucose metabolism and energy mobilization upon stress
response could be important to maintain adequate energy levels and redox homeostasis in
neurons (chapter 2, chapter 5). G9a’s close partner GLP is associated with Kleefstra Syndrome,
a developmental disorder characterized by neurodevelopemental and neurodegenerative
features. Kleefstra associated neuronal phenotypes might arise due to improper metabolic
- "0'/$*)*!"'0*. )'$+$( /*'$.(2#$#Ȃ /) 0-*)'!0)/$*)ѵ
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structural neuronal connectivity in associated biological processes such as learning and
memory that depend on the G9a/GLP epigenetic suppressor complex 125–128 might also be
related to G9a’s metabolic, peroxisomal, and redox homeostatic function. While we tried to
connect G9a-related oxidative stress response in Drosophila to Kleefstra syndrome using cell
line models we did not observe reduced survival upon OS exposure (chapter 3). Nevertheless,
cellular models might not adequately reflect the organismal stress response and origin of
G9a function in stress tolerance. However, we observed increased H2O2 levels at steady-state
G9a mutant flies (chapter 2, figure 4), which might suggest disrupted redox homeostasis
under non-stress conditions. This disruption of the redox state could potentially be related to
neurodevelopmental and degenerative phenotypes of G9a associated diseases. Throughout
this thesis, we emphasized the bad role of ROS and its negative impact on cellular function.
Nevertheless, physiological ROS levels serve as an important signaling mechanism in stem
 ''  1 '*+( )/Ѷ ) 0-*)' $Ȃ - )/$/$*) ) !0)/$*)ѵ (-4*)$ ./ (  ''. ($)/$)
pluripotency by lowering ROS levels by increased glycolysis and PPP and antioxidant
(#$) -42#$' - 0$)"($/*#*)-$'*3$/$1 +#*.+#*-4'/$*)ѵ+*)$Ȃ - )/$/$*)*!
./ ( ''./*$Ȃ - )/ '''$) " .Ѷ *3$. Ҋ -$1 /..( $/*-*! ''!/ 
and reprograms activation of cellular signaling pathways 129. While preference for cytosolic
glycolysis can be found in neuronal stem cells, they require high ROS levels for self-renewal and
neurogenesis 130. Thus maintaining adequate ROS levels is critical for stem cell maintenance
)$Ȃ - )/$/$*)ѵ# (*./$(+*-/)/( #)$.(.!*-/# . +-* .. .-  *3$. Ҋ
dependent generation of ROS and activation of NOX2 complex and ROS mediated calcium
release from the ER 131. It is possible that disruption of redox homeostasis due to loss of G9a
not only manifests upon stress induction since early embryogenesis. In adult neurons, ROS
functions as signaling molecule for synaptic plasticity and transmission through regulation
of signaling molecules, receptors and ion channels important for long-term potentiation, the
cellular basis for learning and memory 132. Furthermore, ROS supports neurite outgrowth
and neuronal polarity thus takes part in dendritic and axonal connectivity in the brain. This
redox imbalance might interfere with ROS signaling in neurons and contribute to GLP and G9a
related neurodevelopmental phenotypes 127,133–135. Expanding on this idea, other catastrophic
stress triggers, such as infection, disturbance in sleep or other stressors could cause energy
shortage in the brain. ROS imbalance as a result of the exaggerated stress response, then
leading to regressive periods. These could impact both, early developmental events, where
metabolic fine-tuning is important independent from stress, as well as in the adult brain,
2# - Ȃ /  ) -"4#*( *./.$.$)  !$$ )/-$).*0'$)- . .0. +/$$'$/4/*
stress and degenerative phenotypes.
Following the free radical aging theory, increased susceptibility to oxidative stress due
to impaired antioxidant defense and increased ROS levels cause neuronal dysfunction on
''' 1 '.ѷ$)- .  ''0'-. ) . ) *- '' /#$)$Ȃ - )/$/$)") 0-*).Ѷ- 0 
synaptic plasticity, disrupted learning and memory capability, and neurodegeneration
132
. Furthermore, elevated ROS levels trigger pro-inflammatory reactions causing
autoimmune diseases such as Multiple Sclerosis and possibly Amyloid lateral sclerosis 124.
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Aging neurons further show peroxisomal dysfunction: declining peroxisomal function,
$*" ) .$.)' -) *!*'+ -*3$.*( ..#$ȅ.- *3#*( *./.$.Ѷ!0-/# -*)/-$0/$)"
to ROS-mediated disease phenotypes 136. Pharmacological inhibition of G9a/GLP activity
has been shown to alleviate Amyloid-ß oligomer-induced synaptic plasticity deficits,
and neuroinflammation, two important factors contributing to onset and progression
of neurodegenerative disorders 104,137. Neuronal plasticity is reinstated through
upregulation of BDNF following G9a/GLP inhibition, which prevents Amyloid-ß oligomerinduced plasticity deficits in hippocampal neurons in mouse models of Alzheimer’s 104.
Furthermore, G9a/GLP inhibition restores cognition through reduction of oxidative stress
by increasing expression of antioxidant defense, reducing neuroinflammation by decreased
expression of inflammatory signaling proteins resulting in clearance of Amyloid-ß plagues 137.

CONCLUSIONS AND FUTURE DIRECTIONS
This thesis has given important insights into the function and mechanisms of the evolutionary
conserved G9a/GLP family, represented by Drosophila G9a. Investigation of G9a underlying
function in OS responses, as expected, revealed functional G9a targets and potential cell
signaling pathways involved. Most importantly, we found a new emerging role of energy
metabolism contributing to stress tolerance. We highlighted that oxidative stress as well as
other stressors are accompanied by high consumption of energy. And that energy availability,
as proposed in this thesis, is a universal theme and potentially the basis of stress tolerance. The
organismal stress response is characterized by prioritizing stress defense over normal body
!0)/$*)*(+)$ 4 Ȃ /$1 - ''*/$*))*). -1/$*)*! ) -"4- .*0- .ѵ#$.
important new insight is a hot topic in immunometabolism 138 and should lead to the discovery
of additional contributing (metabolic) factors to long studied but not clarified biological
processes not only for biotic stresses but for abiotic environmental stresses governed by G9a.
Furthermore, we need to resolve how systemic metabolic responses upon stress are conveyed
4$Ȃ - )/!/*-.)/-" //$..0 .$).+/$*/ (+*-'()) -ѵ
G9a versatile mechanisms of transcriptional regulation still leave room to discover new
functional posttranslational modifications, cell and context-specific co-factors associations.
Despite the compelling evidence linking G9a function to peroxisomes, we need to characterize
stress attributed functions of G9a and G9a downstream targets such as Sgroppino.
Furthermore, the work in this thesis provides a starting point for numerous research lines,
as discussed in this chapter. G9a’s involvement in stress-related biological processes such
as DNA damage, cell cycle control and especially epigenetic memory and transgenerational
inheritance are perfect to be studied in model organisms such as Drosophila melanogaster.
How far these newly discovered findings apply to EHMT1 and Kleefstra syndrome need to be
answered. Hopefully, we come a step closer to understanding and treating most common
stress-related illnesses such as cancer, cardiovascular diseases, diabetes, obesity, autoimmune
and neurodegenerative diseases.
This thesis shows that scientific understanding of molecular mechanisms of gene regulation
using cell models are equally important as understating biological processes on an organismal
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scale and translate these finding to other species. Especially the integrative approach in
chapter 5 should encourage scientists in using existing data for integration, development
and validation of alternative hypotheses.
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APPENDIX

ENGLISH SUMMARY
Stress responses are crucial for organismal fitness, growth, reproduction and survival, for
maintaining homeostasis and for defense against foreign agents and pathogens. Cellular
stress response cascades are functionally conserved throughout evolution and mediated
by chromatin modifications. However, epigenetic regulators of specific stress responses are
'-" '40)&)*2)ѵ0)/$*)'./0$ .*)/# ш!($'4.0"" .//#/$/Ȃ /./-).-$+/$*)*!
genes upon environmental cues through versatile mechanisms of gene regulation and with
implications for the onset and development of diseases. The evolutionary conservation of
G9a in Drosophila melanogaster and ease of genetic manipulation make it a suitable model to
study stress responses. Functional analysis of transcriptional and physiological components
controlling stress responses may help to provide insight into molecular mechanisms at the cellular level and shed light on the wider importance of stress response on the organismal level.
Through characterization of gene expression changes and their organismal consequences
upon exposure to various stressors, it is possible to identify novel functions of G9a target genes
in stress signaling pathways and stress response transcriptional regulatory elements. This is
essential to gain knowledge on factors contributing to the onset of stress-related diseases.
The objectives of this thesis were:
1. Identification of G9a-associated transcriptional and physiological changes upon exposure
to oxidative stress and other stressors in Drosophila melanogaster.
2. Functional characterization of a Drosophila G9a downstream target gene, Sgroppino, and
its role in viral infection.
3. Comparative analysis of own and available datasets from Drosophila, mouse and human
biological models and in response to various stressors to identify conserved versus diverging
epigenetics programs driving cellular and organismal stress responses.
In this introduction, I have provided a brief overview of basic concepts of the cellular stress
response, OS and viral immune response pathways, transcriptional and epigenetic changes
upon stress exposure, and on EHMT/G9a molecular mechanism of transcriptional regulation
$)/# *)/ 3/*!$Ȃ - )/$*'*"$'+-* .. .$)1*'1 $)# '/#)$. . .ѵ
In Chapter 2, we characterize the transcriptional and physiological role of G9a in the OS
response using the Drosophila model organism. We show G9a is important for a normal OS
response; G9a mutants show increased lethality upon OS exposure. Surprisingly though, G9a
mutants are characterized by an exaggerated expression of stress response genes, suggesting
ш(+ )./-).-$+/$*)'/$1/$*)*! Ȃ /*-" ) .ѵ ) Ѷ)*$)- . ' 1 '.*!
OS stress were found. Instead, G9a mutants show unexpected alteration of metabolic genes
accompanied by rapid depletion of energy storage molecules resulting in premature death
due to energy wasting. Provision of glucose reduced OS-related lethality of G9a mutants
and controls while knockdown of rate-limiting enzyme of glycogen breakdown increased OS
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susceptibility. This lead to the hypothesis of G9a-attributed regulation of stress tolerance
/#-*0"##*( *./.$.4ѷрѵ/-).-$+/$*)'0Ȃ -$)"*!./- ..- .+*). " ) .)сѵ Ȃ /$1 
reallocation of energy resources to fight the stressor. These results provide novel insights
$)/*.0./$)$)"./- ../*' -) /#-*0"# Ȃ$$ )/( /*'$- +-*"-(($)"ѵ#$. ) -"4
concept is well known in the context of immune tolerance but has not been shown in relation
to abiotic responses. Furthermore, we show that G9a is necessary for resistance to heat and
cold stress, indicating that G9a serves as an important factor in multiple abiotic stresses,
( $/$)"+-*/ /$1  Ȃ /.ѵ
Our motivation to define a metabolic contribution to resistance of biotic stressors led to
the characterization of the G9a downstream target Sgroppinio in Chapter 3, in collaboration
with the research group of Prof. R. van Rij. Sgroppino, a gene of previously unknown function,
was found to be important in resistance to viral infection. Antiviral immune pathways are
functional in Sgroppino mutants suggesting that Sgroppino establishes viral resistance via an
uncharacterized process. This study revealed a peroxisomal function of Sgroppino, providing
a novel link between fat metabolism and viral resistance.
In light of the newly discovered function of Drosophila G9a in stress tolerance, we in Chapter 4
investigate a potential role of human GLP/EHMT1 in OS resistance and potential contribution to
Kleefstra syndrome-associated phenotypes. We tested OS susceptibility Kleefstra patient-derived fibroblast and Epstein-Barr-Virus (EBV)-transformed lymphoblastoid cell lines. We were
not able to provide experimental evidence that GLP depletion increases survival to OS in these
cell line models.
In the quest to address conserved functions and mechanisms of G9a in stress responses
and stress tolerance, we therefore used an alternative computational approach. We compared five transcriptomes of G9a depleted conditions in Drosophila, mouse and human in
response to immune challenge, oxidative and hypoxic stress in Chapter 5. In absence of G9a,
the stress-induced transcriptional response is exaggerated across all stressors suggesting
*). -1 ( #)$.(.*!ш/-).-$+/$*)'- "0'/$*)40Ȃ -$)"$)0/$*)*!./- ..
response genes in Chapter 2. We also find that energy-generating metabolic pathways and
pleiotropic core stress signaling pathways amongst the G9a targets are present in multiple
/. /.2# - ../- ..Ҋ.+ $!$. ).*-) Ȃ /*-+-*/ $).- 0)$,0 '4*1 -$)0 $)
a single dataset. Based on these findings, we suggest that G9a regulates defensive stress
response in a stress-specific manner while regulation of energy homeostasis by G9a represents
a universal molecular mechanism underlying stress tolerance.
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APPENDIX

NEDERLANDSE SAMENVATTING
Stressreacties zijn cruciaal voor de gezondheid van een organisme, en kenmerken daarvan zoals
groei, voortplanting en overleving, het behoud van de homeostase en voor de verdediging tegen
"$ȅ$" ./*Ȃ ) )5$ &/ 1 -2 && -.ѵ ''0'$- ./- ..- .+*).. .5$%)!0)/$*) '" *)serveerd gedurende de evolutie en eiwitten met een functie in modificaties van de chromatinestructuur spelen hierbij een belangrijke rol. De epigenetische regulatoren van specifieke stressresponsen zijn echter grotendeels onbekend. Functionele studies van eiwitten uit de G9a-familie
suggereren dat deze de transcriptie beïnvloeden als reactie op omgevingsfactoren.De veelzijdige
mechanismen van genregulatie die daarbij optreden hebbengroteimplicaties voor het ontstaan
en de ontwikkeling van ziekten. Het evolutionaire behoud van G9a in Drosophila melanogaster
en het gemak van genetische manipulatie van fruitvliegjes maken het een geschikt model om
stressresponsen te bestuderen. Functionele analyse van transcriptionele en fysiologische componenten die de stressresponsen controleren kan helpen om inzicht te krijgen in het moleculaire
mechanisme op cellulair niveau, en licht te werpen op het bredere belang van stressresponsen
op organisch niveau. Door het karakteriseren van genexpressie in G9a-deficiente fruitvliegjesen
analyse van de organisatorische gevolgen bij blootstelling aan verschillende stressoren is het
mogelijk om nieuwe functies van G9a doelwitgenen te identificeren in stress-signaleringstrajecten en stressrespons transcriptionele regulerende elementen. Dit is essentieel om kennis
te verwerven over factoren die bijdragen tot het ontstaan van stress-gerelateerde ziekten.
 * './ ''$)" )1)$/+-* !.#-$ȅ2- )ѷ
1. Identificatie van G9a-geassocieerde transcriptionele en fysiologische veranderingen bij
blootstelling aan oxidatieve stress en andere stressoren in Drosophila melanogaster.
2. Functionele karakterisering van een Drosophila G9a downstream doelwitgen, Sgroppino,
en de rol daarvantijdens virale infectie.
3. Vergelijkende analyse van eigen en beschikbare expressie datasets van Drosophila, muis en
menselijke biologische modellen in reactie op verschillende stressoren. Deze analyses hadden
als doel om geconserveerde epigenetische mechanismen te identificeren die cellulaire en
organismale stressreacties aansturen.
In deze inleiding heb ik een kort overzicht gegeven van de basisconcepten van cellulaire
stressrespons, oxidatieve stress (OS) en virale immuunrespons pathways, transcriptionele
en epigenetische veranderingen bij blootstelling aan stress, en op EHMT/G9a gestuurde mechanismen van transcriptionele regulatie in de context van verschillende biologische processen
die betrokken zijn bij gezondheid en ziekten.
Hoofdstuk 2 .#-$%ȅ &-&/ -$. -$)"1) /-).-$+/$*) '  )!4.$*'*"$.# -*'1)
G9a in de OS-respons in Drosophila. We laten zien dat G9a belangrijk is voor een normale OS-reactie. G9a-mutante vliegjes vertonen een verhoogde dodelijkheid bij OS-blootstelling. Verrassend genoeg worden G9a-mutanten echter gekenmerkt door een versterkte expressie van
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stressresponsgenen, wat suggereert dat G9a normaal gesproken de transcriptionele activering
1)Ҋ Ȃ /*-" ) ) (+/ѵ ) -Ѷ2 - ) -" )1 -#**" )$1 0.1)Ҋ./- ..
gevonden in de mutante vliegjes. In plaats daarvan vertonen G9a-mutanten een onverwachte
verandering van metabole genen die gepaard gaat met een snelle uitputting van de energieopslagmoleculen, wat resulteert in een vroegtijdige dood als gevolg van energieverspilling. Toedi)$)"1)"'0*. - .0'/ - $) )1 -($) - Ҋ" - '/ - ./ -ȅ 1)ш(0/)/ )
en controles, terwijl knockdown van snelheidsbeperkende enzymen van glycogeen afbraak de
OS gevoeligheid verhoogde. Dit leidde tot de hypothese van G9a-gestuurde regulering van de
./- ../*' -)/$ **-($ '1)#*( *./. 1$/2 ( #)$.( )ѷрѵ/-).-$+/$*) ' 0Ȃ-$)"1)./- ..- .+*)." ) ) )сѵ Ȃ /$ 1 # -1 - '$)"1) ) -"$ -*)) )*( ./- ..*-
te bestrijden. Deze resultaten geven een nieuw inzicht in de handhaving van stresstolerantie
**-($ '1) Ȃ$$Ġ)/ ( /*' # -+-*"-(( -$)"ѵ$/ ) -"$ *) +/2.- . & )
in de context van immuuntolerantie, maar was niet aangetoond in de context van abiotische
reacties. Bovendien tonen we aan dat G9a noodzakelijk is voor de weerstand tegen hitte en
&*0 ./- ..Ѷ2/)" ȅ/ш ) ')"-$%& !/*-$.$%( -1*0$" $*/$.# ./- ..ѵ
Onze motivatie om een metabole bijdrage aan de resistentie van biotische stressoren te
 !$)$Ġ- )# ȅ" ' $/*/ &-&/ -$. -$)"1)# /ш/-" /" )Sgroppino in hoofdstuk 3,
in samenwerking met de onderzoeksgroep van Prof. R. van Rij. Sgroppino, een eiwit met een voorheen onbekende functie, werd belangrijk bevonden in resistentie tegen virale infectie. Antivirale
immuunwegen zijn functioneel in Drosophila Sgroppino-mutanten, wat suggereert dat Sgroppino
via een ongekarakteriseerd proces virale resistentie vastlegt. Deze studie onthulde een peroxisomale functie van Sgroppino, die een nieuw verband legt tussen vetmetabolisme en virale resistentie.
In het licht van de nieuw ontdekte functie van Drosophila G9a in stresstolerantie, onderzochten we in hoofdstuk 4 )+*/ )/$Ġ' -*'1)#0() ҝ р$)- .$./ )/$  )
+*/ )/$Ġ' $%-" ) ' !./-.4)-**(Ҋ" ..*$ - ! )*/4+ )ѵ / .// ).0. +/$$'$/ $/ ' !./-+/$Ġ)/!" ' $ !$-*'./ )+./ $)Ҋ--Ҋ$-0.җҘҊ" /-).!*-( - 
lymfoblastoïde cellijnen. We waren niet in staat om experimenteel bewijs te leveren dat GLP
depletie de overleving van OS in deze cellijn modellen verhoogt.
In de zoektocht naar evolutionair geconserveerde functies en mechanismen van G9a in
stressreacties en stresstolerantie hebben we daarom een alternatieve rekenmethode gebruikt. Daartoe hebben we in hoofdstuk 5 de gevolgen van G9a deficientie op genexpressie
onderzocht in verschillendecondities in Drosophila, muis en mens in reactie op immuunuitdaging, oxidatieve en hypoxische stress. In afwezigheid van G9a, wordt de stress geïnduceerde
transcriptionele respons versterkt door alle stressoren. Dit suggereert een geconserveerd
( #)$.( 1)0Ȃ -$)"1) 3+- ..$ 1)./- ..- .+*). " ) )**-шҗhoofdstuk 2).
In meerdere datasets werd een verhoogde expressie gezien van genen die betrokken zijn bij
energie-genererende metabole processen en pleiotrope celstress, terwijl genen coderend
1**-./- ..Ҋ.+ $!$ & . ).*-Ҋ ) Ȃ /*- $2$// )/*/*1 - 3+- ..$ &2( )$).*(($" 
/. /.ѵ 5( )" 1 )  1$)$)" )0$/($%)+-* !.#-$ȅ)$ 02 )2$%5$)" )/ш
de defensieve stressrespons op een stress-specifieke manier reguleert, terwijl de regulatie
van de energiehomeostase door G9a een universeel moleculair mechanisme is dat aan de
basis ligt van de stresstolerantie.
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Du hast immer an mich geglaubt und mich unterstutzt. Ich bin sehr glücklich das wir diesen
Weg gemeinsam gehen und freue auf noch mehr gemeinsame Momente und Abenteuer die wir
gemeinsam Meistern. Ich freue mich auf jeden neuen Tag, den wir gemeinsam mit unserem
kleinen Adam beginnen. Ich Liebe dich.
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DATA MANAGEMENT
Type of Data

Subject
to privacy

Ways of
anonymization

Storage

Drosophila stock
descriptions

No

NA

Drosophila lines with genotypes and associated
information were introduced into the Drosophila
database and given a stock number (unique
identifiers). The appropriate stock number is
indicated on each Drosophila culture vial stored
in the fly lab. The stock database can be found
on the H drive of the Radboudumc Human
Genetics department.
H:\GR Theme groups\03 PI Group
Annette Schenck\03 Database\
DrosophilaDatabase_2013.accdb

Microscopy data

No

NA

Light and electron microscope images obtained
in the course of this Ph.D. study can be found
on the T drive of Radboudumc Human Genetics
department, in the corresponding project
folders on:
T:\PIgroup-Annette-Schenck\01 Personal
Folders\Human

qPCR data

No

NA

All qPCR obtained in the course of this
Ph.D. study can be found on the T drive of
Radboudumc Human Genetics department, in
the corresponding project folders on:

RNA-Sequencing
data

No

NA

All RNA-sequencing data obtained in the
course of this Ph.D. study can be found on Gene
Expression Omnibus (GEO) Database under the
corresponding Gene Series Expression (GSE)
number which can be found in Chapter 2 and 5.
https://www.ncbi.nlm.nih.gov/gds

Patient cell line
models

Yes

Personal
information
on Patients
corresponding
to cell lines
are partially
excluded and
anonymized

Additional information on patient cell line
models used in this Ph.D. study can be requested
from Annette Schenck.
Email: Annette.Schenck@radboudumc.nl

NA

Documentation is stored in the 3 lab books that
are properly registered and stored in the Human
Genetics Department and the online lab journal
system (LabGuru). Files can be found on the H
and T drive of the Human Genetics department.
H:\GR Theme groups\03 PI Group Annette
Schenck\01 Personal Folders\Human
T:\PIgroup-Annette-Schenck\01 Personal
Folders\Human

All documentation No
containing
experimental data
presented in this
thesis

