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Characterization of the molecular causes of neurodegeneration in a Drosophila model of
Ataxia-telangiectasia
Andrew J. Petersen
Under the supervision of Professor David A. Wassarman
At the University of Wisconsin-Madison

Ataxia-telangiectasia (A-T) is a multifaceted disorder caused by mutations in the ataxia-
telangiectasia mutated (ATM) gene. ATM encodes a serine-threonine protein kinase that
functions in the DNA damage response. ATM is recruited to sites of DNA damage, where it is
activated and phosphorylates numerous proteins that promote DNA repair, cell cycle
checkpoints, and apoptosis. Common characteristics of A-T include susceptibility to leukemia
and lymphoma, radiosensitivity, immunodeficiency, and progressive neurodegeneration.
Neurodegeneration primarily affects the Purkinje and granule neurons in the cerebellum, causing
loss of coordinated movements (ataxia) in A-T patients.

Animal models have been used to study effects of ATM loss on neurodegeneration.
Mouse models of A-T have provided insight into cancer and immunodeficiency in A-T but do
not exhibit overt neurodegeneration. The prevailing belief is that the mice succumb to other
phenotypes prior to development of detectable neuronal loss. However, previous work in our lab
revealed that loss of ATM function in the Drosophila compound eye causes photoreceptor
neurodegeneration, providing a model system for studying neurodegeneration in this disease
(Rimkus et al. 2008). Using an endogenous loss-of-function allele of A47M, I discovered that
ubiquitous loss of ATM causes neurodegeneration in the Drosophila brain. Furthermore,

specific reduction of ATM levels via RNA interference in glial cells, but not neurons,



recapitulates these neurodegenerative phenotypes. Thus, loss of ATM function in glial cells may
cause the neurodegeneration observed in A-T.

Gene expression analysis revealed upregulation of an innate immune response in glial
cells of ATM-deficient flies. Genetic manipulations showed that this response occurs via the
NF-«B protein Relish, a central factor in the innate immune response in both Drosophila and
mammalian systems. Blocking activation of the innate immune response was sufficient to block
neurodegeneration, and aberrant activation of the innate immune response was sufficient to cause
neurodegeneration. Other Drosophila models of neurodegeneration, as well as human diseases
themselves, exhibit activation of the innate immune response, suggesting that this is a common
mechanism in neurodegeneration (Gonzalez-Scarano and Baltuch 1999; Greene et al. 2005;
Chinchore et al. 2012). Thus, Drosophila provides a tool for studying a phenomenon that

underlies neurodegeneration in multiple human diseases, including A-T.



Chapter 1

Background information
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revisions.



1.1 Mutations in the ATM Kkinase result in the disease Ataxia-telangiectasia

The disease Ataxia-telangiectasia (A-T) is an autosomal recessive disease that was first
described in 1926 and clinically defined in 1957 (Syllaba and Henner 1926; Boder and Sedgwick
1957). In 1988, the gene responsible for A-T was localized to chromosomal locus 11g22-23 in
humans and ultimately characterized as ataxia-telangiectasia mutated (ATM) in 1995 (Gatti et al.
1988; Savitsky et al. 1995). This gene encodes the serine-threonine protein kinase ATM, a
member of the phosphoinositide-3 kinase (PI3K)-related kinase (PIKK) family whose structure
and function is described later.

A-T is generally caused by truncation mutants in A7M resulting in complete loss of the
ATM protein. As such, these mutations do not target specific regions of the ATM gene (Gilad et
al. 1996; McConville et al. 1996; Telatar et al. 1998; Lavin et al. 2007). Some A-T patients
harbor missense mutations that do not affect ATM levels but severely reduce ATM function
(McConville et al. 1996). Furthermore, analysis of A-T patients with no detectable ATM protein
reveals a wide range of disease severity (Hassin-Baer et al. 1999; Lavin et al. 2006; Alterman et
al. 2007). These findings suggest that secondary genetic differences may alter disease
presentation, making the identification of these factors important for treating A-T.
A-T affects numerous tissues and organs

A-T presents with numerous manifestations including ocular telangiectasias (excessively
dilated blood vessels in the eyes and face), cancer susceptibility, radiosensitivity,
immunodeficiency, progressive neurodegeneration, and others.

A-T patients are susceptible to various types of cancers, most notably leukemia and
lymphoma (Gumy-Pause ef al. 2004; Lavin et al. 2007). Furthermore, simply carrying one copy

of a null ATM allele increases susceptibility to breast cancer (Chen et al. 1978; Ahmed and



Rahman 2006). Cancer development in A-T occurs due to the inability of a cell to repair
damaged DNA, allowing mutations in oncogenes to accumulate, and defects in cell cycle
checkpoint control. Additional aspects of A-T pathogenesis are related to impaired DNA
damage response mechanisms, including radiosensitivity and immunodeficiency. In the case of
radiosensitivity, DNA damage from radiation sources is unable to be repaired, causing cellular
damage and death. Immunodeficiency in A-T arises due to the inability of the body to properly
form B- and T-cell populations. The maturation of these cell types is dependent on V(D)J
recombination of immunoglobulin and B/T-cell receptor genes. Since this process generates
double-strand breaks that are repaired in an ATM-dependent manner, loss of ATM produces
dysfunctional B- and T-cells, thereby inhibiting proper immune function.

The major clinical manifestation of A-T is progressive ataxia due to degeneration of
Purkinje and granule neurons within the cerebellum (Boder 1985; McKinnon 2004). Other
neuronal populations are likely also susceptible to loss of ATM. The primary outcome of
cerebellar degeneration is loss of motor function in A-T patients, who become wheelchair bound
early in life. As the disease progresses, this degeneration results in difficulties during chewing
and swallowing which facilitates pulmonary disorders, a common cause of death in A-T (Lefton-
Greif et al. 2000; Nowak-Wegrzyn et al. 2004). While other hallmarks of A-T can be directly
linked to defective DNA damage repair mechanisms, its role in neurodegeneration is unclear.
Defects in cell cycle checkpoint maintenance in ATM deficient neurons can facilitate cell cycle
reentry, a mechanism known to be fatal in post-mitotic neurons (al-Ubaidi et al. 1992;
Feddersen et al. 1992; Herrup and Busser 1995; Kranenburg ef al. 1996; Yang and Herrup 2005).
However, other mechanisms may promote neurodegeneration as well. A fraction of ATM

protein is observed in the cytoplasm, rather than in the nucleus where ATM is required for the



DNA damage response (Oka and Takashima 1998; Kuljis ef al. 1999; Barlow et al. 2000). This
suggests an unknown, alternative role for ATM, the loss of which may play a role in
neurodegeneration. An intriguing possibility is that cytoplasmic ATM regulates NF-xB
activation, a feature of ATM during the DNA damage response which is also implicated in
neurodegeneration (Chapter 3; Miyamoto 2011).
The DNA damage response functions through the ATM Kkinase

ATM belongs to the PIKK class of kinases that are primarily serine/threonine protein
kinases. Members of this class contain a conserved C-terminal PI3K kinase domain and variable
N-terminal sequences (Abraham 2004). Flanking the PI3K kinase domain are two loosely
conserved domains termed FAT domains for their conservation in the FRAP, ATM, and TRAPP
kinases (Bosotti et al. 2000). Four PIKK members function within the DNA damage response:
ATM, ATR (Ataxia-Telangiectasia and Rad3-related kinase), ATX/SMGI1, and DNA-PKcs
(DNA-dependent Protein Kinase catalytic subunit) (Shiloh 2003). Within the DNA damage
response, however, the function of these kinases vary. For example, ATM monitors the genome
for double strand breaks (DSBs), whereas ATR primarily responds to ultraviolet radiation-
induced DNA damage and stalled replication forks (Abraham 2001).

When DSBs occur in a cell, a cascade of events is triggered to repair the lesion (Figure
1.1). The Mrell1-Rad50-NBS1 (MRN) complex is recruited to the site of the damage and
becomes tethered to the DNA via Rad50 (Jackson 2002; Carson et al. 2003; Lee and Paull 2004;
Lee and Paull 2005). Underscoring the necessity of the MRN complex in DNA damage repair
are the diseases Nijmegen breakage syndrome (NBS) and A-T-like disease (ATLD). Caused by
mutations in NBS1 and Mrell, respectively, these diseases exhibit many of the clinical

manifestations of A-T including immunodeficiency, radiosensitivity, and genomic instability



(Stewart et al. 1999; Tauchi et al. 2002; Shiloh 2003). Once the MRN complex reaches the
DSB, NBS1 binds ATM and facilitates its activation from an inactive dimer to active monomers,
a process dependent on ATM autophosphorylation at S1981 in humans (Bakkenist and Kastan
2003; van der Bosch et al. 2003; Falck et al. 2005; Lee and Paull 2005; You et al. 2005; Dupre
et al. 2006). Active ATM can phosphorylate hundreds of protein substrates that facilitate DNA
repair mechanisms, initiate cell cycle checkpoints, and cause apoptosis including the histone
variant H2AX, the cell cycle regulators CHK1 and CHK?2, and the tumor suppressor p53 (Banin
et al. 1998; Canman et al. 1998; Rogakou et al. 1998; Chebab et al. 1999; Matsuoka et al. 2000;
Matsuoka et al. 2007). These ATM-dependent responses function in concert to prevent cellular
replication that would pass genomic instability on to daughter cells, giving the cells time to
repair the damage. If the damage is deemed irreparable, apoptosis is induced and the cell is
eliminated.

Model systems have been used to study the molecular causes of A-T phenotypes

Due to the conservation of ATM between species, many aspects of A-T have been
studied using model organisms. The DNA damage response and specific functions of ATM are
conserved in both mouse (Mus musculus) and fly (Drosophila melanogaster) models. Thus,
these models can be used to determine not only the role of ATM in normal conditions but also
how ATM loss produces the phenotypes in A-T.

ATM deficiency in mice has been studied using two basic strategies. ATM knock-out
mice were generated either by homologous recombination or by introducing a premature stop
codon via gene targeting, thus generating mice lacking any ATM protein (Barlow et al. 1996; Xu
et al. 1996). Additionally, kinase-dead ATM mice (ATMASRU ASRD) wwere generated that contain

full-length ATM protein but lack kinase function (Spring et al. 2001). Cumulatively, these mice



show many phenotypes similar to those observed in A-T patients, including defects in T-cell
development, radiosensitivity, and susceptibility to lymphomas (Barlow et al. 1996; Elson et al.
1996; Xu et al. 1996; Spring et al. 2001). Recent studies looking at ATM kinase-dead mice
suggest that loss of ATM kinase function, but not ATM protein, causes phenotypes more severe
than complete loss of protein levels. In these studies, flies expressing kinase-dead ATM
exhibited increased genomic instability when compared to A7M null mice, and when
homozygous, ATM kinase-dead alleles were embryonic lethal (Daniel ef al. 2012; Yamamoto et
al. 2012). This suggests that inactive ATM may prevent another PIKK family member like
DNA-PKcs or ATR from assuming some of the repair capacity of ATM.

ATM function can be studied in Drosophila since ATM and other components of the
DNA damage response are conserved in flies (Brodsky et al. 2000; Ollmann et al. 2000; Brodsky
et al. 2004; Song et al. 2004) Initial reports in Drosophila mischaracterized ATM as a product
of the mei-41 gene, but later analysis revealed that mei-4/ encodes the ATR homolog and the
tefu gene (CG6535) encodes the true ATM homolog (Hari et al. 1995; Sekelsky et al. 2000;
Song et al. 2004). In flies, ATM interacts with the MRN complex in the DNA damage response
and phosphorylates the Drosophila homologs of H2AX (H2Av), CHK2, and p53, thus
facilitating DNA repair, cell cycle checkpoint initiation, and apoptosis via mechanisms
analogous to those in mammalian systems (Xu et al. 2001; Brodsky ef al. 2004; Song et al. 2004;
Bi et al. 2005; Joyce et al. 2011). Furthermore, ATM has been shown to regulate telomere
dynamics in both mammalian and Drosophila systems (Pandita ef al. 1995; Metcalfe et al. 1996,
Pandita 2002; Oikemus et al. 2004; Silva et al. 2004).

One unique feature of ATM function in Drosophila is that loss of ATM function is

developmentally lethal in the fly, whereas 4TM null mice and humans are still viable. 47M null



flies fail to develop past the pupal stage of the Drosophila life cycle. Flies lack a homolog of the
PIKK kinase DNA-PKcs, which in mammalian systems shows some functional redundancy with
ATM (Song et al. 2004). It has been hypothesized that this lack of a redundant counterpart in
Drosophila is what causes loss of ATM to be lethal. Despite this limitation, mechanisms have

been generated to study loss of ATM in the fly and will be discussed in detail later.

1.2 Drosophila provides a suitable system for studying neurodegeneration in A-T

Despite the ability of A-T mouse models to recapitulate numerous aspects of A-T, their
utility in studying neurodegeneration is limited. ATM deficient mice do not exhibit gross
neurodegeneration or ataxia similar to that seen in humans. One potential explanation for the
lack of overt neurodegeneration is that ATM deficient mice succumb to other disease-related
phenotypes like cancer prior to the development of a neurological phenotype, although this
hypothesis has not been directly tested. ATM deficient mice do show deficits in motor function,
aberrant neuropil morphology, and improper neural progenitor cell differentiation in vivo and
Purkinje cell branching in vitro, indicating that neurological issues do exist (Barlow et al. 1996;
Kuljis et al. 1997; Allen et al. 2001; Chen et al. 2003). Drosophila, on the other hand, represents
a suitable model system in which to study the effects of ATM loss on neuronal viability.
The Drosophila nervous system faithfully recapitulates most characteristics of mammalian
nervous systems

The majority of non-mammalian model organism research for nervous system disorders
occurs in Drosophila due to the similarities between Drosophila and mammalian nervous
systems. The fly brain is estimated to have in excess of 300,000 neurons and is organized into

complex regions with specific functions (Cauchi and van den Heuvel 2006). When compared to



the estimated 8.5x10'° neurons in humans, this number seems entirely inadequate; however,
contrast this with another invertebrate model organism, the flatworm Caenorhabditis elegans
which contains only 302 neurons, and Drosophila now appears to be much better suited (White
et al. 1986; Herculano-Houzel 2009). Furthermore, recent work has identified that glial cell
populations in Drosophila mimic the functions of mammalian glia despite differences in
neuron:glia ratios, and trophic interactions between neurons and glial cells appear to be
conserved (Doherty et al. 2009; Hidalgo et al. 2011; Stork et al. 2012). Not only is the
Drosophila nervous system relatively comparable in complexity to mammalian systems, but a
high proportion (around 75%) of human disease genes and their functions are conserved in flies
(Reiter et al. 2001; Pandey and Nichols 2011). These findings suggest that general nervous
system function in Drosophila can be used to identify specific events that promote
neurodegeneration in mammalian systems.
Drosophila has been used to model numerous human neurodegenerative diseases

Based on the rationale described above, numerous groups have used Drosophila to study
human neurodegenerative diseases. The majority of these models utilize the binary GAL4/UAS
expression system modified from yeast to regulate the temporal and spatial expression of human
disease genes (Brand and Perrimon 1993). This system utilizes two rounds of P-element
transformation to modify the genome of the fly. One transgene contains the coding sequence for
the GAL4 transcription factor under the control of a tissue- or cell-type-specific promoter (Rubin
and Spradling 1982). A second transgene contains the GAL4 upstream activation sequence
(UAS) regulating the expression of a human disease gene. Mating flies with these two
transgenes generates progeny that express the human disease protein in a tissue or cell of interest,

usually neurons, glial cells, or the cells of the Drosophila compound eye (Figure 1.2A). This



method has been used to study Alzheimer’s disease (via tau, -amyloid, Presenilin, or APP
overexpression), Parkinson’s disease (a-synuclein), Huntington’s disease (Huntingtin), and
multiple spinocerebellar ataxia diseases (SCA1, SCA2, SCA3, or SCA8) among others (Jackson
et al. 1998; Warrick et al. 1998; Fernandez-Funez et al. 2000; Wittmann et al. 2001; Auluck et
al. 2002; Satterfield et al. 2002; Finelli et al. 2004; Greeve et al. 2004; Mutsuddi et al. 2004;
Celotto and Palladino 2005). Whereas these models utilize misexpression of human genes,
endogenous mutation of conserved neurodegenerative disease proteins in the fly can also
recapitulate aspects of the human disease. For example, mutation of parkin or Pinkl in the fly,
two genes implicated in Parkinson’s disease, cause dopaminergic neuron dysfunction and
mitochondrial defects analogous to those seen in humans (Greene et al. 2003; Greene et al. 2005;
Yang et al. 2006). Similar to this approach, Drosophila models of A-T capitalize on the
conservation of ATM between flies and humans by studying the loss of endogenous ATM
function in the fly.
ATM deficiency in Drosophila can be studied using multiple model systems

To study the molecular causes of neurodegeneration in A-T using Drosophila, our lab
utilizes loss of endogenous ATM function. Three primary methods have been used to
accomplish this result: endogenous alleles including a temperature-sensitive allele, RNAi
knockdown, and mitotic clones. Loss-of-function alleles of ATM have provided insight into
effects of ATM loss throughout development but are limited in the adult due to pupal lethality.
Developmental effects of ATM loss include improper apoptosis, telomere fusions, chromosomal
stability defects, and aberrant sensory structure development (Oikemus et al. 2004; Silva et al.
2004; Song et al. 2004). During the development of ATM alleles in the lab of Dr. Shelagh

Campbell at the University of Alberta, the serendipitous discovery of a temperature-sensitive
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allele of ATM, ATM®, changed the future of ATM work in the fly (Pedersen et al. 2010). Flies
carrying this allele are homozygous viable to the adult stage and retain some ATM kinase
function if raised at 18°C, but lose ATM kinase function if cultured at 25°C (Petersen et al.
2012). These flies provide a system to study loss of ATM ubiquitously in the adult fly that was
used extensively in the experiments for Chapters 2 and 3.

The second system for studying ATM loss in the fly was generated by Dr. Stacey Rimkus
in our lab and utilizes the GAL4/UAS system previously described. Instead of using this system
to express a human disease gene, however, we use it to express a short hairpin RNA (shRNA)
targeting the ATM mRNA for degradation via RNAi (Figure 1.2B). A 642 basepair fragment
from exon 6 of the ATM gene was inserted downstream of a UAS site in the pWIZ RNAI vector,
resulting in the generation of a double-stranded hairpin structure that is processed by the RNAi
machinery and produces a reduction in ATM mRNA levels (Lee and Carthew 2003; Rimkus et
al. 2008). Transgenic flies were generated and it was discovered that knockdown of ATM in the
Drosophila eye via the glass multimer reporter (GMR)-GAL4 driver or the pan-neuronal driver
embryonic lethal, abnormal vision (Elav)-GAL4 was sufficient to cause cell cycle reentry in and
neurodegeneration of photoreceptor neurons (Rimkus et al. 2008; Rimkus et al. 2010). Loss of
ATM in mammalian neurons similarly causes cell cycle reentry, providing evidence that
neuronal loss of ATM produces similar phenotypes in flies and mammals (Herrup and Busser
1995; Yang and Herrup 2005). I have utilized this UAS-RNAI line to study effects of ATM
knockdown in all neurons of the fly via the Elav-GAL4 driver (Chapters 2 and 4), in all glial cells
of the fly via the reversed polarity (Repo)-GAL4 driver (Chapters 2, 3, and 4), or in the cells of

the compound eye via the GMR-GAL4 driver (Appendix 3).
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The third system for analyzing loss of ATM in Drosophila uses mitotic recombination
via the FLP/FRT system (Xu and Rubin 1993). Similar to GAL4/UAS, this system utilizes two
transgenes to accomplish its effect. This method is described in detail in Figure 1.3. Using this
system and a null allele of ATM (4TM®), 1 generated ATM-deficient clones in the Drosophila eye
disc, a larval precursor tissue of the compound eye. These clones exhibited cell cycle reentry in
ATM deficient cells, validating the results of ATM knockdown in photoreceptors (Chapter 4;
Appendix 2; Rimkus et al. 2008). Analysis of ATM null clones in the brain of the fly would
provide another system for studying effects of ATM loss on neuronal survival. Combined, these
systems provide a suitable range of methods to characterize the effects of ATM loss on neuronal

survival.

1.3 Activation of the innate immune response in glial cells promotes neurodegeneration in
multiple diseases

The research included in the following chapters indicates that, in addition to combating
infection, innate immune response activation in glial cells promotes neurodegeneration. Chapter
2 reveals a correlative relationship between the innate immune response and neurodegeneration
in Drosophila models of A-T (Petersen et al. 2012). Subsequent work in these models identified
innate immune activation as causative for neurodegeneration (Chapter 3). Publications by Tan et
al. (2008) and Chinchore et al. (2012) support this causative role for the innate immune response
in Drosophila models of Alzheimer’s disease and human retinal degenerative disorders,
respectively. Finally, we show that glial cells are responsible for producing the innate immune
response in the A-T models, and work by others in Drosophila also implicates glial cells in

neurodegeneration (Buchanan and Benzer 1993; Kretzschmar ef al. 1997; Kretzschmar et al.
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2004; Tamura et al. 2007; Petersen et al. 2012). Similar observations have been made in human
neurodegenerative diseases, although it is difficult to determine if innate immune response
activation is causative in these disorders. Collectively, these findings suggest that activation of
the innate immune response in glial cells is a common feature, and a possible cause, of
neurodegeneration in multiple human diseases.

The innate immune response is a conserved mechanism between Drosophila and humans

Multicellular organisms contain an innate immune response whose function is to provide
an initial, protective response to infectious pathogens. Simple organisms such as Drosophila
rely exclusively on an innate immune response for protection from pathogens, and the signaling
mechanisms underlying this response is evolutionarily conserved in mammals. Vertebrates, on
the other hand, exhibit both an innate immune response and an adaptive immune response to
combat pathogens. In the adaptive response, challenge by a particular pathogen produces a long-
term response that will quickly combat that pathogen in the future. In the innate immune
response, however, no previous exposure to a pathogen is necessary and the response is not
tailored to a specific pathogen.

Two primary signaling pathways are responsible for initiating the innate immune
response in Drosophila. These pathways are typically referred to based on the upstream
inclusion of the Toll receptor or immune deficiency (Imd) protein (Figure 1.4). The Toll
pathway is responsive to eukaryotic pathogens (yeast and fungi) and gram-positive bacteria.
Recognition of pathogens by extracellular peptidoglycan recognition proteins (PGRPs) or Gram-
negative binding proteins (GNBPs) stimulates the proteolytic cleavage of the cytokine Spitzle by
SPE (Spétzle Processing Enzyme), allowing Spitzle to bind and multimerize the Toll receptor

(Weber et al. 2003; Hu et al. 2004). Multimerized Toll binds to dMyD88 and Tube, which in
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turn activate Pelle (Sun ef al. 2002; Tauszig-Delamasure ef al. 2002). Pelle is a kinase whose
activation facilitates phosphorylation of the Inhibitor of B (IkB) protein Cactus and stimulates
its proteasomal-dependent degradation (Belvin ef al. 1995; Fernandez et al. 2001). This allows
translocation of the Rel-type Nuclear Factor kB (NF-xB) transcription factors Dif and Dorsal to
the nucleus where they activate innate immunity gene transcription, notably the transcription of
antimicrobial peptides (AMPs) which directly combat pathogens (Ip et al. 1993; DeGregorio et
al. 2001; Irving et al. 2001; DeGregorio et al. 2002; Imler and Bulet 2005).

The Imd-dependent innate immune response pathway primarily responds to gram-
negative bacteria. In this pathway, the transmembrane class of PGRP proteins, most notably
PGRP-LC, recognizes pathogens and signals through Imd (Georgel et al. 2001; Kaneko et al.
2006). Imd uses dFADD and TAKI to activate the IkB Kinase (IKK) complex, consisting of
Kenny and Ird5, which phosphorylates Relish (Rel) (Rutschmann ez al. 2000b; Silverman et al.
2000; Lu ef al. 2001; Silverman et al. 2003). Rel is a homolog of mammalian p105-like NF-xB
proteins that have an N-terminal NF-xB domain and a C-terminal IxB-like inhibitory domain.
Rel phosphorylation directs its proteolytic cleavage by the caspase Dredd, releasing the NF-xB
domain from its inhibitor and allowing it to translocate to the nucleus where it activates
transcription of innate immunity genes, including AMPs (Leulier et al. 2000; Stoven et al. 2000;
Stoven et al. 2003).

All of the identified signaling components of the Toll and Imd pathways are conserved
across species, including in other Drosophila species and in humans (Lemaitre and Hoffmann
2007; Sackton et al. 2007). In the case of humans, however, differences exist in the activation
and downstream output of each pathway. In mammalian systems, the homologous pathway to

the Toll pathway in Drosophila utilizes homologous receptors called Toll-like receptors (TLRs).
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However, in mammals TLRs bind directly to pathogenic material like peptidoglycan to become
activated, rather than binding an endogenous cytokine (Lemaitre and Hoffmann 2007; Owens
2009). The Imd pathway is conserved in mammals as the tumor necrosis factor (TNF) signaling
pathway. In this case, the Drosophila pathway responds to pathogenic material whereas the
mammalian system responds to an endogenous molecule (TNFa) (Cabal-Hierro and Lazo 2012).
For the downstream output, the Drosophila innate immune response relies primarily on
antimicrobial peptides (AMPs) to combat pathogens. While the mammalian innate immune
response also produces AMP molecules, the major output of the response is derived from
cytokine production and is comprised of inflammation and phagocytosis of the pathogen (Imler
and Bulet 2005; Lehnardt 2010).

Multiple Drosophila models of neurodegeneration exhibit innate immune response
activation

My recent work identified that loss of ATM function causes an innate immune response
in glial cells (Chapter 2). Further analysis revealed that this process is dependent on Rel and
potentially its upstream signaling component Imd, but not Dif (Chapter 3). Finally, loss of innate
immunity signaling via mutations in Rel suppress the neurodegeneration observed in ATM
deficient flies, indicating that glial cell activation of the innate immune response is necessary to
cause neurodegeneration (Figure 1.5A).

In addition to our A-T model flies, upregulation of innate immunity gene expression is a
feature of other Drosophila neurodegenerative disease models (Petersen and Wassarman 2012).
AMP gene expression is upregulated in models of Parkinson’s disease, CAG-repeat RNA-based
neurodegeneration, and retinal degeneration (Greene et al. 2005; Shieh and Bonini 2011;

Chinchore et al. 2012). Thus, a diverse array of triggers of neurodegeneration, including loss of
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ATM function, parkin mutation, CAG-repeat mRNA misexpression, and norpA mutation
combined with light, result in activation of the innate immune response. The necessity of the
innate immune response for the neurodegeneration found in many of these models was not
tested, but evidence from two reports supports a causative role for the innate immune response in
neurodegeneration.

Chinchore et al. (2012) determined that activation of the NF-kB factor Rel is required for
neurodegeneration in a Drosophila model of human retinal disorders (Figure 1.5B). This model
involves light-induced neurodegeneration of photoreceptor neurons in the eye of norpA mutant
flies. Neurodegeneration is thought to result from excessive light-dependent endocytosis of
rhodopsin, a light sensing protein. The authors found that re/ mutations almost completely block
light-induced photoreceptor degeneration in norpA flies. They also found that mutations in
kenny and dredd, genes required for Rel activation, almost completely block photoreceptor
degeneration. However, mutations in imd and dFadd, which function upstream of Dredd
activation, have no effect on photoreceptor degeneration. Thus, it appears that in this model a
non-canonical innate immune response signal activates Dredd to bring about photoreceptor
degeneration.

Tan et al. (2008) found that activation of the NF-«B factors Dif and Dorsal (DI) is
required for neurodegeneration in a Drosophila model of Alzheimer’s disease (Figure 1.5C).
This model involves misexpression of AB42, a protein associated with the onset of Alzheimer’s
that accumulates in large aggregates in the brains of Alzheimer’s patients. Misexpression of
APB42 in the eye causes an external rough eye phenotype, the severity of which is likely to report
the extent of internal photoreceptor degeneration. In a screen for modifiers of the rough eye

phenotype, the authors identified a suppressor deficiency that included the toll gene. By
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systematically working through mutants of foll signaling pathway genes, they determined that
toll, pelle, tube, cactus, dif, and DI mutants also suppress the rough eye phenotype (Figure 1.5C).

These reports support the idea that innate immune response activation functions in
causing neurodegeneration. Furthermore, these reports indicate that both the Toll and Imd innate
immune response pathways are required in different contexts to promote neurodegeneration. In
A-T model flies, activation of the innate immune response is necessary in glial cells to produce
neurodegeneration. However, involvement of glial cells in the other models was not
characterized. Existing reports in flies indicate that dysfunction of glial cells is sufficient to
cause neurodegeneration in multiple contexts. The neurodegenerative mutants swiss cheese and
drop-dead have defective glial cell morphology that may contribute to the observed pathology
(Buchanan and Benzer 1993; Kretzschmar ef al. 1997). Also, overexpression of polyglutamine
tracts or the disease-causing polyglutamine proteins Ataxin-1 or Huntingtin exclusively in glial
cells induced neurodegeneration (Kretzschmar et al. 2004; Tamura et al. 2009). However, it
remains to be determined in these glial cell systems if the innate immune response is activated
and functions in producing the neurodegenerative phenotypes. To date, ATM deficient flies are
the only model linking both glial cell dysfunction and the innate immune response during
neurodegeneration in Drosophila.
Activated glial cells produce an innate immune response in numerous neurodegenerative
diseases

Within the human CNS, the primary innate immune response cells are microglia and
astrocytes. Microglia are a unique subset of glial cells derived from the myeloid lineage that
leave the bone marrow and enter the CNS prior to blood-brain barrier formation during

embryonic development (Lucin and Wyss-Coray 2009). Microglia express a majority of the cell
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surface receptors responsible for the innate immune response, including all of the TLRs (Owens
2009; Ransohoff and Brown 2012). Astrocytes, a type of glial cell derived from neuroepithelial
tissue, express a smaller subset of the innate immune response receptors including TLRs (Owens
2009). TLR activation signals through NF-«kB proteins using mechanisms homologous to that of
the Drosophila Toll pathway to produce pro-peptides of pro-inflammatory interleukin 1 (IL-1)
family members such as IL-1B (Ransohoff and Brown 2012). These pro-peptides are
sequestered in the cytoplasm until a second class of innate immune receptors, the nucleotide-
binding domain leucine-rich repeat-containing receptors (NLRs), stimulates caspase-1 activation.
Caspase-1 cleaves the pro-IL-1 peptides and allows their secretion via a mechanism using large
protein complexes termed inflammasomes (Martinon and Tschopp 2004; Stutz et al. 2009;
Chakraborty et al. 2010). IL-1 secretion produces an inflammatory environment and induces
subsequent rounds of inflammatory cytokine cascades initiated by both microglia and astrocytes
in the vicinity of release (Halle et al. 2008; Salminen et al. 2008; Salminen et al. 2009;
Chakraborty ef al. 2010). One of these inflammatory cytokines is TNFo which stimulates a
signaling pathway homologous to the Drosophila Imd pathway to further initiate inflammatory
mechanisms. Additional inflammatory mediators are responsible for stimulating the migration of
microglia to the site of inflammation (CCL2) or for actively damaging surrounding cells (nitric
oxide and superoxide) (Colton and Gilbert 1987; Liu et al. 2002).

The innate immune response is initiated when both TLRs and NLRs bind and respond to
pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns
(DAMPs). PAMPs are molecules released by infectious pathogens such as lipopolysaccharide or
peptidoglycan, thus stimulating the classical effects of the innate immune response. DAMPs, on

the other hand, are endogenous, “self” molecules secreted or released by injured or dying cells.
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They bind specific TLRs, such as the binding of nucleic acids by TLR3, 7, or 9 and the binding
of heat shock proteins by TLR2 or 4, to promote either phagocytosis of dying cells or clearance
of apoptotic corpses (Asea et al. 2002; Zhang et al. 2010). Proteins known to be involved in
neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) also
function as DAMPs, thereby initiating microglial activation of the innate immune response.

In AD, TLR2 or 4 found on microglia and astrocytes bind B-amyloid (AB) plaques to
produce inflammation (Akiyama et al. 2000; Landreth and Reed-Geaghan 2009). Mice
expressing AP and lacking TLR2 or 4 exhibited reduced inflammation and increased scoring on
memory tests, indicating that inflammation promotes neurodegenerative phenotypes of AD (Jin
et al. 2008; Richard ef al. 2008). In PD, a-synuclein aggregates are either released from dying
cells or are actively secreted from cells. Extracellular a-synuclein is phagocytosed by microglial
cells and stimulates inflammatory processes and the production of reactive oxygen species
(Zhang et al. 2005; Lee 2008; Reynolds et al. 2008; Roodveldt et al. 2008).

While the innate immune response has been best characterized for AD and PD, diseases
such as Huntington’s disease and amyotrophic lateral sclerosis (ALS) also exhibit signs of
microglial cell activation and inflammation although the underlying mechanisms have not been
well defined (Moller 2010; Philips and Robberecht 2011). While the protein or process that
causes the inflammatory response differs in each of these diseases, activation of the innate
immune response in glial cells is a common denominator among them all. This response signals
through conserved pathways utilizing TLRs and cytokine receptors to activate NF-kB proteins,
the same as is observed in Drosophila. With the recent identification that neurodegenerative
conditions in the fly produce innate immune responses in glial cells, fundamental experiments to

determine the exact role of the innate immune response in neurodegeneration can be performed.
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Figure 1.1. Shown is a simplified schematic of the ATM signaling pathway in the DNA damage
response. When DNA double-strand breaks occur, such as in response to ionizing radiation (IR)
(1), the MRN complex (Mrell, Rad50, NBS1) is recruited to the DSB (2) and binds inactive
ATM homodimers. This facilitates ATM autophosphorylation, dissociation, and activation (3).
Active ATM phosphorylates numerous substrates that play a role in DNA repair mechanisms

(H2AX —4), cell cycle checkpoints (CHK1/2 — 5), and apoptosis (p53 — 6).
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Figure 1.2. The GAL4/UAS expression system can be used to alter transcription in Drosophila.
A transgene containing the genomic sequence for the yeast GAL4 transcription factor is inserted
into the genome of the fly under the control of a tissue- or cell type-specific promoter. A second
transgene contains a target construct downstream of the GAL4 Upstream Activation Sequence
(UAS). Spatial expression of GAL4 generates expression of this second transgene in a
controlled manner. This system can be used to express (A) human disease genes to determine
their effects in the fly or (B) shRNA to a specific gene like ATM to generate localized

knockdown of protein levels via RNA..
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Figure 1.3. The FLP/FRT system can be used to generate A7M null tissue in the adult fly. A
transgene is incorporated in two places, and contains a FLP recombination target (FRT) site.
This transgene is strategically incorporated into two chromosomes at the same location between
the centromere and either the mutant gene of interest (in this case A7M) or a cellular marker such
as GFP (1). Mating these flies produces flies with one ATM null-containing chromosome and
one GFP-containing chromosome (2). A third transgene uses a tissue- or cell type-specific
promoter to drive expression of the FLP yeast recombinase. FLP activation during the
development of the targeted tissue drives mitotic recombination between the 4TM null and GFP
chromosomes (3). Subsequent mitotic events sorts the chromosomes to generate ATM /ATM
cells that lack GFP expression alongside GFP/GFP cells that have strong GFP expression (4).
By monitoring for the presence or absence of GFP expression in a population of cells it is

possible to identify and study A7M null tissue in the adult fly.
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Figure 1.4. The innate immune response in Drosophila primarily signals through the Toll or
Imd pathway. Shown is a simplified schematic representing the canonical signaling components
required. Both pathways converge on unique NF-kB proteins and stimulate the expression of

innate immune response genes including the antimicrobial peptides (AMPs).
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Figure 1.5. Activation of the innate immune response via NF-kB proteins functions in
neurodegeneration in Drosophila. The diagrams summarize the work of Petersen et al. (2012)
and subsequent research, Chinchore et al. (2012), and Tan et al. (2008) that examined the role of
the innate immune response in Drosophila models of human neurodegenerative diseases, (A) A-
T, (B) retinal degeneration, and (C) Alzheimer’s disease. Each panel depicts the key membrane-
bound and cytoplasmic factors in the two primary innate immune response pathways and
indicates through color-coding (see legend) which factors have been genetically implicated in
neurodegeneration. Each panel also indicates through color-coding whether the innate immune
response occurs in glial cells and whether nuclear events (innate immunity gene transcription)

have been shown to occur.
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Chapter Two

ATM kinase inhibition in glial cells activates the innate immune response and causes

neurodegeneration in Drosophila

This chapter was published in:
Petersen AJ, Rimkus SA, and Wassarman DA. (2012) ATM kinase inhibition in glial cells
activates the innate immune response and causes neurodegeneration in Drosophila. Proc Natl

Acad Sci U S 4 109: E656-E664.

A.J.P. performed the experiments for all figures and tables in the publication. S.A.R. provided a

portion of the data in Table 2.1. A.J.P. wrote the text and revised it with D.A.W.
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2.1 Abstract

To investigate the mechanistic basis for central nervous system (CNS) neurodegeneration
in the disease Ataxia-telangiectasia (A-T), we analyzed flies mutant for the causative gene 4-T
mutated (ATM). ATM encodes a protein kinase that functions to monitor the genomic integrity of
cells and control cell cycle, DNA repair, and apoptosis programs. Mutation of the C-terminal
amino acid in Drosophila ATM inhibited the kinase activity and caused neuron and glial cell
death in the adult brain and a reduction in mobility and longevity. These data indicate that
reduced ATM kinase activity is sufficient to cause neurodegeneration in A-T. ATM kinase
mutant flies also had elevated expression of innate immune response genes in glial cells. ATM
knockdown in glial cells, but not neurons, was sufficient to cause neuron and glial cell death, a
reduction in mobility and longevity, and elevated expression of innate immune response genes in
glial cells, indicating that a non-cell autonomous mechanism contributes to neurodegeneration in
A-T. Taken together, these data suggest that early onset CNS neurodegeneration in A-T is
similar to late onset CNS neurodegeneration in diseases such as Alzheimer’s wherein an

uncontrolled inflammatory response mediated by glial cells drives neurodegeneration.

2.2 Introduction

Ataxia-telangiectasia (A-T) is a multisystem disease characterized by neurodegeneration
in the central nervous system (CNS) (Sedgwick and Boder 1960; Bundey 1994; McKinnon
2012). Progressive neurodegeneration occurs during childhood and mainly affects Purkinje and
granule cells in the cerebellum. A-T is caused by mutation of the A-T mutated (ATM) gene,
which encodes a serine/threonine protein kinase of the phosphatidylinositol-3 kinase-related

kinase (PIKK) family (Savitsky et al. 1995). ATM functions to ensure genome integrity by
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controlling the cell cycle, DNA repair, and apoptosis programs in response to DNA damage
(Derheimer and Kastan 2010; Bhatti e al. 2011). ATM is recruited to sites of DNA damage
where autophosphorylation activates the kinase activity to allow phosphorylation of many
downstream targets, including histone H2AX (Burma et al. 2001; Bakkenist and Kastan 2003;
Matsuoka et al. 2007).

Insights into why ATM loss causes neurodegeneration have come from analyses of
ATM-deficient animals. Analyses of post-mortem human A-T brains as well as mouse and fly
models of A-T indicate that ATM protects post-mitotic neurons from degeneration by
suppressing cell cycle reentry (Yang and Herrup 2005; Rimkus et al. 2008). ATM-deficient
neurons reenter the cell cycle and may die rather than arrest or divide because of excessive DNA
damage. Many aspects of neurodegeneration are not understood, including whether it is solely
due to ATM loss in neurons (Biton et al. 2008). In neurodegenerative diseases such as
Alzheimer’s and Parkinson’s, prolonged activation of microglia, the resident innate immune cells
in the CNS, is thought to cause neurotoxicity (Gonzélez-Scarano and Baltuch 1999; Amor et al.
2010; Halliday and Stevens 2011). In addition, in neurodegenerative diseases such as
Amyotrophic lateral sclerosis (ALS), dysfunction of astrocytes, which serve to maintain neuronal
metabolism and neurotransmitter release, drives neurodegeneration after onset (Ilieva et al.
2009). In the case of A-T, abnormal microglial cell morphology is observed in 47TM knockout
mice, and cultured astrocytes from ATM knockout mice show markers of oxidative and
endoplasmic reticulum stress and exhibit a senescence-like growth defect (Kuljis et al. 1997; Liu
et al. 2005). Furthermore, several lines of evidence suggest that systemic inflammation
contributes to pathogenesis in A-T patients (McGrath-Morrow et al. 2010; Westbrook and

Schiestl 2010). Thus, ATM loss in glial cells may contribute to neurodegeneration in A-T. To
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investigate this possibility, we analyzed Drosophila melanogaster brains in which ATM kinase
activity was reduced in all cells or ATM expression was specifically reduced in glial cells or

neurons.

2.3 Results
ATM Kkinase activity is temperature-sensitive in A7 M flies

Since ATM is essential for fly viability to the adult stage, a temperature-sensitive allele of
ATM (ATM®) was used to investigate the role of ATM in adult flies (Pedersen et al. 2010).
ATM®/ATM® flies (hereafter referred to as ATM") developed to the adult stage when raised at
18°C but not at 25°C. Thus, to characterize adult phenotypes, ATM° flies were raised at 18°C
and shifted to 25°C shortly after eclosion.

ATM?® contains a leucine to phenylalanine mutation of the C-terminal amino acid, which
is predicted to affect kinase activity but not protein stability (Lempidinen and Halazonetis 2009;
Joyce et al. 2011). Western blot analysis for histone H2Av phosphorylation (H2Av-pS137)
revealed that ATM kinase activity in ATM® adult fly heads was temperature-sensitive (Figure
2.1). H2Av is the Drosophila homolog of mammalian H2AX, an ATM substrate in response to
ionizing radiation (IR)-induced DNA damage (Joyce ef al. 2011). At 18°C, IR-induced H2Av
phosphorylation was not affected in ATM’/+ flies but was highly reduced in ATM® flies relative
to wildtype flies. Despite the reduction in activity, this level was sufficient for development of
ATM® flies to the adult stage. At 25°C, IR-induced H2Av phosphorylation was slightly reduced
in ATM®/+ flies and was below detection in ATM® flies. This reduction in kinase ability is not
due to absence of the protein itself, as immunohistochemistry studies in Drosophila testes

revealed the presence of ATM® protein. These data indicate that ATM® kinase activity is
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temperature-sensitive and that ATM kinase activity in adult heads is correlated with ATM® allele
dose. Since humans heterozygous for mutated 47M alleles show increased susceptibility to
certain A-T phenotypes such as cancer, ATM"/+ heterozygous flies may provide insight into the
human disease as well (Chen et al. 1978; Ahmed and Rahman 2006).
Reduced ATM kinase activity reduces mobility and longevity

ATM? flies had obvious mobility defects, including a lessened ability to walk, fly, or right
themselves when turned onto their backs. A climbing assay was used to quantitate mobility.
When tapped to the bottom of a vial, flies naturally respond by climbing to the top, referred to as
negative geotaxis. Ten seconds after being tapped to the bottom of a vial, 65% of wildtype flies
had climbed to the top quarter of the vial; however, only 19% of ATM’/+ and 6% of ATM" flies
had climbed to the top quarter of the vial (Figure 2.2A). Similar effects were observed if
climbing was assessed at different heights in the vial or if climbing was assessed after longer
recovery times, 20 or 30 seconds, suggesting that the climbing defect was not due to
incapacitation from the tapping action. The climbing defect was probably due to reduced ATM
kinase activity, since the severity of the defect correlated with the level of ATM kinase activity -
less severe defects were observed for ATM®/+ flies than ATM® flies. Furthermore, ATM? flies
kept at 18°C after eclosion, and therefore maintaining a slight level of ATM kinase function,
exhibit a significantly better climbing ability than 4TM® flies maintained at 25°C (Figure 2.3).
Thus, it appears that loss of ATM kinase function is sufficient to produce climbing defects.
Many fly neurodegeneration mutants have decreased ability to climb, and furtle (tutl) mutants
have decreased ability to right themselves when turned onto their backs (Bodily et al. 2001;

Lessing and Bonini 2009). The tutl gene is specifically expressed in the CNS and regulates the
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development of neuron dendrites (Bodily et al. 2001). These data suggest that reduced ATM
kinase activity causes neurological problems.

Adult fly longevity was used to further assess the physiological requirements for ATM
kinase activity. In the longevity assay, flies were raised at 18°C, shifted to 25°C shortly after
eclosion, and the number of surviving flies was determined each day. This assay revealed that
ATM®/+ and ATM® flies had significantly shorter lifespans than wildtype flies (P<1X10™)
(Figure 2.2B). The 50% survival point for ATM?® flies was 18 days, compared to 27 and 50 days
for ATM®/+ and wildtype flies, respectively. Many fly neurodegeneration mutants have reduced
longevity (Lessing and Bonini 2009). Thus, neurodegeneration may cause reduced mobility and
longevity of flies with reduced ATM kinase activity, but other factors such as muscle
degeneration are also plausible.

Reduced ATM kinase activity causes neuron and glial cell death

Light microscopic analysis of paraffin sections of adult heads was used to assess the
extent to which abnormal brain morphology accompanied the mobility and longevity defects of
ATM?® flies. Neurons in the adult Drosophila brain have cell bodies at the periphery and neurites
that extend internally to form the synaptic neuropil (Cardona et al. 2010; Pereanu et al. 2010).
After 7 days at 25°C, scattered, small holes were observed in the neuropil of ATM®/+ and ATM®
flies but not wildtype flies (Figures 2.4A-C and Figures 2.5A-C). After 17 days at 25°C, the
abundance and size of the holes was increased in ATM’/+ and ATM" flies, which typifies
progressive neurodegeneration in flies (Figures 2.4D-F and Figures 2.5D-F) (Lessing and Bonini
2009).

To directly assess cell death, an antibody to activated Caspase 3 (a-Casp™®') was used to

detect cells undergoing apoptotic death (Fan and Bergmann 2010). In apoptotic cells,
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cytoplasmic Caspase 3 is activated by cleavage and translocated to the nucleus, so nuclear o-

CaSpACt

staining was used to identify dying cells (Kamada et al. 2005). After 7 or 17 days at
25°C, ATM® flies had significantly more Casp”“-positive cells than wildtype or ATM®/+ flies
(P<0.05) (Figures 2.4H and K and Table 2.1). This finding suggests that continuous cell death
underlies the progressive formation of holes in the brain and the reduced mobility and longevity
of ATM® flies.

To determine the identity of the dying cells, brains were co-stained with antibodies to
Casp™ and to the glial cell-specific protein Reversed polarity (Repo) or the neuron-specific
protein Embryonic lethal abnormal vision (Elav) (Xiong et al. 1994; Soller and White 2004).
This analysis revealed that neurons and glial cells were Casp”“-positive in 4TM*/+ and ATM"
flies (Figures 2.4G-L). Quantitation of a-Repo-stained brains further revealed that 58-77% of
the dying cells were glial cells (Table 2.1). Thus, reduced ATM kinase activity causes neuron
and glial cell death in the adult fly brain.

Reduced ATM kinase activity causes increased expression of innate immune response
genes

Gene expression microarray analysis was used to identify molecular and biological
events caused by reduced ATM kinase activity. With the goal of identifying events that are
causative for neurodegeneration, adult heads were examined after 3-4 days at 25°C, a time prior
to the appearance of holes in the brain. Total RNA isolated from ATM®/+ and ATM" flies was
converted to fluorescently labeled cDNA and used to probe Nimblegen oligonucleotide arrays
representing ~15,000 Drosophila genes. The resulting data were quantile normalized via Robust

Multichip Average (RMA) and ATM® was compared to ATM®/+ for fold change and statistical

significance. Analysis of two independent biological replicates revealed that 163 genes met the
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criteria of a >2-fold change with a moderated T-test value of P<0.05 and a False Discovery Rate
(FDR) value of P<0.10; 117 genes were upregulated and 46 genes were downregulated in ATM®
flies relative to ATM®/+ flies.

Gene Ontology analysis of the upregulated genes identified the innate immune response
as the most significantly changed biological event (Ashburner et al. 2000). Drosophila lack an
adaptive immune system that involves B and T cells and predominantly rely on an innate
immune system for immune defense (Lemaitre and Hoffmann 2007). The fat body is the major
immune-responsive tissue. In response to pathogens, the fat body expresses pathogen
recognition proteins, such as peptidoglycan recognition proteins (PGRPs) and gram-negative
binding proteins (GNBPs), that act upstream of the Toll and immune deficiency (Imd) signaling
pathways to recognize pathogens (Lemaitre et al. 1995; Levashina et al. 1998; Werner et al.
2000; De Gregorio et al. 2002). These pathways function through NF-«B transcription factors to
express antimicrobial peptides (AMPs) that combat pathogens (Dushay et al. 1996; Lemaitre et
al. 1996).

Twenty innate immune response gene ontology categories were identified with a
stringent P-value (P<1X107) in the gene expression microarrays. Table 2.2 provides a complete
list of genes that are included in these categories and is based on comparisons to published
microarray analyses of the Drosophila innate immune response (De Gregorio et al. 2001; Irving
et al. 2001; McDonald and Roshbash 2001). Table 2.3 provides a partial list that focuses on
genes that encode pathogen recognition proteins and AMPs. The expression of PGRP genes, as
well as members of six of seven classes of AMP genes, was upregulated. The exception was

Drosocin (Dro), but validation studies indicated that it was also upregulated (Figure 2.6C).



37

Collectively, these data indicate that reduced ATM kinase activity activates the innate immune
response in the adult head.

Quantitative PCR (qPCR) was used to independently examine innate immune response
gene expression. Comparison of wildtype and 4TM?® flies that had been shifted to 25°C for 0, 3,
or 8 days confirmed the microarray finding that reduced ATM kinase activity caused
upregulation of PGRP and AMP gene expression (Figure 2.7A). Furthermore, since wildtype
flies rather than ATM®/+ flies were used for the comparison, a higher level of innate immune
response gene expression was observed relative to the microarray analysis. Finally, upregulation
of PGRP and AMP gene expression was detected immediately after eclosion and, in some cases,
persisted through the first eight days of adulthood. These data indicate that reduced ATM kinase
activity throughout development induces a prolonged innate immune response in the head of
young adult flies.
Reduced ATM kinase activity causes AMP gene expression in glial cells

To further characterize the innate immune response, transgenic reporter flies were used to
determine the location of AMP gene expression in the head. Flies expressing Green Fluorescent
Protein (GFP) under control of AMP gene transcriptional regulatory sequences were crossed to
wildtype or ATM®/+ flies at 25°C, the progeny were cultured for 3-5 days, and GFP expression
was examined in dissected head fat body cells and brain whole mounts (Tzou et al. 2000). For
the Attacin A (AttA)::GFP reporter, GFP expression was not detected in head fat body cells of
either ATM®/+ or wildtype flies. In contrast, GFP expression was detected in the brain of
ATM®/+ but not wildtype flies (Figures 2.7C and F). GFP expression was most prominent in the
outer area of the optic lobe and the region where the optic lobe juxtaposes the central brain

neuropil, regions that are highly populated by neuron cell bodies (Cardona ef al. 2010; Pereanu
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et al. 2010). Similar results were observed for other AMP transgenic reporter lines (Cecropin Al
(CecAl)::GFP, Defensin (Def)::GFP, Drosomycin (Drs)::GFP, Metchnikowin (Mtk)::GFP, and
Dro::GFP) (Figure 2.6) (Tzou et al. 2000). These data indicate that reduced ATM kinase activity
causes transcriptional upregulation of AMP genes in the brain.

To identify the AMP-expressing cell type in ATM®/+ flies, brains were stained with
antibodies to Repo or Elav (Xiong et al. 1994; Soller and White 2004). GFP was found to
exclusively co-localize with Repo-positive cells, indicating that reduced ATM kinase activity
causes transcriptional upregulation of AMP genes in glial cells (Figures 2.7B-G).

ATM knockdown in glial cells causes neurodegeneration

The studies of 4TM® flies indicated that reduced ATM kinase activity in glial cells is
responsible for activation of the innate immune response and neuron and glial cell death. To test
this hypothesis, RNA interference (RNAi) was used to knock down ATM only in glial cells. A
Repo-GAL4 transgene was used to drive expression of a pWIZ-ATM'? transgene that expresses an
ATM short hairpin RNA under transcriptional control of UAS sequences (Lee et al. 2003; Sepp et
al. 2001; Rimkus et al. 2008). Our prior studies demonstrated that GAL4-driven expression of
pWIZ-ATM™ specifically knocks down ATM (Rimkus ef al. 2008). Control Repo-GAL4 flies and
experimental Repo-GAL4/pWIZ-ATM™ (Repo-ATMi) flies were assayed as described for ATM®
flies.

Repo-ATMi flies had similar phenotypes to ATM® flies. Repo-ATMi flies had impaired
climbing ability; only 6-17% of Repo-ATMi flies compared to 82-84% of Repo-GAL4 flies
climbed to the top quarter of the vial within 10, 20, or 30 seconds after being tapped to the
bottom (Figure 2.8A). Repo-ATMi flies also had significantly reduced longevity (P<1X10™)

(Figure 2.8B). The 50% survival point for Repo-ATMi flies was 16 days, compared to 25 and 43
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days for Repo-GAL4 and wildtype flies, respectively. Repo-ATMi flies also had holes in the
adult lamina and neuropil. At 1 day post-eclosion, large holes were present in the lamina and
small holes in the neuropil, and at 7 days post-eclosion, numerous small and large holes were
present in the neuropil (Figures 2.9A-C and Figure 2.5G-J). Lastly, at both 7 and 17 days post-
eclosion, Repo-ATMi flies had significantly more Casp”“-positive cells than Repo-GAL4 flies
(P<0.05) (Table 2.1). Co-staining for Casp”“* and Elav or Repo revealed that cell death at 7 days
was limited to neurons but at 17 days also included glial cells (Figures 2.9G-L and Table 2.1).
Taken together, these data indicate that ATM is required in glial cells for the survival of neurons.
ATM knockdown in glial cells causes increased expression of innate immune response genes

Gene expression microarray analysis was used to identify molecular and biological
events caused by ATM knockdown in glial cells. Using parameters described for the ATM®
microarray analysis, two independent biological replicates of 3-5 day old Repo-GAL4 and Repo-
ATMi flies were analyzed. This analysis revealed that 246 genes were upregulated and 106
genes were downregulated in Repo-ATMi flies relative to Repo-GAL4 flies.

Gene Ontology analysis of the upregulated genes identified the innate immune response
as the most significantly changed biological event (Ashburner et al. 2000). Twelve innate
immune response categories were identified with the stringent P-value of P<1X10”. As
expected from this result, comparison of the genes upregulated in ATM® flies and Repo-ATMi
flies showed a significant overlap (P<0.01), with 30 overlapping genes that were primarily
innate immune response genes. A majority of these overlapping genes fall within 16 innate
immune response categories (Figure 2.10). Table 2.2 provides a complete list of genes that were
included in these categories, and Table 2.3 provides a partial list that focuses on pathogen

recognition protein and AMP genes. qPCR analysis confirmed that PGRP and AMP genes were



40

upregulated in Repo-ATMi flies (Figure 2.11A). Analyses at 0, 3, and 8 days post-eclosion
revealed prolonged AMP gene expression. Finally, the AMP::GFP transgenic reporter assay
revealed AMP gene expression only in glial cells of Repo-ATMi flies (Figures 2.11B-G and
Figure 2.6). Taken together, these data suggest that A7M knockdown in glial cells causes cell
autonomous and prolonged activation of the innate immune response.
ATM knockdown in neurons does not cause neurodegeneration or increased expression of
innate immune response genes

To determine the extent to which reduced ATM kinase activity in neurons plays a role in
ATM?® phenotypes, Elav-GAL4 and pWIZ-ATM™ transgenes were used to knock down ATM only
in neurons. Two Elav-GAL4 driver flies were utilized: Elav-GAL4 flies, which have a transgene
on the 2nd-chromosome that expresses GAL4 under control of the Elav promoter, and Elav<'>-
GALA4 flies, which have a GAL4-containing transgene insertion downstream of the endogenous
Elav promoter on the X-chromosome (Luo ef al. 1994; Yao and White 1994). Control Elav-
GAL4 and Elav'”-GAL4 flies and experimental Elav-GAL4/pWIZ-ATM™ (Elav-ATMi) and
Elav©'"-GAL4/pWIZ-ATM"™ (Elav“'’-ATMi) flies were assayed as described for ATM® flies.

t

Mobility, longevity, brain morphology, and Casp™® expression were not adversely
affected in Elav-ATMi flies (Figures 2.8C and D, 2.9D-F, Table 2.1, and Figure 2.5K-N). In fact,
Elav-ATMi flies had significantly increased longevity relative to Elav-GAL4 flies (P<0.001).

" expression were also not noticeably affected in Elav"”’-ATMi flies

Longevity and Casp™
(Table 2.1 and Figure 2.12B). However, mobility and brain morphology were affected in
Elav*"’-ATMi flies. Elav<">’-ATMi flies had slightly reduced climbing ability immediately (10
seconds) after being tapped to the bottom of the vial, but climbing ability was not affected at the

20 and 30 second timepoints (Figure 2.12A). This contrasts the sustained and more severe
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reduction in climbing ability observed for ATM® and Repo-ATMi flies (Figures 2.2A and 2.8A).
Elav®'*>-ATMi brains contained several 2-4 pm round structures that were distinct in location
and morphology from holes that are characteristic of neurodegeneration (Figure 2.50-R and
2.12C-E) (Lessing and Bonini 2009). The round structures occurred within the optic lobes, but
not the neuropil, and had a clear zone around the periphery and a darkly stained interior core.
This contrasts the holes in ATM® and Repo-ATMi flies that occurred in both the optic lobes and
the neuropil and had an empty core (Figures 2.4C and 2.9C). Take together, these data indicate
that ATM knockdown in neurons is not sufficient to cause neurodegeneration in the brain.

Gene expression microarray analysis was used to identify molecular and biological
events caused by ATM knockdown in neurons. Using parameters described for the ATM®
microarray analysis, >2 independent biological replicates of 3-5 day old flies were analyzed.
This analysis revealed that 124 genes were upregulated and 36 genes were downregulated in
Elav-ATMi flies relative to Elav-GAL4 flies and that 81 genes were upregulated and 39 genes
were downregulated in Elav®'-ATMi flies relative to Elav'’-GAL4 flies. Gene Ontology
analysis revealed that the innate immune response was not significantly affected in Elav-ATMi or
Elav“"”’-ATMi flies, and qPCR analysis confirmed that the expression of PGRP and AMP genes
was not affected in Elav-ATMi or Elav">’-ATMi flies (Figure 2.13) (Ashburner et al. 2000). The
genes that were affected will be reported elsewhere. These data indicate that ATM knockdown in

neurons is not sufficient to activate the innate immune response in the brain.
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2.4 Discussion
ATM Kkinase activity is required for neuron survival

This study indicates that the kinase activity of 47M® is temperature-sensitive. ATM® was
identified in a screen for ATM alleles and was found to contain a leucine to phenylalanine
mutation of the final amino acid (Pedersen et al. 2010). This amino acid falls within the FATC
(FRAP, ATM, TRRAP C-terminal) domain, which is located directly downstream of the kinase
domain in PIKK family members (Jiang ef al. 2006). Functional and structural analyses indicate
that the FATC domain regulates PIKK kinase activity (Lempidinen et al. 2009). Mutation of one
or two amino acids in the FATC domain of several PIKKs reduces kinase activity. Structural
studies demonstrate that the FATC domain is physically close to the activation loop of the kinase
domain, suggesting that temperature-sensitivity of ATM® kinase activity is due to disruption of
FATC domain contacts with the kinase domain at high temperature (25°C) that are weak but
functionally sufficient at low temperature (18°C) (Rivera-Calzada et al. 2005). Taken together
with the finding that a single amino acid mutation in the FATC domain was found to naturally
occur in an A-T patient, evidence of neurodegeneration in ATM" flies suggests that ATM kinase
activity is required for neuron survival in humans (Cavalieri ef al. 2006).
Reduced ATM kinase activity in glial cells causes neurodegeneration

This study indicates that neuron survival requires ATM kinase activity in glial cells.
Phenotypes caused by ATM knockdown only in glial cells (Repo-ATMi flies) were similar to
those caused by reduced ATM kinase activity in both neurons and glial cells (47M° flies). These
phenotypes include reduced mobility, reduced longevity, holes in the brain, and neuron and glial
cell death. Collectively, these data indicate that reduced ATM kinase activity in glial cells

causes neurodegeneration and imply that interactions between glial cells and neurons are
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important for neuron survival. Reduced ATM kinase activity in glial cells may inhibit the
production of protective signals or allow the production of toxic signals that result in
neurodegeneration.

ATM knockdown only in neurons (Elav-ATMi and Elav'”-ATMi flies) did not cause
neurodegeneration in the adult brain. This does not mean that ATM loss in neurons does not
contribute to neurodegeneration; rather it means that ATM loss in neurons is not sufficient to
cause neurodegeneration in particular cellular contexts. In fact, we previously found that A7TM
knockdown in neurons (Elav"'’-ATMi flies) causes neurodegeneration in another cellular
context, the eye (Rimkus et al. 2008). The different results observed in the brain and the eye
may be due to different levels of 47M knockdown. Alternatively, the different results may be
due to unique properties of neurons, glial cells, or other cells in the brain or eye. This alternative
explanation is attractive because, in A-T and other neurodegenerative diseases, neuron types
differ in their susceptibility to degeneration, with Purkinje and granule neurons being particularly
susceptible in A-T (Sedgwick and Boder 1960; Bundey 1994).

Reduced ATM kinase activity triggers an innate immune response in glial cells

This study indicates that glial cells in the Drosophila CNS produce an innate immune
response. This adds glial cells in the CNS to the existing list of innate immune response-
competent cells that includes surface epithelia and the fat body in adult labellar glands, midgut,
malpighian tubules, trachea, and male and female reproductive tracts (Ferrandon et al. 1998;
Tzou et al. 2000). However, among the identified types of glial cells, the relevant type remains
to be determined (Doherty et al. 2009; Hartenstein 2011). Additionally, the involvement of the
Toll and Imd pathways in the glial cell innate immune response remains to be determined. None

of the components of these pathways, including the NF-kB genes that are transcriptionally
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upregulated in response to microbial infection, was found to have altered expression in the AT, M
or Repo-ATMi microarrays (De Gregorio et al. 2001, Irving et al. 2001). Activation of AMP
gene expression independently of the Toll and Imd pathways is not unprecedented. FOXO and
GATA transcription factors have been shown to mediate the innate immune response
independently of the pathogen-responsive innate immunity pathways (Senger et al. 2006; Becker
et al. 2010). Future studies will assess the details of the glial cell innate immune response.
Increased expression of innate immune response genes may directly result from reduced
ATM kinase activity or indirectly result from increased susceptibility to infection or altered
physiology. Data presented here are consistent with a model in which ATM directly represses
the innate immune response through protein phosphorylation. However, there are no obvious
candidates for substrates. ATM-dependent phosphorylation is essential for activation of NF-xB
in response to DNA damage (Miyamoto 2011). Although NF-kB proteins are also activated in
the innate immune response, results presented here suggest that ATM-dependent
phosphorylation inhibits NF-kB proteins, since reduced ATM kinase activity activated the innate
immune response. In regard to an indirect mechanism, AMP gene expression in glial cells has
not been observed in response to infection or to physiological perturbations such as starvation,
altered circadian rhythm, and altered sleep pattern that upregulate AMP gene expression in the
fat body (McDonald and Roshbash 2001; Bauer et al. 2006; Zimmerman et al. 2006). However,
AMP gene expression in glial cells may not have been adequately examined under these
conditions. Lastly, prolonged expression of AMP genes in A7, M flies argues against a burst of
pathogen growth that is fought back but it does not rule out persistent infection. Future studies

will establish the role of ATM in regulating the glial cell innate immune response.
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Activation of the innate immune response may be a common feature of neurodegeneration
This study revealed a correlation between neurodegeneration and the innate immune
response in a fly model of the human neurodegenerative disease A-T. Activation of the innate
immune response may be a common phenomenon during neurodegeneration in flies. Innate
immune response genes are upregulated in a fly model of Parkinson’s disease, and the Toll
pathway mediates neurodegeneration in a fly model of Alzheimer’s disease (Greene et al. 2005;
Tan et al. 2008). Moreover, studies in mammalian systems have uncovered considerable
evidence linking the innate immune response and neurodegeneration in a variety of human
neurological disorders, including Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, multiple sclerosis, and ALS (Gonzalez-Scarano and Baltuch 1999; Amor et al. 2010;
Arroyo et al. 2011). In mammals, microglial cells are primarily responsible for the innate
immune response. They recognize pathogens through their Toll-like receptors leading to release
of pro-inflammatory cytokines including tumor necrosis factor-o. (TNF-o) (Parkhurst and Gan
2010). Current thinking is that prolonged activation of microglial cells is a causative factor for
neurodegeneration. For example, in Alzheimer’s, Amyloid-f activates microglia to release
neurotoxic factors such as TNF-a and reactive oxygen species (ROS), and in Parkinson’s
overactivated microglia produce ROS in response to damaged ascending dopaminergic neurons
(Miller et al. 2009; Morales et al. 2010). The discovery of a glial cell immune response in
Drosophila makes this model organism well suited for studying the effects of neuroinflammation

on neuron survival.
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2.5 Materials and Methods
Drosophila genetics

Flies were maintained on standard molasses medium at 25°C unless otherwise stated.
For all of the experiments, wildtype flies were w''’*. pWiIZ-ATM™ is described in Rimkus et al.
(2008). ATM®, Repo-GAL4, and Elav-GAL4 flies were obtained from the Bloomington Stock
Center, Elav"'”-GAL4 flies were obtained from Barry Ganetzky (University of Wisconsin-
Madison) and AMP::GFP flies were obtained from Ylva Engstrom (Stockholm University) (Luo
et al. 1994; Yao and White 1994; Tzou et al. 2000; Sepp et al. 2001; Pedersen et al. 2010).
Repo-ATMi flies were generated by recombining the Repo-GAL4 and the pWIZ-ATM™
transgenes onto the same chromosome. To generate 4TM® flies, ATM’/TM3 flies were raised at
18°C and their progeny were screened for the absence of TM3. For ATM® experiments, flies
were cultured at 18°C until 0-3 days post-eclosion and then transferred to 25°C for the indicated
time.
Western blot analysis

For analysis of ATM kinase activity, vials containing 10 flies (4-5 days old) were either
untreated or irradiated with 50 gy using a Mark 1 irradiator. Flies were allowed to recover for 30
min and heads were isolated by manual dissection and homogenized in Laemmli sample buffer
(Bio-Rad). Head lysates were fractionated on 12% polyacrylamide gels and probed with H2Av-
pS137 (1:500, Rockland) and a-tubulin (1:10,000, Sigma) antibodies. The 2° antibody was a-
rabbit IgG horseradish peroxidase (1:5,000, GE Healthcare/Amersham).
Mobility assay

A climbing assay was used to quantitate mobility. Groups of 20 adult flies of the

indicated genotype were aged for 3 days and were placed in 2.5 cm by 9.5 cm (diameter by
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height) plastic vials with graduation marks at 25, 50, and 75% of the vial height. Vials were
sealed with parafilm. Flies were tapped to the bottom of the vial and videotaped for 30 s. The
tape was paused at 10, 20, and 30 s and the number of flies in each quadrant was counted. For
each genotype, four independent replicates were averaged and plotted as a percentage of flies in
each quadrant at the indicated time points.
Longevity assay

Longevity assays were performed in triplicate with control and experimental genotypes at
the same time. For each of the triplicate experiments, 100 flies were examined (5 vials of 20
flies/vial). ATM®, ATM?/+, and w''*® flies were raised at 18°C and transferred to 25°C 0-1 day
post-eclosion. All other flies were collected 0-3 days post-eclosion at 25°C. The day of
collection was designated day 1, and the number of surviving flies was counted daily until all
flies had died. Flies were transferred to new vials approximately every 3 days. The number of
surviving flies for each genotype was averaged, with errors representing the SEM between
replicates. Statistical significance was determined using log rank analysis and the chi-square
statistic.
Paraffin sectioning

Fly heads were hand dissected and incubated in ethanol:chloroform:acetic acid (6:3:1) at
room temperature over night. Heads were washed in 70% ethanol, processed into paraffin,
sectioned at 5 um, and stained with hematoxylin (Harris modified with acetic acid, Fisher) and
eosin (Eosin Y powder, Polysciences) using standard procedures (Kretzschmar et al. 1997).
Microarray analysis

For each genotype, ~150 flies (approximately equal numbers of males and females) were

collected and aged for 3 days at 25°C. To collect head, flies were transferred to 1.5 ml tubes and
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frozen in liquid N,, tubes were shaken vigorously to shear heads from bodies, and heads were
isolated from other body parts by sequential use of US Standard #25 (710 pum) and #40 (425 um)
sieves. Total RNA was isolated from heads using TRI reagent (Sigma). The resulting RNA was
resuspended in 40 ul DEPC-treated water and subjected to DNase treatment using the TURBO
DNA-free kit (Ambion). The resulting RNA was ammonium acetate precipitated and
resuspended in 20 pl of DEPC-treated water. Typically, 40 pug of RNA was recovered per
sample. RNA (1 mg/ml) was shipped at -80°C to NimbleGen in Reykjavik, Iceland for probe
generation and analysis on D. melanogaster 4x72 plex arrays, containing a minimum of 4 probes
per gene for 15,473 genes. The data were analyzed using the ArrayStar program (DNAStar).
Pair files were used as input, and normalization was conducted using RMA processing and
quantile normalization. Two replicates were performed for all genotypes except Elav-GAL4 and
Elav-ATMi flies, which had four replicates. All replicates were used to generate fold changes
and statistical confidence limits. Prior to statistical analysis, genes with a low coefficient of
variation (CV<0.05) were filtered. Initial statistical analysis identified genes with P<0.05 using
a moderated T-test analysis with no additional corrections. Further statistical analysis using the
FDR test was used to generate the final list of genes, with the final criteria being a >2-fold
change in expression, P<0.05 significance via moderated T-test, and P<0.10 significance via
FDR. Raw and normalized microarray data have been deposited in the Gene Expression
Omnibus (GEO) database (accession number GSE34315).
qPCR

Flies were collected as indicated for the microarrays and aged for the stated times. The
0-day timepoint indicates that RNA was processed on the day of collection. Heads were isolated

from ~25 flies per genotype and RNA was isolated using the RNeasy Plus Mini Kit (Qiagen).
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cDNA was generated with an iScript cDNA Synthesis Kit (Bio-Rad). Real-time qPCR was
carried out as in Katzenberger et al. (2006). Primer sequences are provided in Table 2.4.
Immunofluorescence microscopy

For the AMP::GFP experiments, brains were dissected from flies aged 4-6 days at 25°C.
For the Casp™ experiments, brains were dissected, fixed for 15 minutes in fresh 4%
formaldehyde, washed in 1xPBS with 0.3% Triton-X, and incubated in primary antibody
overnight at 4°C. Primary antibodies used were a-Repo (1:200, Developmental Studies
Hybridoma Bank), a-Elav (1:200, Developmental Studies Hybridoma Bank), and a-Casp™®
(1:50, Millipore). Fluorescently-labeled secondary antibodies used were o-mouse rhodamine
(1:300, Invitrogen), a-rat rhodamine (1:200, Invitrogen), and a-rabbit AlexaFluor 594 (1:300,
Invitrogen). Brains were mounted in Vectashield (Vector Laboratories) and imaged on a Zeiss
Axiovert 200M inverted microscope or a Bio-Rad MRC-1024 confocal microscope (W. M. Keck

Laboratory for Biological Imaging, UW-Madison).
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Table 2.1: Cell death in adult brains
Genotype CaspACt cells per brain (brains) Percent CaSAQ:ACt glial cells
(Casp™ cells)
7d 17 d 7d 17 d

WT 49+15(n=14)* | 2.5+0.5(n=17) 0% (n=81)t | 5% (n=43)
ATM/+ 12.4 + 4.1 (n=14) 7.3+ 1.9 (n=9) 77% (n=77) | 73% (n=56)
ATM® 45.9 + 8.1 (n=14)* | 21.4 + 5.8 (n=14)t | 69% (n=191) | 58% (n=218)
Repo-GAL4 1.8 + 0.4 (n=18) 2.2+0.4 (n=18) 0% (n=32) 8% (n=40)
Repo-ATMi 145+ 3.7 (n=16)t | 5.1+ 1.3(n=18)t | 1% (n=199) | 29% (n=131)
Elav-GAL4 2.3+ 0.8 (n=9) 21+0.4(n=12) | 10% (n=21) 4% (n=25)
Elav-ATMi 3.7 + 0.7 (n=9) 2.7 +0.4 (n=12) 9% (n=33) 3% (n=32)
Elav°"™®-GAL4 | 2.0 +0.4 (n=12) 1.3 + 0.3 (n=12) 0% (n=24) 0% (n=16)
Elav'®-ATMi | 2.3 +0.6 (n=12) 1.4 + 0.3 (n=13) 0% (n=29) 0% (n=18)

*P<0.01 vs. WT and ATM%/+,

1P<0.05 vs. WT and ATM®/+,

1P<0.05 vs. Repo-GAL4

50
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Table 2.2: Innate immunity genes upregulated in ATM® or Repo-ATMi fly heads

*FDR P<0.14

cG# ‘ Gene amwe | Repos cG# Gene amwe | Repor
Pathogen Recognition Miscellaneous Innate Immune Response

CG13422 Gram negative binding protein-like (GNBP-like) 2.05 2.06 CG9538 Antigen 5-related (Ag5r) 16.96
CG11709 Peptidoglycan recognition protein-SA (PGRP-SA) 2.24 CG1180 Lysozyme E (LysE) 14.96

CG9681 Peptidoglycan recognition protein-SB1 (PGRP-SB1) 2.65 3.47 CG33109 6.87

CG14745 Peptidoglycan recognition protein-SC2 (PGRP-SC2) 6.45 5.22 CG18096 Thiolester containing protein | (Tepl) 5.38 2.90
CG7496 Peptidoglycan recognition protein-SD (PGRP-SD) 2.25 2.81 CG11086 GADD45 3.94
Antimicrobial Peptides (AMPs) CG18816 Tetraspanin 42Eb (Tsp42Eb) 3.28

CG10146 | Attacin-A (AttA) 4.16 3.1 CG13335 2.91 3.06
CG18372 | Attacin-B (AttB) 4.56 247 CG3397 2.89 3.49
CG4740 Attacin-C (AttC) 3.37 2.94 CG7738 immune induced peptide 2.82 3.27
CG7629 Attacin-D (AttD) 7.91 CG15678 poor IMD response upon knock-in (PIRK) 2.77 2.20
CG1365 Cecropin A1 (CecA1) 5.07 3.85 CG4269 immune induced peptide 2.68 2.27
CG1367 Cecropin A2 (CecA2) 2.35 CG9116 Lysozyme P (LysP) 2.50*

CG1878 Cecropin B (CecB) 8.55 CG18550 yellow-f 2.44

CG1373 Cecropin C (CecC) 7.04 2.30 CG17107 immune induded peptide 2.25 2.76
CG1385 Defensin (Def) 3.33 CG17795 methuselah-like 2 (mthl2) 2.23

CG12763 | Diptericin (Dpt) 2.29* CG33460 2.22

CG10794 Diptericin B (DptB) 2.99* CG16978 immune induced peptide 217

CG10810 Drosomycin (Drs) 5.11 CG3666 Transferrin 3 (Tsf3) 2.13

CG32282 drosomycin-4 (dro4) 2.13 CG11994 Adenosine deaminase (Ada) 2.09

CG8175 Metchnikowin (Mtk) 3.01 2.26 CG18466 Nmdmc 2.08 2.56
Proteases/Protease Inhibitors CG2914 Ets at 21C (Ets21C) 2.04 2.15
CG11459 cysteine-type endopeptidase 2.05 CG3212 Scavenger receptor class C, type IV (Sr-CIV) 8.87
CG5896 gram positive specific serine protease (grass) 2.27 CG3699 5.42
CG9733 serine-type endopeptidase 3.76 4.07 CG5971 Cdc6 3.76
CG18563 | serine-type endopeptidase 3.04 CG4306 3.16
CG6639 serine-type endopeptidase 2.97 CG9616 immune induced peptide 2.97*
CG11836 serine-type endopeptidase 2.75 CG5999 2.94
CG4914 serine-type endopeptidase 2.35 CG17760 2.92
CG30371 serine-type endopeptidase 2.24 CG15155 2.88
CG30098 serine-type endopeptidase 2.21* CG7702 2.87
CG11836 serine-type endopeptidase 2.14* CG18279 Immune induced molecule 10 (IM10) 2.36
CG10232 | serine-type endopeptidase 2.11 CG6788 2.35
CG8870 serine-type endopeptidase 2.09 CG6124 eater 2.29
CG17404 | serine-type endopeptidase 2.67 CG15066 Immune induced molecule 23 (IM23) 2.22
CG4998 serine-type endopeptidase 2.64 CG12990 2.11
CG7542 serine-type endopeptidase 2.37 Additional Overlapping Genes

CG10663 | serine-type endopeptidase 2.29 CG34414 sprint (spri) 3.35 2.04
CG14227 serine-type endopeptidase 2.13 CG13704 2.85 4.04
CG30090 serine-type endopeptidase 2.08 CG7512 2.24 10.41
CG6687 Serpin 88Eb (Spn88Eb) 2.53 2.28 CG13965 212 2.37
Stress Response CG11538 2.10 5.68
CG9438 Cytochrome P450-6a2 (Cyp6a2) 5.48 CG5379 2.05 473
CG9964 Cytochrome P450-309a1 (Cyp309a1) 4.75

CG4105 Cytochrome P450-4e3 (Cyp4e3) 3.41

CG8687 Cytochrome P450-6a14 (Cyp6a14) 3.36

CG30489 Cytochrome P450-12d1-p (Cyp12d1-p) 3.06

CG8540 Cytochrome P450-316a1 (Cyp316a1) 3.04

CG33503 | Cytochrome P450-12d1-d (Cyp12d1-d) 2.99

CG8453 Cytochrome P450-6g1 (Cyp6g1) 2.77

CG14728 | Cytochrome P450-315a1 (Cyp315a1) 2.35

CG18559 | Cytochrome P450-309a2 (Cyp309a2) 2.30

CG10242 | Cytochrome P450-6a23 (Cyp6a23) 2.08

CG12242 Glutathione S transferase D5 (GstD5) 7.39

CG4423 Glutathione S transferase D6 (GstD6) 2.35

CG17531 Glutathione S transferase D7 (GstD7) 2.03

CG2830 Heat shock protein 60 (Hsp60B) 13.05

CG7756 Heat shock protein cognate 2 (Hsc70-2) 8.74

CG2559 Larval serum protein 1 (Lsp1alpha) 2.35

CG4178 Larval serum protein 1 (Lsp1beta) 2.01 3.04

CG6806 Larval serum protein 2 (Lsp2) 2.1 6.78

CG31509 Turandot A (TotA) 4.15

CG31508 Turandot C (TotC) 6.33

CG14027 Turandot M (TotM) 3.57 2.72

CG31193 Turandot X (TotX) 2.84




Table 2.3: Upregulated pathogen recognition and AMP

genes
CG# Gene | ATM® | Repo-ATMi
Pathogen recognition genes

CG13422 GNBP-like 2.05 2.06
CG11709 PGRP-SA 2.24

CG9681 PGRP-SB1 2.65 3.47
CG14745 PGRP-SC2 6.45 5.22
CG7496 PGRP-SD 2.25 2.81
Antimicrobial peptide genes

CG10146 Attacin-A (AttA) 4.16 3.1
CG18372 Attacin-B (AttB) 4.56 2.47
CG4740 Attacin-C (AttC) 3.37 2.94
CG7629 Attacin-D (AttD) 7.91

CG1365 Cecropin A1 (CecA1) 5.07 3.85
CG1367 Cecropin A2 (CecA2) 2.35

CG1878 Cecropin B (CecB) 8.55

CG1373 Cecropin C (CecC) 7.04 2.30
CG1385 Defensin (Def) 3.33

CG12763 Diptericin (Dpt) 2.29*

CG10794 Diptericin B (DptB) 2.99*

CG10810 Drosomycin (Drs) 5.1

CG32282 drosomyecin-4 (dro4) 213

CG8175 Metchnikowin (Mtk) 3.01 2.26

*FDR P<0.14
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Table 2.4: Primer sequences for qPCR

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

Actin CGAAGAAGTTGCTGCTCTGGTTGT GGACGTCCCACAATCGATGGGAAG
Attacin C CTGCACTGGACTACTCCCACATCA CGATCCTGCGACTGCCAAAGATTG
Cecropin A1 CATTGGACAATCGGAAGCTGGGTG TAATCATCGTGGTCAACCTCGGGC
Defensin CCAGAGGATCATGTCCTGGTGCAT ACTTGGAGAGTAGGTCGCATGTGG
Diptericin B AGGATTCGATCTGAGCCTCAACGG TGAAGGTATACACTCCACCGGCTC
Drosomycin AGTACTTGTTCGCCCTCTTCGCTG CCTTGTATCTTCCGGACAGGCAGT

Metchnikowin

CATCAATCAATTCCCGCCACCGAG

AAATGGGTCCCTGGTGACGATGAG

PGRP-SC2

ATCCTTCTGGCCGTACTCTTCTGC

GATCACGGCGTAGCTCAGGTAGTT
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Figure 2.1. ATM?® kinase activity is temperature-sensitive. Shown is Western blot analysis of
H2Av-pS137 in adult head extracts from flies of the indicated genotypes exposed (+) or not
exposed (-) to ionizing radiation (IR). Analyses of WT, ATM®/+, and ATM® flies at 18°C (lanes
1-6) and 25°C (lanes 7-12) are shown. The upper panel is a short exposure of the middle panel.

The bottom panel, probed for a-tubulin, served as a loading control.
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Figure 2.2. Reduced ATM kinase activity causes reduced mobility and longevity. (A) Graphed
is the average percent of WT, ATM*/+, and ATM® flies that climbed >75% (green), 50-75%
(blue), 25-50% (gray), or <25% (red) of the vial height in the indicated time. Unlabeled bars had
values of less than 5%. Statistical analysis by one-way ANOVA indicated a significant
difference at all timepoints between ATM® and WT flies (P<0.01). (B) Graphed is the average
percent survival at the indicated number of days post-eclosion with error bars (SEM) for three
independent trials of WT, ATM®/+, and ATM® flies. Dotted lines indicate the 50% survival point

for each genotype.
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Figure 2.3. ATM® flies exhibit better climbing ability at 18°C than at 25°C. Graphed is the
average percent of ATM" flies raised at 18°C that climbed >75% (green), 50-75% (blue), 25-50%
(gray), or <25% (red) of the vial height in the indicated time. See Figure 2.2A for climbing data
from ATM® flies at 25°C. Unlabeled bars had values of less than 5%. Statistical analysis by one-

way ANOVA indicated a significant difference between ATM?® flies at 18°C and 25°C (P<0.05).
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Figure 2.4. Reduced ATM kinase activity causes neuron and glial cell death in the adult brain.
Shown are representative paraffin sections of WT, ATM®/+, and ATM® brains after 7 days (A-C)
or 17 days (D-F) at 25°C. Holes are indicated by arrows. Images are shown of the same region
of the brain and at the same magnification, with anterior at the top. Full brain sections are shown
in Figure 2.5. Shown are representative immunofluorescence images of 4TM® brains stained for

Repo and Casp™® (G-I) or Elav and Casp”® (J-L).



61



62

Figure 2.5. Shown are representative paraffin sections of fly heads of the indicated genotypes
and ages. Elav"'’-GAL4 flies are denoted as C155-GAL4, and Elav'’-ATMi flies are denoted

as C155-ATM;i.
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Figure 2.6. Shown are representative immunofluorescence images of flies of the indicated
genotypes stained for Repo and detecting the Cec::GFP (A), Def::GFP (B), Dro::GFP (C),

Drs::GFP (D), or Mtk::GFP (E) reporter gene.
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Figure 2.7. Reduced ATM kinase activity causes upregulation of AMP gene expression in glial
cells. (A) Shown is qPCR analysis of mRNA expression in 47M* heads after 0, 3, or 8 days at
25°C that was normalized to age-matched WT heads. Asterisks represent P<0.05, based on
student’s T-test analysis. Shown are representative immunofluorescence images of WT (B-D) or
ATM®/+ (E-G) brains stained for Repo and detecting the AttA::GFP reporter gene. Other

AMP::GFP reporter genes are shown in Figure 2.6.
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Figure 2.8. ATM knockdown in glial cells, but not neurons, causes reduced mobility and
longevity. Graphed is the average percent of Repo-GAL4 and Repo-ATMi flies (A) or Elav-
GAL4 and Elav-ATMi flies (C) that climbed >75% (green), 50-75% (blue), 25-50% (gray), or
<25% (red) of the vial height in the indicated time. See Figure 2.2A for wildtype fly climbing
data. Unlabeled bars had values of less than 5%. Statistical analysis by one-way ANOVA
indicated a significant difference at all timepoints between Repo-ATMi and Repo-GAL4 flies
(P<0.01) but not between Elav-ATMi and Elav-GAL4 flies (P>0.05). Graphed is the average
percent survival at the indicated number of days post-eclosion with error bars (SEM) for three
independent trials of WT, Repo-GAL4, and Repo-ATMi flies (B) or WT, Elav-GAL4, and Elav-

ATMi flies (D). Dotted lines indicate the 50% survival point for each genotype.
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Figure 2.9. ATM knockdown in glial cells, but not neurons, causes neuron and glial cell death in
the adult brain. Shown are representative paraffin sections of Repo-GAL4 and Repo-ATMi brains
(A-C) or Elav-GAL4 and Elav-ATMi brains (D-F) at the indicated age in days. Holes are
indicated by arrows. Images are shown of the same region of the brain and at the same
magnification, with anterior at the top. Full brain sections are shown in Figure 2.5. Shown are
representative immunofluorescence images of Repo-ATMi brains stained for Repo and Casp”™

(G-1) or Elav and Casp™®* (J-L).
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Figure 2.10. Comparison of upregulated genes in ATM® and Repo-ATMi flies via Gene Ontology
identifies categories involving the innate immune response. P-values for Repo-ATMi (P1) and
ATM?® (P2) are depicted for each category. Yellow categories represent significant upregulation
in both microarrays while green categories represent significant upregulation only in ATM®

(P<0.05). Red represents not significantly altered in either array (P>0.05).
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Figure 2.11. ATM knockdown in glial cells causes upregulation of AMP gene expression in
glial cells. (A) Shown is qPCR analysis of mRNA expression in Repo-ATMi heads after 0, 3, or
8 days that was normalized to age-matched Repo-GAL4 heads. Asterisks represent P<0.05 based
on student’s T-test analysis. Shown are representative immunofluorescence images of Repo-
GAL4 (B-D) or Repo-ATMi (E-G) brains stained for Repo and detecting the AttA::GFP reporter

gene. Other AMP::GFP reporter genes are shown in Figure 2.6.
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Figure 2.12. Elav*"-ATMi flies do not exhibit characteristics of neurodegeneration. (A)
Graphed is the average percent of Elav"'’-GAL4 (denoted C155-GAL4), and Elav<'-ATMi
(denoted C155-ATMi) flies that climbed >75% (green), 50-75% (blue), 25-50% (gray), or <25%
(red) of the vial height in the indicated time. Unlabeled bars had values of less than 5%.
Statistical analysis by one-way ANOVA indicated a significant difference at 10 s between
Elav®'”-ATMi and Elav"'-GAL4 flies (P<0.01) but no significant difference at 20 or 30 s
(P>0.05). See Figure 2.2A for wildtype fly climbing data. (B) Graphed is the average percent
survival at intervals post-eclosion with error bars (SEM) for three independent trials of WT,
Elav®'-GAL4, and Elav">-ATMi flies. Dotted lines indicate the 50% survival point for each
genotype. Elav'”-ATMi and Elav"'”-GAL4 flies had similar longevity (P=0.47). Shown are
representative Elav"'”*-GAL4 and Elav“">>-ATMi brains after 7 days (D) or 17 days (C and E) of
age. Abnormalities are indicated by arrows. Images are shown of the same region of the brain at

the same magnification with anterior at the top.
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Figure 2.13. Elav-ATMi and Elav“"’-ATMi do not upregulate innate immune response genes.
(A) Shown is qPCR analysis of mRNA expression in Elav-ATMi heads after 0, 3, or 8 days at
25°C that was normalized to age-matched Elav-GAL4 heads. (B) Shown is qPCR analysis of
mRNA expression in Elav“!_ATMi heads after 0, 3, or 8 days at 25°C that was normalized to
age-matched Elav“'>’-GAL4 heads. Based on student’s T-test analysis, no significant changes in

gene expression occurred between experimental and control flies.
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Chapter Three

The innate immune response transcription factor Relish is necessary for neurodegeneration

in a Drosophila model of Ataxia-telangiectasia

This chapter was submitted in:
Petersen AJ, Katzenberger RJ, and Wassarman DA. (2012) The innate immune response
transcription factor Relish is necessary for neurodegeneration in a Drosophila model of Ataxia-

telangiectasia. Genetics. Under review.

R.J.K. performed the experiments for Figures 3.1B, 3.2A, 3.2B, and 3.3. A.J.P. performed the
statistics for and compiled Figures 3.2A, 3.2B, and 3.3 and performed the experiments for all

other figures and tables. A.J.P. wrote the text and revised it with D.A.W.
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3.1 Abstract

Neurodegeneration is a hallmark of the human disease Ataxia-telangiectasia (A-T), which
is caused by mutation of the A-T mutated (ATM) gene. To determine the molecular mechanisms
underlying neurodegeneration in A-T, we have characterized fruit flies, Drosophila
melanogaster, that contain conditional 47M alleles. We previously found that ATM inactivation
in glial cells results in cell autonomous activation of the innate immune response and cell non-
autonomous neurodegeneration in the adult fly brain. Here, we present three types of data
indicating that activation of the innate immune response in glial cells causes neurodegeneration
in ATM-deficient flies. First, the level of neurodegeneration in ATM-deficient flies was directly
correlated with the level of expression of innate immunity genes. Second, mutation of the NF-
kB transcription factor Relish, an essential effector of the Imd innate immune response pathway,
reduced innate immunity gene expression and neurodegeneration in ATM-deficient flies. Third,
overexpression of a constitutively active form of Relish in glial cells was sufficient to activate
expression of innate immunity genes and cause vacuolar-like holes in the brain, a common
feature of neurodegeneration in flies. Other data bring into question the role of Imd in Relish
activation and which transcriptional targets of Relish are involved in triggering
neurodegeneration. Taken together, these data add A-T to a growing list of human diseases in
which an NF-kB-mediated innate immune response has been implicated in promoting

neurodegeneration.

3.2 Introduction
Ataxia-telangiectasia (A-T) is a rare human disease characterized by progressive
degeneration of Purkinje and granule neurons in the cerebellum (Sedgwick and Boder 1960;

Bundey 1994; McKinnon 2004). A-T is caused by recessive mutation of the A-T mutated (ATM)
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gene, which encodes a protein kinase (Savitsky et al. 1995). The molecular mechanisms
underlying neurodegeneration in A-T are not well understood but probably involve events that
go awry in neurons and glial cells due to inadequate phosphorylation of ATM substrate proteins.
ATM phosphorylates hundreds of proteins in response to DNA damage, most notably proteins
that initiate cell cycle checkpoints, DNA damage repair mechanisms, and apoptotic pathways
(Bakkenist and Kastan 2003; Matsuoka et al. 2007; Derheimer and Kastan 2010; Bhatti et al.
2011).

In an effort to understand the molecular mechanisms underlying neurodegeneration in A-
T, we have used Drosophila melanogaster as a model experimental system. We have analyzed
the brains of ATM® and Repo-ATMi flies that have reduced ATM kinase activity. ATM® is a
temperature-sensitive allele (Pedersen ef al. 2010). When ATM" flies are cultured at 25°C they
are pupal lethal, but when cultured at 18°C they are viable. ATM® homozygous flies that are
cultured at 18°C and shifted to 25°C post-eclosion have dramatically reduced ATM kinase
activity, as assayed by phosphorylation of serine 137 (pS137) in histone H2Av in response to
ionizing radiation (IR)-induced DNA damage (Joyce et al. 2011; Petersen et al. 2012). ATM®/+
heterozygous flies that are cultured at 18°C and shifted to 25°C post-eclosion have an
intermediate level of ATM kinase activity (Petersen et al. 2012). Repo-ATMi flies have reduced
ATM kinase activity in glial cells due to ATM knockdown by RNA interference (RNA1). Repo-
ATMi flies contain two transgenes, a transgene that expresses an A7TM-targeted short hairpin
RNA (shRNA) under transcriptional control of GAL4 UAS sequences and a Repo-GAL4
transgene that expresses the GAL4 transcription factor only in glial cells and drives expression of

the first transgene (Xiong et al. 1994; Sepp et al. 2001; Rimkus et al. 2008).
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Our analyses of ATM® and Repo-ATMi flies indicate that ATM inactivation in glial cells
causes neurodegeneration. Both ATM® and Repo-ATMi flies have phenotypes that typify
neurodegeneration in flies: reduced lifespan, reduced climbing ability, increased death of
neurons and glial cells in the brain, and abnormal brain morphology characterized by vacuolar-
like holes (Lessing and Bonini 2009; Petersen et al. 2012). Furthermore, gene expression
analysis of adult fly heads revealed that both ATM® and Repo-ATMi flies activate the innate
immune response in glial cells (Petersen et al. 2012). The innate immune response regulates
photoreceptor neuron degeneration in fly models of human retinal degeneration and Alzheimer’s
disease, suggesting a causative link between the innate immune response and neurodegeneration
in A-T (Tan et al. 2008; Chinchore et al. 2012; Petersen and Wassarman 2012).

The innate immune response is primarily known to combat pathogens. In Drosophila,
there are two major innate immune response pathways, the Toll pathway and the Imd (Immune
deficiency) pathway (Lemaitre and Hoffmann 2007). These pathways activate different Nuclear
Factor-kB (NF-«B) transcription factors to stimulate innate immunity gene expression. The Toll
pathway responds to eukaryotic pathogens and gram-positive bacteria. Extracellular pathogens
are recognized by peptidoglycan recognition proteins (PGRPs) and facilitate cleavage of the
cytokine Spitzle, which binds to and activates the Toll receptor. Toll activation stimulates
degradation of the Inhibitor of kB (IkB) protein Cactus in the cell cytoplasm, releasing the NF-
kB transcription factor Dif and allowing it to enter the nucleus. In the nucleus, Dif promotes the
transcription of innate immunity genes, including the antimicrobial peptide (AMP) genes that
encode secreted immune response effector proteins. The Imd pathway, which is homologous to
the mammalian tumor necrosis factor a (TNFa) pathway, recognizes gram-negative bacteria

through membrane-bound PGRP proteins. PGRP activation signals through the Imd protein to
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promote activation of the NF-xB protein Relish. Relish contains a N-terminal NF-kB motif and
a C-terminal IxkB motif. Activation of the Imd pathway promotes Relish cleavage, releasing the
NF-kB motif from its inhibitory IkB motif. Activated Relish translocates to the nucleus and
promotes the transcription of innate immunity genes, including AMP genes. In support of this
mechanism, overexpression of the Relish NF-«kB motif is sufficient to stimulate Relish target
gene expression (DiAngelo et al. 2009; Wiklund et al. 2009). Lastly, NF-kB-independent
pathways activate portions of the innate immune response, but these pathways are primarily
involved in tissue-specific, constitutive expression of innate immunity genes rather than
inducible pathogen-mediated expression (Tzou et al. 2000; Han ef al. 2004; Ryu et al. 2004;
Peng et al. 2005; Senger et al. 2006).

Here, we present studies that tested whether the innate immune response is required for
neurodegeneration in the brain of ATM® and Repo-ATMi flies. Specifically, we tested whether
innate immunity gene expression correlates with neurodegeneration in ATM® and Repo-ATMi
flies, whether components of canonical innate immune response pathways are required for innate
immunity gene expression and neurodegeneration in ATM® flies, and whether activation of the
innate immune response in glial cells is sufficient to promote innate immunity gene expression

and neurodegeneration in flies.

3.3 Results
Differences in climbing ability are not due to variable inactivation of ATM Kkinase activity
in ATM® flies

Previously, we found that ATM® and Repo-ATMi flies are heterogeneous in their ability to

climb (Petersen et al. 2012). When tapped to the bottom of a vial flies naturally respond by
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climbing to the top. About 50% of ATM® or Repo-ATMi flies have impaired climbing ability
and are unable to climb beyond the bottom quarter of a vial within 30 seconds of being tapped to
the bottom, but about 15% of ATM® or Repo-ATMi have normal climbing ability and are able to
climb to the top quarter of a vial within 30 seconds of being tapped to the bottom. This finding
suggested that ATM inactivation does not always cause neurodegeneration. To test this
hypothesis, we sorted flies based on climbing ability and assayed them for other features of
neurodegeneration.

A countercurrent assay, based on an assay developed by Benzer (1967), was used to
separate flies into three groups: poor climbers were unable to climb to the top of a vial in any of
four 1-minute trials (vial 1 in Figure 3.1A), moderate climbers were able to climb to the top of a
vial between one and three times in four to seven 1-minute trials (vials 2-4), and good climbers
were able to climb to the top of a vial four times in seven 1-minute trials (vials 5-8). For ATM®
and Repo-ATMi flies, 55% and 70% were poor climbers, 30% and 16% were moderate climbers,
and 15% and 14% were good climbers, respectively. In contrast, for control w'’’® flies, which
have a wildtype ATM gene, 13% were either poor or moderate climbers and 87% were good
climbers. Since the percentage of flies in the poor, moderate, and good climber groups was
similar to the percentage of flies in the bottom, middle, and top of the vial in the 30-second
climbing assay, respectively, we concluded that the countercurrent method accurately separates
flies based on climbing ability.

The difference in climbing ability could be due to variable inactivation of ATM. To test
this possibility, we analyzed the ability of flies to carry out ATM-mediated phosphorylation of
H2Av in response to IR (Joyce et al. 2011; Petersen et al. 2012). ATM® flies that were separated

by climbing ability and w'’® flies that were not separated were exposed to 50 Gy of IR, and
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Western blot analysis was used to detect H2Av-pS137 in head extracts. As expected, no H2Av-
pS137 was detected in flies not exposed to IR, and a high level of H2Av-pS137 was detected in
w!'"® flies exposed to IR (Figure 3.1B). In contrast, irrespective of climbing ability, H2Av-
pS137 was not detected in ATM® flies exposed to IR, indicating that differences in climbing
ability are not due to variable inactivation of ATM kinase activity.
Climbing ability correlates with other neurodegenerative phenotypes in ATM?® and Repo-
ATMi flies

Differences in climbing ability among ATM® and Repo-ATMi flies could be due to
variable levels of neurodegeneration. To determine if climbing ability reflects the severity of
neurodegeneration, we subjected countercurrent-separated flies to three assays for
neurodegeneration. First, fly heads were embedded in paraffin and thin sections of the brain
were analyzed for vacuolar-like holes, a common feature of neurodegeneration (Lessing and
Bonini 2009). Analysis of ATM® and Repo-ATMi flies failed to show obvious differences in the
number, size, or distribution of holes between poor and good climbers. Second, flies were
assayed for lifespan. Commonly, neurodegeneration shortens the lifespan of flies. For both
ATM® and Repo-ATMi flies, poor climbers had significantly shorter lifespans than good climbers
(P<0.01) and moderate climbers had intermediate lifespans (Figures 3.2A and B).  Thus,
climbing ability directly correlated with lifespan. Third, 4TM® flies were assayed for cell death
in the brain. To identify cells undergoing apoptosis, brains were stained with an antibody to the

activated form of Caspase-3 (Casp”™

) and analyzed by immunofluorescence microscopy
(Kamada et al. 2005; Fan and Bergmann 2010). When flies were assayed immediately after

countercurrent separation, poor climbers exhibited a higher average number of Casp”“-positive

cells than good climbers (33.5+8.4 and 16.3+4.2 cells/brain, respectively) (Figure 3.2C). If all



87

brains were considered, this difference was not significant (P=0.058). However, many brains in
both samples showed no staining possibly because of excessive fixation. If these brains were
omitted from the analysis then the difference between poor and good climbers was significant
(P=0.001), with poor and good climbers averaging 60.9+8.9 and 25.4+5.3 Casp”““positive
cells/brain, respectively. When flies were assayed four days after countercurrent separation the
number of Casp”“positive cells was not significantly different between poor and good climbers
(P=0.67). Thus, immediately after separation, climbing ability directly correlated with cell
death, but this difference was lost over time. In summary, the lifespan and cell death data
indicate that the climbing ability of ATM® and Repo-ATMi flies reflects the severity of
neurodegeneration: good climbing flies have less neurodegeneration than poor climbing flies.
Furthermore, these data indicate that good climbing flies undergo neurodegeneration but it is
delayed relative to poor climbing flies.
Climbing ability correlates with innate immunity gene expression in ATM® and Repo-ATMi
flies

Differences in climbing ability and severity of neurodegeneration among ATM® and
Repo-ATMi flies could be due to variable activation of the innate immune response. To test this
possibility, we used quantitative real-time PCR (qPCR) to determine the level of innate
immunity gene expression in the head of countercurrent-separated flies. Genes that were
examined included AMPs (Attacin C (AttC), Cecropin Al (CecAl), Diptericin B (DiptB), and
Metchnikowin (Mtk)) and PGRP-SC?2 that are targets of both the Imd and Toll pathways, Relish
that is specific to the Imd pathway, and Cactus and Dif that are specific to the Toll pathway (Ten
et al. 1992; Sun et al. 1993; Lemaitre and Hoffmann 2007). For AT M flies, AttC, CecAl, DiptB,

Mtk, PGRP-SC2, and Relish were upregulated in all of the separated groups, except for PGRP-
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SC2 in the case of poor climbing flies, but Cactus and Dif were not upregulated in any of the
separated groups (Figures 3.3A and B). These data suggest that ATM inactivation turns on the
Imd pathway but not the Toll pathway. Furthermore, poor climbers had significantly higher
AMP gene expression than good climbers and moderate climbers had an intermediate level of
expression (Figure 3.3A). Thus, the level of AMP gene expression directly correlates with the
severity of neurodegeneration in ATM° flies. Similar trends were observed for Repo-ATMi flies,
but only CecA1, DiptB, and Relish had significantly higher expression in poor climbers relative
to good climbers (Figures 3.3C and D). Taken together, these data indicate that the level of
activation of the Imd pathway in glial cells determines the severity of neurodegeneration in
ATM?® and Repo-ATMi flies.
Relish mutations block innate immunity gene expression in ATM® and ATM®/+ flies

To determine whether the Imd pathway is necessary for activation of the innate immune
response in ATM-deficient flies, we examined innate immunity gene expression in A7M° and
ATM®/+ flies that carried mutations in Relish (Rel) or Imd. The Rel**’ and Rel”*® alleles result
from imprecise excision of a P-element (Hedengren et al. 1999). Both alleles eliminate the
Relish translation start codon suggesting that they are null alleles. Since both Relish and ATM®
are on the same chromosome, recombination was performed to generated ATM° Rel*”’ and
ATM® Rel®*® double-mutant chromosomes. Western blot analysis was utilized to confirm the
generation of recombinant chromosomes. To test presence of the ATM® allele, H2Av-pS137
levels were tested in response to IR. H2Av-pS137 levels are normal in all WT lanes (lanes 1, 4,
and 7), reduced in all ATM®/+ lanes (lanes 2, 5, and 8), and absent in all ATM® lanes (lanes 3, 6,
and 9), indicating that the proper genotype for ATM is present for each (Figure 3.4A) (Petersen et

al. 2012). To detect the presence of the Rel“’ or Rel**® mutations, an antibody to Relish was
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used. Relish protein is detected in WT lanes (lanes 1-3) but is absent in Re/**’ and Rel**® lanes

(lanes 4-6 and 7-9, respectively), indicating that the proper Relish genotype is present in each
stock (Figure 3.4B) (Stoven et al. 2000).

For study of Imd, the Im JE08573

allele contains a P-element insertion within the 5 UTR,
and the Imd’"" and Imd** alleles have unknown lesions. However, all three alleles inhibit
activation of the innate immune response by gram-negative bacteria (Taylor and Kimbrell 2007;
Costa et al. 2009). To determine whether effects on innate immunity gene expression are
specific to the Imd pathway, we examined ATM° and ATM®/+ flies that carried a mutation in the
Toll pathway gene Dif. The Dif' allele contains a missense mutation that is thought to inhibit the
ability of Dif to interact with DNA (Rutschmann et al. 2000a).

qPCR analysis of RNA isolated from fly heads revealed that Relish mutations
significantly reduced the expression of innate immunity genes in ATM® and ATM"/+ flies (Table
3.1). For almost all of the innate immunity genes tested, the Re/**’ and Re/™*® mutations reduced
expression to near normal levels indicating that Relish is essential for transcriptional activation
of innate immunity genes in ATM-deficient flies. The Dif' mutation had the opposite effect,
causing an increase in innate immunity gene expression in A7TM°® and ATM®/+ flies, although the
increase was significant only in A7M°/+ flies. These data suggest that Dif represses the ability
of Relish to activate innate immunity gene expression, possibly by competing with Relish for
binding to DNA. Lastly, the Imd=""%73 , Imd*” K, and Imd"""’" mutations had dramatically
different effects on innate immunity gene expression in ATM® and ATM"/+ flies; the Imd™""""
and Imd°”® mutations significantly reduced gene expression to near normal levels in ATM"/+

flies but not in ATM° flies, and the Imd'*"®" mutation did not affect gene expression in either

ATM®/+ or ATM® flies. Thus, for Relish activation, Imd is required to a greater extent when
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ATM kinase activity is reduced than when it is eliminated. This suggests that an Imd-
independent mechanism activates Relish when ATM kinase activity is eliminated. Taken
together, the gene expression data indicate that in response to ATM inactivation Relish is
essential for transcriptional activation of innate immunity genes and that under some
circumstances Dif and Imd modulate Relish activity.

Relish mutations suppress neurodegeneration in 47 'M° flies

The data presented thus far indicate that expression of innate immunity genes in ATM-
deficient flies correlates with neurodegeneration and that Relish is required for the expression of
innate immunity genes. To determine if Relish is required for neurodegeneration in ATM-
deficient flies, we examined the effect of Relish mutations on the neurodegeneration phenotypes
of ATM® flies. We also examined the effect of Dif and Imd mutations because these mutations
had some effect on innate immunity gene expression.

In the lifespan assay, the number of days it took for 50% of the flies to die (i.e. median
survival) was used as a measure of lifespan. The lifespan of ATM" flies was not affected by Dif
or Imd mutations, but it was significantly increased from 16.1 to 24.3 or 24.9 days by Re/*” and
Rel™® mutations, respectively (Figure 3.5B). Relish mutations likely have an even greater
suppressive effect on lifespan than observed because on their own they significantly reduced fly
lifespan (Figure 3.5A). The complete lifespan graphs revealed that Relish mutations delayed the
onset of death in ATM® flies, suggesting that Relish functions to initiate neurodegeneration
(Figure 3.6). These data indicate that Relish activation is a cause of the shorter lifespan of ATM®
flies.

In the climbing assay, flies were tapped to the bottom of an empty vial and the percentage

of flies that climbed into the top three-quarters of a vial in 30 seconds was used as a measure of
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climbing ability. The climbing ability of 4TM?® flies was not affected by Rel***, Dif', Imd"""*",

10191 E20 ‘DK
d [ a&*

or Im mutations, but it was significantly increased by Rel™" and Im mutations (Figure
3.5D). The complete climbing graphs are presented in Figure 3.7. The lack of an effect with the
Rel™® mutation may be due to the fact that it had a climbing defect on its own (Figure 3.5C).
These data suggest that Relish activation and possibly Imd signaling are causes of impaired
climbing of ATM® flies.

In the cell death assay, the number of Casp”““-positive cells per adult brain was used as a
measure of cell death. Cell death was not significantly affected by Rel, Dif, or Imd mutations on

their own, and cell death in 4TM® flies was not affected by Dif’ or Imd°”* mutations (Figures

3.8A and C). In contrast, cell death in ATM® flies was significantly reduced by Rel**’, Rel"*,

EY08573 10191
Imd d

, and Im mutations (Figure 3.8C). Rel**’ and Rel”*® mutations also appeared to
reduce cell death in ATM®/+ flies, but individual significance could not be determined because
one-way ANOVA analysis on the whole dataset failed to identify a significant difference (Figure
3.8B). These data indicate that Relish is required to cause cell death in the brain of ATM"/+ flies
and that Relish activation and probably Imd signaling cause cell death in the brain of ATM?® flies.

In the brain morphology assay, the number, size, and distribution of holes in the central
brain was used as a measure of brain morphology. Heads from five flies for each of 14
genotypes were chosen at random, embedded in paraffin, sectioned, and imaged by light
microscopy. Sections from approximately the same region of the brain were photographed, the
photographs were assigned coded numbers to hide the genotype, and the photographs were
independently analyzed by four members of the laboratory. Each photograph was ranked from 1

to 10, with a ranking of 1 representing normal brain morphology with no holes and a ranking of

10 representing the most aberrant brain morphology based on holes. Typical examples of
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paraffin sections are shown in Figures 3.9C-H. The results were highly consistent among the
members of the laboratory, with an average standard error of 0.41. Furthermore, the results were
consistent with our prior findings. w!® flies had an average ranking of 2.0 (control flies in
Figure 3.9A and C), which reflects normal brain morphology, and A7M® flies had an average
ranking of 6.4 (control flies in Figure 3.9B and F), which reflects an abnormal brain morphology
with numerous small holes scattered throughout the central brain. The brain morphology of
ATM? flies was not affected by Dif, Rel™®, Imd®”*, or Imd'""*’ mutations but was suppressed by
the Rel*”” mutation and enhanced by the Imd”"*”* mutation (Figure 3.9B). The lack of an effect
with the Re/**® mutation may be due to the fact that it had a worse brain morphology on its own

than the Rel**’

mutation (Figure 3.9A). These data indicate that Relish activation causes holes in
the brain of ATM® flies.
Overexpression of constitutively activity Relish in glial cells is sufficient to activate the
innate immune response and cause neurodegeneration

The data presented thus far indicate that Relish activity in glial cells is required to
activate the innate immune response and cause neurodegeneration in ATM-deficient flies. To
determine whether Relish activation in glial cells is sufficient to produce these outcomes, we
characterized Repo-GAL4,UAS-RelD flies that overexpressed the constitutively active Relish NF-
kB motif only in glial cells (Sepp ef al. 2001; DiAngelo et al. 2009). To control for effects due
to overexpression, we characterized Repo-GAL4,UAS-Relish and Repo-GAL4,UAS-Rel-49 flies
that overexpressed full-length Relish and the Relish IkB motif, respectively, which in other

contexts is not sufficient to activate the transcription of Relish target genes (Hedengren et al.

1999; Wiklund et al. 2009). To control for the cell type-specificity of the effects, we used Elav-
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GALA4 to drive overexpression of the UAS-RelD transgene only in neurons (Luo ef al. 1994; Yao
et al. 1994).

qPCR was used to determine the level of innate immunity gene expression in the head of
flies that overexpressed Relish proteins. This analysis revealed that only overexpression of
constitutively active Relish, RelD, in glial cells was sufficient to activate innate immunity gene
expression (Table 3.2). RelD was expressed in Elav-GAL4,UAS-RelD flies arguing against the
possibility that the lack of an effect was due to the lack of transgene expression in neurons.
These data suggest that signal-mediated cleavage of Relish in glial cells activates innate
immunity gene expression in ATM"® and Repo-ATMi flies.

Analysis of paraffin sections revealed that RelD overexpression in glial cells but not in
neurons caused holes in the central brain. The holes were infrequent, <5 per section, and were
larger than those that typically occurred in ATM® flies (Figures 3.10A-D). In addition, RelD
overexpression in glial cells caused numerous very large holes in the lamina and the retina
(Figure 3.10F). This is similar to the phenotype of Repo-ATMi flies (Figure 3.10G). Lastly,
RelD overexpression in glial cells caused mislocalization of cell bodies from the periphery to the
central region of the optic lobe (Figure 3.10F). Cell body mislocalization also occurred in Repo-
ATMi flies but to a lesser extent. At this point, it is unclear why cell bodies are mislocalized and
whether cell body mislocalization is relevant to neurodegeneration. Taken together, these data
suggest that signal-mediated cleavage of Relish in glial cells causes neurodegeneration in ATM®

and Repo-ATMi flies.
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3.4 Discussion
Insights into why neurodegeneration occurs in A-T

Our data indicate that in ATM-deficient flies a glial cell innate immune response
promotes neurodegeneration. Furthermore, our data indicate that the level of activation of the
innate immune response affects the severity of neurodegeneration. Flies with the same ATM
mutation activated the innate immune response to different extents and had correspondingly
different onsets and severities of neurodegeneration (Figures 3.1-3.3). This suggests that there
are environmental or genetic factors that modulate the innate immune response in ATM-deficient
flies. Analogous factors may underlie variability in the onset and severity of neurodegeneration
in A-T patients. For example, suppressing factors may explain why some individuals with
undetectable levels of ATM have mild clinical phenotypes (Lavin et al. 2006). Our findings also
suggest that the type of interacting glial cell may dictate which neurons are susceptible to
degeneration in response to ATM inactivation. Neurons that are proximal to glial cells that
produce an innate immune response may be more susceptible to degeneration. In humans,
microglia are the major innate immune response cells of the brain, suggesting that microglial
cells in the cerebellum are a cause of increased susceptibility of Purkinje and granule cells to
degeneration (Gonzalez-Scarano and Baltuch 1999).
Activators of NF-kB in the process of neurodegeneration

Our data indicate that the NF-«xB transcription factor Relish is required for activation of
the innate immune response and neurodegeneration in ATM-deficient flies. Likewise, Chinchore
et al. (2012) have also shown that Relish is required for activation of the innate immune response
and neurodegeneration in a fly model of human retinal degeneration. However, in neither case is

it known what factor substitutes for the pathogen to initiate the innate immune response or what
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pathway of events is required to trigger Relish activation. We found that mutation of /md, a
canonical activator of Relish in response to pathogens, had variable effects on innate immunity
gene expression and neurodegeneration, and Chinchore et al. (2012) found that mutation of Imd
had no effect on neurodegeneration. This suggests that a non-canonical pathway activates Relish
to cause neurodegeneration. This unknown pathway is likely to be specific to Relish since
mutation of another NF-kB protein Dif did not reduce innate immunity gene expression in ATM-
deficient flies (Table 3.1). This does not mean that Dif is not involved in neurodegeneration. In
fact, Tan et al. (2008) have shown that Dif is required for photoreceptor neuron degeneration in a
fly model of Alzheimer’s disease. Additionally, we found that a Dif mutation significantly
increased innate immunity gene expression in ATM°/+ flies suggesting that Dif represses the
ability of Relish to activate transcription in glial cells (Table 3.1). Therefore, future efforts will
focus on determining the mechanisms that regulate Relish activation in ATM-deficient cells.
Relish transcriptional targets that cause neurodegeneration

Our data indicate that proteins encoded by transcriptional targets of Relish cause
neurodegeneration in ATM-deficient flies. Indeed, constitutive activation of Relish in glial cells
was sufficient to promote innate immunity gene expression and cause neurodegeneration (Table
3.2 and Figure 3.10). Proteins encoded by AMP genes are obvious candidates because their
expression was highly increased in ATM-deficient flies and correlated with the severity of
neurodegeneration (Figure 3.3 and Table 3.1). AMPs are small secreted peptides that contribute
to the elimination of pathogens through mechanisms that remain largely unknown. However, it
is generally believed that positively charged AMPs bind negatively charged membranes of
pathogens, leading to increased membrane permeability and death (Zaiou 2007). Thus,

neurodegeneration may be caused by AMP-mediated disruption of neuron membranes. Arguing
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against a role for AMPs in neurodegeneration is our finding that cell death is not increased in
ATM?®/+ flies that have a Dif’ mutation, despite the fact that AMP gene expression is equivalent
to that of ATM® flies (Figure 3.8B and Table 3.1). Furthermore, the Imd"“""” mutation
significantly enhanced the abnormal brain morphology of ATM® flies but did not affect AMP
gene expression (Figure 3.9B and Table 3.1). Therefore, knowledge of the genomewide
transcriptional changes caused by Relish mutation in ATM-deficient flies may help identify gene

targets that are relevant to neurodegeneration.

3.5 Materials and Methods
Drosophila stocks and crosses

Flies were maintained on standard molasses medium at 25°C unless otherwise stated. All
experiments involving ATM® flies were performed on flies raised at 18°C throughout
development and transferred to 25°C at 0-3 days post-eclosion. The pWiz-ATM construct is
described by Rimkus et al. (2008). Repo-ATMi flies contained a recombined chromosome with
both the Repo-GAL4 and the pWiz-ATM'? transgenes. For ATM® experiments with the Re/**” and
Rel™*® mutations, recombination was used to combine the mutations on a single chromosome.
ATZ\48, RelEZO, RelE38, Imd® Y08573, Repo-GAL4, and UAS-Relish flies were obtained from the
Bloomington Stock Center. Dif' and UAS-Rel-49 flies were provided by Barry Ganetzky
(University of Wisconsin-Madison), Imd®™* and Imd"*"" flies were provided by Mimi Shirasu-
Hiza (Columbia University), UAS-RelD flies were provided by Sara Cherry (University of
Pennsylvania), and UAS-GFP flies were provided by Morris Birnbaum (University of

Pennsylvania).
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Countercurrent climbing assay

The countercurrent apparatus is diagrammed in Figure 3.1A, and is based on an apparatus
developed by Benzer (1967). The apparatus consists of two sets of four fly vials that were taped
together. 100 flies were loaded into the first vial of the bottom set, with the other set inverted
and staggered on top of this vial. Flies were tapped to the bottom of the vial and allowed to
climb for 1 minute, after which time the top set of vials was shifted over 1 vial. Flies that were
able to climb into the top vial were tapped to the bottom, resulting in flies in the first and second
bottom vials. This process was repeated seven times. Vials that were not engaged with another
vial were plugged with cotton to prevent the flies from escaping. Flies in vials 1, 2-4, and 5-8
were designated poor, moderate, and good climbers, respectively.
Western blot analysis

For Figure 3.1B, ATM® and w''/® flies were collected at 18°C and shifted to 25°C for 3
days. After three days, ATM® flies were subjected to countercurrent-separation, but w'// flies
were not separated because very few were poor or moderate climbers. For Figure 3.4, flies were
collected at 18°C and shifted to 25°C for 3 days. IR exposure and Western blot analysis were
performed as described in Petersen et al. (2012). Relish antibody was obtained from the
Developmental Studies Hybridoma Bank (The University of Iowa) and was used at 1:1000
concentration (Stéven et al. 2000).
Neurodegeneration assays

The lifespan, climbing, cell death, and brain morphology assays were performed as
described in Petersen et al. (2012). Ranking of brain morphology was performed as described in
the Results section. Statistical analysis for the lifespan assay was either log-rank analysis via the

chi-square statistic (Figures 3.2A and B) or one-way ANOVA with Bonferroni post-test (Figure
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3.4). Statistical analysis of the climbing, cell death, and brain morphology data was performed
using one-way ANOVA with Bonferroni post-test, except for Figure 3.2C, which was analyzed
using Student’s t-test. Statistical analyses were performed using Prism software (Graphpad).
RNA isolation and qPCR

RNA isolation and qPCR was performed according to Petersen ef al. (2012). Sequences
of primer sets for Cactus, Relish, and Dif are provided in Table 3.3. Statistical analysis of the

qPCR data was performed using one-way ANOVA with Bonferroni post-test.
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Table 3.1: Effect of innate immunity pathway mutations on gene expression

w1118* RelE20 RelE38 WT D lfl Im dEY08573 Im dSDK Im d10191
AnC 1.0+02 | 0.7+0.1 | 40.0+12.0 | 45+12 0.3+04 2.8+04 0.7+0.2
CecAl 1.0+02 | 05+02 | 04+04 13+0.6 0.5+0.2 1.1+£0.2 0.2+0.01
DiptB 1.0+04 | 04+0.1 | 1.1+£03 20+03 0.6 0.1 1.4+0.1 0.1+0.02
Mtk 1.0+02 | 09+04 | 12.8+2.38 1.4+04 1.1+£0.2 2.8+0.5 0.8+0.1
PGRP-SC2 | 10+03 | 08£02 | 05+0.1 0.5+0.1 0.7+0.1 0.4+0.1 0.2+0.1
ATM?/+
Control Rel® Rel™* Dif Imd™""7 Imd®* Imd"""’
AttC 39.4+13.1 | 1.7+0.6 | 3.6+09 |223.1+436| 3.0+09 73+2.1 31.0 + 10.1
CecAl 36.0+13.5 | 0.8+03 | 0.1+0.1 |1583+38.0| 1.46+0.4 43+3.0 13.5+4.0
DiptB 115+£27 | 1.0+£02 | 1.5+0.5 | 54.7+103 12+03 25+09 6.8+ 1.8
Mtk 509+10.1 | 48+37 | 97+1.7 | 88.0+26.1 | 10.1+2.1 41+13 31.0+7.1
PGRP-SC2 | 13+04 | 1.0+02 | 04+0.1 8.6+43 0.7+0.3 0.4 + 0.04 0.6 +0.2
ATM?
Control Rel™”’ Rel™* Dif' Imd"""%” Imd*"* Imd""'
AttC 156.5+48.0 | 0.6+02 | 48+1.7 |211.5+80.1 | 149.7+11.0 | 132.6+35.7 | 189.5+37.9
CecAl 654+194 | 02+0.1 | 0.1+0.01 | 133.0+£38.7 | 141.3+30.1 | 166.5+76.3 | 45.0+5.6
DiptB 455+13.1 | 0.7+03 | 05+0.1 | 67.7+273 | 41.8+89 | 422+85 | 51.8+11.3
Mtk 1349+31.7 | 08+04 | 11.1+3.2 | 111.3+34.6 | 1323+27.0 | 59.5+49 | 134.2+204
PGRP-SC2 | 57+21 | 05+0.1 | 04+0.04 | 39.0+28.1 | 20.0+4.6 9.7 +4.6 41+1.6

Green text indicates a significant increase in expression relative to the control (P<0.05)
Red text indicates a significant reduction in expression relative to the control (P<0.05)

. . . 111 .
*All values were normalized to the expression level in w''’® flies
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Table 3.2: Effects on gene expression of Relish overexpression in glial cells or neurons

Repo-GAL4 Elav-GAL4
UAS-GFP UAS-Relish UAS-Rel-49 UAS-RelD UAS-GFP UAS-RelD
AnC 1.0+ 0.4 1.1+£0.5 0.5+0.2 84.1+32.3 1.0+0.3 1.1+£0.5
CecAl 1.0+0.3 0.6+0.1 1.0+ 0.3 442.4 +70.7 1.0£0.5 0.6+0.3
DiptB 1.0+0.3 02+0.1 0.2+0.1 31.5+79 1.0+0.3 04+0.1
Mtk 1.0+0.3 0.7+0.3 0.7+0.1 70.1 £19.1 1.0+0.2 1.9+0.6
Rel 1.0+ 0.1 82+ 1.7* 09+0.2 20.8 +4.8* 1.0+ 0.1 4.5+ 1.8*%

Values were normalized to UAS-GFP expression for each GAL4 construct
Green values indicate a significant increase compared to Repo-GAL4,UAS-GFP and Elav-GAL4,UAS-RelD (P<0.01)
* Represents a significant increase compared to the corresponding UAS-GFP control (P<0.05)
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Table 3.3: Primer sequences for gPCR

Gene Forward Primer (5°-3°) Reverse Primer (5°-3’)
Cactus CCGTCGAAAGCCATTTGGTCAGTC GCTGTGGAGGATTGAACCTTGCTG
Relish GGCATCATACACACCGCCAAGAAG | GTAGCTGTTTGTGGGACAACTCGC

Dif

CAGTTTGCTACGACCGGAGAGCTA

GAATATCCGCCAGTTGCAGAGTGC
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Figure 3.1. A countercurrent method was used to separate 4TM® and Repo-ATMi flies based on
climbing ability. (A) Shown is a schematic diagram of the countercurrent climbing apparatus. A
description of the countercurrent assay is provided in the Materials and Methods. Gray dots
indicate flies that began in vial 1. Indicated are the numbered vials that contained poor,
moderate, and good climbers after the seven steps of the assay. (B) Shown is Western blot
analysis for H2Av-pS137 in adult head extracts from control w'’’® (lanes 1 and 2) and ATM®
(lanes 3-8) flies exposed (+) or not exposed (-) to IR. w'’’® flies were not separated by the
countercurrent assay, and ATM® flies were separated by the countercurrent assay into poor,
moderate, and good climbers. As a loading control, the same membrane was probed for a-

tubulin (lower panel).
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Figure 3.2. Lifespan correlated with climbing ability in ATM® and Repo-ATMi flies and cell
death in the brain correlated with climbing ability in 4TM® flies. Graphed is the lifespan of (A)
ATM?® and (B) Repo-ATMi flies that were countercurrent-separated into poor, moderate, and good
climber groups. For ATM? flies, the analysis was performed on 409 poor climber, 178 moderate
climbers, and 122 good climbers. For Repo-ATMi flies, the analysis was performed on 625 poor
climber, 231 moderate climbers, and 197 good climbers. Error bars indicate standard errors of
the mean. Dotted lines indicate the median survival for each group. The difference between
ATM® poor and good climbers is significant (P<0.01), and the difference between Repo-A4TMi
poor, moderate, and good climbers is significant for all comparisons (P<0.01). (C) Graphed is
the number of Casp”“-positive cells counted in the brains of ATM® flies that were
countercurrent-separated into poor or good climbers. Flies were assayed either O or 4 days after
countercurrent-separation. Each dot represents a single brain. Horizontal lines indicate the

average.
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Figure 3.3. The expression of innate immunity genes correlated with climbing ability in ATM®
and Repo-ATMi flies. Graphed is qPCR analysis depicting the fold change in expression of the
indicated genes in (A and B) ATM® flies relative to unseparated control w'//* flies or in (C and D)
Repo-ATMi flies relative to unseparated control Repo-GAL4 flies. Note that the scale is different
for each panel. Error bars indicate standard errors of the mean. Asterisks above a bar indicates a
significant difference relative to the control and asterisks above a line that spans poor and good
climber bars indicate a significant difference between poor and good climber groups. Single
asterisks indicate P<0.05 and double asterisks indicate P<0.01 based on one-way ANOVA

analysis.
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Figure 3.4. Confirmation that the ATM? allele was recombined with the Re/”’ and Rel***
alleles. Shown is Western blot analysis for (A) H2Av-pS137 or (B) Relish in adult head extracts
from control w''*®, ATM®/+, and ATM® flies exposed to IR following recombination with nothing
(WT), RelEZO, or Rel®®. As a loading control, the same membrane was probed for a-tubulin

(lower panels).
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Figure 3.5. Relish mutations suppressed the lifespan and climbing defects of ATM® flies. (A
and B) Graphed is the median survival in days of 200 flies of the indicated genotype in (A) a
wildtype or (B) an ATM® background. Note that the scale is different for panels A and B.
Complete lifespan graphs are presented in Figure 3.6. (C and D) Graphed is the percentage of
120 flies that were able to climb higher than the bottom quarter of a vial within 30 seconds of
being tapped to the bottom. Shown are flies of the indicated genotypes in (C) a wildtype or (D)
an ATM® background. Error bars indicate standard error of the mean. Complete climbing results
are presented in Figure 3.7. For statistical analysis of panels A and C, mutant flies were
compared to control w'’’® flies. For statistical analysis of panels B and D, mutant flies were
compared to control ATM® flies. Single asterisks indicate P<0.05 and double asterisks indicate

P<0.01, based on one-way ANOVA analysis.
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Figure 3.6. Full longevity graphs for ATM"® flies carrying innate immunity mutations. Graphed
is the percent survival at days post-eclosion for the indicated mutants in (A and C) a wildtype or
(B and D) an ATM® background. 200 flies were analyzed for each genotype. Dotted lines

indicate the median survival for each group.
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Figure 3.7. Full climbing graphs of ATM® flies carrying innate immunity mutations. Graphed is
the average percent of flies of the indicated genotypes in (A) a wildtype or (B) an ATM®
background that climbed more than 75% (green), 50%-75% (blue), 25%-50% (gray), or less than

25% (red) of the height of the vial in 30 seconds. Unlabeled bars had values of less than 5%.
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Figure 3.8. A Relish mutation reduced cell death in the brain of ATM® flies. Graphed is the
number of Casp”“-positive cells in the brains of flies of the indicated genotype in a (A) wildtype,
(B) ATM®/+, or (C) ATM® background. Note that the scale is different for each panel. Each dot
represents a single brain. Horizontal lines indicate the average. For statistical analysis of panel
A, mutant flies were compared to control w'//® flies. For statistical analysis of panel B, mutant
flies were compared to control ATM®/+ flies. For statistical analysis of panel C, mutant flies
were compared to control ATM® flies. Single asterisks in a gray box indicate P<0.05 and double

asterisks in a gray box indicate P<0.01, based on one-way ANOVA analysis.
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Figure 3.9. A Relish mutation suppressed the brain morphology defects of ATM® flies. Graphed
is the ranking of brain morphology of flies of the indicated genotype in a (A) wildtype or (B)
ATM’® background. Rankings were based on the number, size, and distribution of holes in the
central brain. A ranking of 1 indicates no holes and a ranking of 10 was the most aberrant
phenotype observed. Error bars indicate standard errors of the mean. (C-H) Examples of
paraffin sections, with rankings indicated in the lower right of each panel. Insets in the bottom
left of panels C and H show high magnification images of the regions indicated by dotted boxes.
The inset image for panel C shows tissue with no holes, and the inset image for panel H shows
tissue with many small holes (i.e. white regions). For statistical analysis of panel A, mutant flies
were compared to control w'/’® flies. For statistical analysis of panel B, mutant flies were
compared to control ATM® flies. Single asterisks indicate P<0.05 and double asterisks indicate

P<0.01, based on one-way ANOVA analysis.
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Figure 3.10. Overexpression of a constitutively active form of Relish, RelD, in glial cells but
not in neurons caused a neurodegeneration phenotype that is similar to the one caused by 47TM
knockdown in glial cells. (A-D) Examples of paraffin sections of the central brain of flies of the
indicated genotypes. In panel B, holes are indicated by white arrows. (E-G) Examples of
paraffin sections of the optic lobe and retina of flies of the indicated genotypes. In panel E, the
optic lobe (OL), lamina (LA), and retina (RE) are labeled. In panels F and G, black arrows

indicate mislocalized cell bodies and white arrows indicate large holes in the lamina.
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Chapter 4

Germline gene expression in glial cells is regulated by ATM and prevents

neurodegeneration in Drosophila

The majority of this work was submitted in:
Petersen AJ, Katzenberger RJ, and Wassarman DA. (2012) Germline gene expression in glial
cells is regulated by ATM and prevents neurodegeneration in Drosophila. Hum Mol Genet. In

revision.

A.J.P. performed the experiments for all tables and figures. A.J.P. and D.A.W. compiled the

figures and tables and wrote the text.
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4.1 Abstract

Mutations in the Ataxia-telangiectasia mutated (ATM) gene cause neurodegeneration in
the human disease Ataxia-telangiectasia (A-T). Previously, we showed that ATM is required in
glial cells to prevent neurodegeneration in the adult Drosophila brain. Here, we show that ATM
regulates the expression of germline genes such as piwi in glial cells. Defects in ATM-mediated
regulation of germline gene expression may cause neurodegeneration since germline gene
knockdown in glial cells was sufficient to cause neurodegeneration. In other animal contexts,
germline gene misexpression in somatic cells promotes cell proliferation, suggesting that glial

cell proliferation protects neurons from degeneration in A-T.

4.2 Introduction

Ataxia-telangiectasia (A-T) is a multisystem disease caused by mutations in the A-T
mutated (ATM) gene (Sedgwick and Boder 1960; Bundey 1994; Savitsky et al. 1995; McKinnon
2004). The hallmark clinical feature of A-T is progressive ataxia due to degeneration of
cerebellar Purkinje and granule neurons. Another clinical feature of A-T is predisposition to
cancer, particularly leukemia and lymphoma. An open question in A-T is why ATM mutations
cause opposing cellular abnormalities: death of neurons and resistance to death of blood cells.
This question is also relevant to other human neurodegenerative diseases, such as Parkinson’s
disease, which are associated with increased risk of some cancers (Plun-Favreau et al. 2010).

We have used Drosophila to model A-T and investigate the role that ATM plays in
protecting neurons from degeneration. Most recently, we determined the consequences in adult
flies of ATM knockdown in neurons or glial cells (Petersen et al. 2012). A primary finding from

this study is that ATM is required in glial cells to protect neurons from degeneration. ATM
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knockdown in glial cells, but not in neurons, causes neurodegeneration in the adult fly brain.
Also, ATM knockdown in glial cells, but not in neurons, results in increased expression of innate
immune response genes, which has been shown in other Drosophila systems to cause
neurodegeneration (Tan et al. 2008; Chinchore et al. 2012; Petersen and Wassarman 2012).
Thus, glial cells play a leading role in controlling the viability of neurons in Drosophila models
of A-T.

Here, we show that ATM functions in both neurons and glial cells to control the
expression of germline genes in glial cells. Furthermore, we show that germline gene expression
in glial cells is required to protect neurons from degeneration. These findings are discussed in
the context of other studies that have implicated somatic cell misexpression of germline genes in
cell proliferation and cancer, thus providing a molecular link between neurodegeneration and

cancer in A-T.

4.3 Results and Discussion
ATM knockdown causes gene expression changes in the adult Drosophila head

To investigate the role of ATM in neuron survival, microarray analysis was used to
determine the effect of neuron-specific A7M knockdown on steady state mRNA expression in
the adult Drosophila head. ATM knockdown was specifically induced in neurons using the
GAL4-UAS system (Brand and Perrimon 1993). An Elav-GAL4 transgene that expresses the
GALA4 transcription factor in all post-mitotic neurons was used to drive expression of pWIiZ-
ATM™, a UAS-controlled transgene that expresses a short hairpin RNA (shRNA) that targets
ATM mRNA for degradation by RNA interference (RNA1) (Lee and Carthew 2003; Soller and

White 2004; Rimkus et al. 2008). Hereafter, Elav-GAL4 refers to control flies that only
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contained the driver (Elav-GAL4) transgene and Elav-ATMi refers to ATM knockdown flies that
contained both the driver (Elav-GAL4) and target (pWIZ-ATM"") transgenes.

RNA extracted from the heads of 3-5 day old Elav-GAL4 and Elav-ATMi flies was used
to probe NimbleGen Drosophila gene expression microarrays containing probes for 15,473
genes. The resulting data were quantile normalized via RMA (Robust Multichip Average) and
Elav-GAL4 was compared to Elav-ATMi for fold change and statistical significance. Analysis of
four independent biological replicates revealed that 160 genes met the criteria of a >2-fold
change with a moderated T-test value of p<0.05 and a False Discovery Rate (FDR) value of
p<0.10; 124 genes were upregulated and 36 genes were downregulated in Elav-ATMi flies
relative to Elav-GAL4 flies (Figure 4.1A).

A parallel study was performed to investigate the role of ATM in glial cells of the adult
head. A Repo-GAL4 transgene, which expresses GAL4 in all glial cells, was used to drive
expression of pWIZ-ATM' (Xiong et al. 1994; Rimkus ez al. 2008). RNA extracted from the
heads of 3-5 day old flies, an age at which neurodegeneration was detected in Repo-ATMi flies
(Petersen ef al. 2012). Microarray analysis of two independent biological replicates revealed that
377 genes had altered expression in the adult head; 254 genes had higher expression and 123
genes had lower expression in Repo-ATMi flies relative to Repo-GAL4 flies (Figure 4.1A).
Comparison of the datasets by Gene Ontology analysis and literature analysis of individual genes
identified cellular processes affected by ATM knockdown in neurons and/or glial cells
(Ashburner et al. 2000). Some of these findings have already been published and are

summarized in the Introduction (Petersen ef al. 2012).
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Upregulation of cell cycle genes in Elav-ATMi flies supports the finding that 47M regulates
cell cycle reentry in neurons

Many genes involved in promoting the mitotic cell cycle increased in expression in Elav-
ATMi heads (Table 4.1). Genes involved in cell cycle progression include polo, stg, cdc2, cyclin
A, cyclin B, and cyclin B3 (Goshima et al. 2007; Somma et al. 2008). Entry into mitosis is
governed by mitotic Cyclin A, Cyclin B, and Cyclin B3 levels and the phosphorylation status of
the Cdc2 kinase, also known as cyclin dependent kinase 1 (Cdkl). At the G2-M transition, the
Polo kinase phosphorylates and activates the Stg/Cdc25 phosphatase, which removes inhibitory
phosphate modifications from Cdc2 and in doing so promotes mitotic entry. Genes involved in
DNA replication include the Minichromosome maintenance (Mcm) genes Mcm7 and Mcml0.
Numerous genes have functions related to mitotic spindles, including Kinesin-like protein at
61F, Borealin-related, Inner centromere protein, and RacGAP50C, which when knocked down
in S2 cells disrupt spindle shape (Goshima ef al. 2007). Finally, genes involved in cytokinesis
include sticky.

Increased expression of genes involved in spindle assembly checkpoint (SAC) activation
suggests that SAC activation is a signal that induces neuron death. As in all higher eukaryotes,
SAC activation in Drosophila serves to prevent mitotic anaphase until all chromosomes are
properly attached to kinetochores; however, prolonged SAC activation causes cell death through
an unknown mechanism (Musacchio and Salmon 2007). Genes aberrantly expressed in Elav-
ATMi flies that are relevant to SAC activation are CENP-meta and zwilch, which encode
components of complexes that are recruited to unattached kinetochores during metaphase, Cdc20
(also known as fizzy), which encodes the regulatory factor that controls sister chromatid

separation, and Anaphase promoting complex 7 (APC7) which encodes a component of the APC
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complex that is regulated by Cdc20 (Table 4.1). Consistent with SAC activation serving as a
signal that induces neuron death, we previously found that ATM knockdown in larval eye
imaginal discs causes post-mitotic photoreceptor neurons to reenter the cell cycle and die after S-
phase but prior to cytokinesis (Rimkus et al. 2008).

These data are consistent with the observed increase in expression of cell cycle regulatory
proteins in the brain of A-T humans and mice (Yang and Herrup 2005). Furthermore, this data
indicates that cell cycle reentry is not confined to photoreceptor neurons in the fly, but may occur
in other neuronal types as well. The lack of equivalent upregulation of cell cycle genes in Repo-
ATMi flies suggests that ATM regulation of cell cycle maintenance may represent a neuronal-
specific function of ATM.

A major consequence of ATM knockdown is altered expression of germline genes

Analysis of the microarray data reveals 27 genes that were upregulated in Elav-ATMi
flies and downregulated in Repo-ATMi flies (Figure 4.1A, Table 4.2). For simplicity, these
genes will be referred to as Elav-up/Repo-down (EURD) genes. Three features of EURD genes
suggest that they are interrelated, both in regard to their transcription regulation and their
function. First, there were more EURD genes than expected. EURD genes represented a
significant overlap between FElav-ATMi upregulated and Repo-ATMi downregulated genes
(»<0.001), and the percentage of EURD genes was high (22% of the upregulated genes in Elav-
ATMi flies and 22% of the downregulated genes in Repo-ATMi flies) (Figure 4.1A). For
comparison, the complementary set of genes (Elav-down/Repo-up (EDRU) genes) did not
represent a significant overlap between Elav-ATMi downregulated and Repo-ATMi upregulated
genes (p=0.59), and the percentage of EDRU genes was low (3% of the downregulated genes in

Elav-ATMi flies and <1% of the upregulated genes in Repo-ATMi flies).
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Second, EURD genes showed a linear correlation between the level of upregulation in
Elav-ATM; flies and downregulation in Repo-ATMi flies (R°=0.82) (Figure 4.1B). For example,
the deadhead (dhd) gene was upregulated in Elav-ATMi flies to a similar extent as it was
downregulated in Repo-ATMi flies (21-fold and 25-fold, respectively) (Table 4.2). In support of
the linear correlation, inactivation of ATM kinase activity in all cells does not significantly affect
the expression of any EURD gene in the adult head (Petersen et al. 2012). These data suggest
that ATM knockdown in neurons and glial cells oppositely affects the same mechanism that
regulates EURD gene transcription.

Third, almost all of the EURD genes are characterized as having female-biased
expression. Genomewide transcriptome analysis of 13,769 genes in adult flies by Graveley ef al.
(2011) determined that 7% of genes have female-biased expression and 17% of genes have male-
biased expression. In contrast, 81% of EURD genes have female-biased expression (an 11-fold
increase over the Drosophila transcriptome) and no EURD genes have male-biased expression (a
substantial decrease over the Drosophila transcriptome) (Figure 4.1C). The extreme enrichment
for female-biased genes and against male-biased genes was unique to EURD genes. Other sets
of genes, of equal or greater number than the EURD set, were enriched or depleted for either
female-biased genes or male-biased genes but none to the same extent as the EURD set.

Consistent with female-biased expression, EURD genes play key roles in germline-
associated functions. To illustrate, oskar (osk) is required for assembly of the germ plasm, zero
population growth (zpg) is required for germline stem cell differentiation, piwi and nanos (nos)
are required for self-renewal of germline stem cells, and ovarian tumor (otu) is require for
germline proliferation (Ephrussi et al. 1991; Markussen ef al. 1995; Nagoshi ef al. 1995; Rongo

et al. 1995; Gilboa et al. 2003; Wang and Lin 2004; Aravin et al. 2007). Additionally, EURD
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genes are involved in anterior-posterior specification in oocytes. These genes include osk, nos,
Bicaudal C (BicC), bicoid (bcd), and regulators of bcd mRNA localization (exuperantia (exu),
swallow (swa), a-Tubulin at 67C (o-Tub67C), and y-Tubulin at 37C (-Tub37C)) (Pokrywka et
al. 2004; Snee and MacDonald 2009; Chang et al. 2011). The prevalence of germline genes
among the EURD set suggests that they function in the adult head to regulate an event that is
characteristic of the germline, such as cell proliferation. Because many of the EURD genes are
germline genes, hereafter we refer to them as germline genes.
Germline genes are expressed in glial cells

To determine the cellular expression pattern of germline genes in the adult brain,
transgenic flies were obtained that have the Green Fluorescent Protein (GFP) gene expressed
under control of the piwi, otu, or exu transcription regulatory sequences (Wang and Hazelrigg
1994; Glenn and Searles 2001; G. Hannon, personal communication). GFP reporter transgenes
were crossed into the Elav-GAL4 and Elav-ATMi genetic backgrounds and adult brains were
analyzed by fluorescence microscopy. In both Elav-GAL4 and Elav-ATMi flies, each reporter
transgene was expressed in a subset of cells that were commonly located near the junction
between the optic lobe and the central brain (Figure 4.3A-C and Figure 4.4A-C). Furthermore,
staining for the Repo protein, a marker of glial cells, revealed that each reporter transgene was
exclusively expressed in glial cells (Figure 4.3D-I and Figure 4.4D-I). These data indicate that
germline genes perform a function in some glial cells under wild type conditions. Additionally,
these data provide insight into how ATM knockdown in neurons and glial cells had opposite
effects on the expression of germline genes (Figure 4.1B). Specifically, these data suggest that
ATM knockdown in glial cells cell-autonomously causes the repression of germline gene

expression, whereas 47M knockdown in neurons non-cell-autonomously signals the activation of
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germline gene expression in glial cells. To our knowledge, this is the first evidence that germline
genes are expressed in glial cells. Nanos and Piwi-interacting RNAs (piRNAs), which are bound
by Piwi, are expressed in neurons, but their expression has not been directly examined in glial
cells (Ye et al. 2004; Lee et al. 2011; Rajasethupathy et al. 2012).
Germline gene knockdown in glial cells causes neurodegeneration

Taken together, the data indicate that germline genes operate in glial cells to protect
neurons from degeneration. Analyses for hallmarks of neurodegeneration in flies, such as holes
in the brain, indicate that neurons survive in the presence of increased germline gene expression
in Elav-ATMi flies but not in the presence of decreased germline gene expression in Repo-ATMi
flies (Petersen et al. 2012). To determine the extent to which germline gene expression is
required in glial cells to protect neurons from degeneration, we analyzed the brains of flies in
which the expression of germline genes was knocked down by RNAi. The Repo-GAL4
transgene was used to drive expression of UAS-transgenes that encode shRNAs for RNAi
knockdown of piwi, peroxinectin-like (pxt), or zpg. In all cases, germline gene knockdown in
glial cells resulted in increased neurodegeneration (Figure 4.5A-D). Repo-piwi RNAIi flies had
the highest level of neurodegeneration, with substantially more holes than age-matched Repo-
GAL4 flies. In contrast, knockdown of piwi, pxt, or zpg in neurons using the Elav-GAL4 driver
did not cause neurodegeneration, producing few or no holes in the brain (Figure 4.5E-H). Thus,
germline gene expression specifically in glial cells protects neurons from degeneration.
Germline gene expression may promote glial cell proliferation to protect neurons from
degeneration: a possible link between neurodegeneration and cancer

Our finding that germline gene expression in somatic glial cells affects the survival of

neurons in the Drosophila adult brain is reminiscent of the finding that germline gene
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misexpression affects the proliferation of somatic neuroepithelial cells in the Drosophila larval
brain (Janic et al. 2010; Richter et al. 2011). In the study by Janic et al. (2010), germline genes
were found to be overexpressed in tumors caused by mutation of the lethal (3) malignant brain
tumor [[(3)mbt] gene. Of the 26 germline genes with increased expression in /(3)mbt larval brain
tumors, a significant number, eight, overlapped with EURD genes (p<0.001) (Table 4.2). Two
other genes CG9925 and giant nuclei (gnu) were upregulated in Elav-ATMi flies but did not meet
the significance cutoff for downregulation in Repo-ATM:i flies. Intriguingly, the common genes
includes all but one of the /(3)mbt germline genes that has female-biased expression. In the case
of the /(3)mbt germline genes, 11 have female-biased expression, 7 have male-biased expression,
and the remaining 8 have unbiased expression or were not detected in the Gravely et al. (2011)
analysis. Aubergine (aub) is the only female-biased /(3)mbt gene that is not also an EURD gene;
however, aub fulfills the characteristics of an EURD gene; it was upregulated in Elav-ATMi flies
(1.53-fold), it was downregulated in Repo-ATMi flies (1.82 fold), and it had similar fold
upregulation and downregulation. Thus, A7M knockdown and /(3)mbt mutation affect the
expression of a common set of germline genes.

Germline gene misexpression is required for neuroepithelial cell proliferation in /(3)mbt
flies (Janic ef al. 2010). To illustrate, mutation of piwi or nos largely blocks tumor formation in
[(3)mbt flies. In other animals, germline gene misexpression in somatic cells is also linked to
cell proliferation. In C. elegans, germline gene misexpression in somatic cells results from
mutations in many synMuv B genes, including the tumor suppressor gene [lin-35/retinoblastoma
(Rb) (Wu et al. 2012). In humans, >140 germline genes, collectively referred to as Cancer/Testis
(CT) antigens, are overexpressed in somatic cells in a wide range of human cancers, including

melanomas and several types of carcinomas (Cheng et al. 2011). These data suggest that altered
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germline genes expression in A7M knockdown flies affects glial cell proliferation, a process that
known to occur in the adult brain (Kato et al. 2009; von Trotha et al. 2009). Reduced germline
gene expression in Repo-ATMi flies may inhibit proliferation, and increased germline gene
expression in Elav-ATMi flies may promote proliferation (Figure 4.6).

A role for glial cell proliferation in neurodegeneration is supported by the finding that
several EURD genes regulate the mitotic cell cycle. For example, greatwall (gwl) encodes a
kinase that locks a cell into the mitotic cycle once the cell is committed to mitosis (Zhao et al.
2008; Boke and Hagen 2011), and Cyclin B (CycB) encodes the regulatory subunit of a cyclin
dependent kinase involved in the mitotic G2-M transition (Duncan and Su 2004). Furthermore,
in Drosophila, glial cell proliferation is induced as a result of activation of the programmed cell
death (PCD) pathway in brain neurons (Kato et al. 2009; Kato et al. 2011). In line with this
mechanism, the PCD activator gene reaper (rpr) was upregulated 2-fold in Elav-ATMi flies but
was not affected in Repo-ATMi flies (Petersen et al. 2012). Thus, while obvious
neurodegeneration was not detected in Elav-ATMi flies, it is possible that neurons with activated
PCD or another stress response pathway are prevented from dying by their signals to glial cells
that promote germline gene expression and cell proliferation (Figure 4.6).

A model for ATM-mediated regulation of germline gene transcription in glial cells

Data presented here suggest that an ATM signaling pathway functions cell autonomously
in glial cells to promote germline gene transcription. This is reasonable, given that ATM
phosphorylates transcription factors such as CREB and p53 to regulate transcription (Taylor and
Stark 2001; Shi ef al. 2004). One possibility is that ATM regulates the activity of the Myb-
MuvB (MMB)/Drosophila RBF, E2F, and Myb (IREAM) transcription regulatory complex in

glial cells. This evolutionarily conserved complex regulates the transcription of many genes and
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can both activate and repress transcription (Lewis ef al. 2004). Analyses in somatic Drosophila
Kc cells identified direct transcription repression targets of MMB/dREAM, eight of which were
EURD genes (Georlette et al. 2007) (Table 4.2). Furthermore, L(3)mbt is a sub-stoichiometric
subunit of the MMB/dREAM complex (Lewis et al. 2004). L(3)mbt is also a component of the
LINT complex that represses the transcription of germline genes (Meier et al. 2012). Thus,
ATM may normally function to inhibit the transcription repression activity of L(3)mbt
complexes in glial cells (Figure 4.6). Accordingly, ATM knockdown in glial cells removes the
inhibition allowing the L(3)mbt complexes to more fully repress the transcription of germline
genes.

A remaining puzzle is how ATM knockdown in neurons acts non-cell-autonomously to
cause derepression of germline gene transcription in glial cells. In one possible scenario, ATM
knockdown in neurons causes the activation of PCD in neurons, which signals glial cells to
upregulate ATM activity leading to inhibition of MMB/dREAM, misexpression of germline
genes, and cell proliferation (Figure 4.6). Aspects of this model are supported by evidence from
other systems but lack direct experimental support in Drosophila A-T models. In particular,
experimental support is lacking for the proposal that glial cell proliferation increases in Elav-
ATMi flies and decreases in Repo-ATMi flies. Additionally, findings reported here raised a
number of interesting questions, such as how would germline genes promote the proliferation of
somatic glial cells, are particular glial subtypes affected by ATM knockdown, and what is the
relationship between germline gene expression and innate immunity gene expression in glial

cells, both of which affect neuron survival.
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4.4 Materials and Methods

All flies were maintained on standard molasses medium at 25°C. Elav-GAL4, Elav-
ATMi, Repo-GAL4, and Repo-ATMi flies are described in Petersen et al. (2012). Exu-GFP, osk-
GFP, and piwi-GFP flies are described in Wang and Hazelrigg (1994), Glenn and Searles (2001),
and G. Hannon (personal communication), respectively. Germline gene RNAI flies (piwi, nos,
zpg, and pxt) were obtained from the Bloomington Stock Center. Microarray analysis, statistical
analyses, quantitative RT-PCR, immunofluorescence microscopy, and paraffin sectioning were

performed as described in Petersen et al. (2012).
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Table 4.1: Cell cycle genes upregulated in Elav-ATMi flies

CG number Gene Elav-ATM;'
CG8308 o-Tubulin at 67C (a-Tub67C) 3.9
CG14444 Anaphase promoting complex 7 (APC7) 2.9
CG6897 aurora borealis (bora) 2.7
CG4454 Borealin-related (Borr) 2.6
CG6392 CENP-meta (cmet) 2.1
CG5940 Cyclin A (CycA) 3.6
CG3510 Cyclin B (CycB) 9.1
CG5814 Cyclin B3 (CycB3) 2.5
CG899%4 exuperantia (exu) 2.4
CG4274 fizzy (fzy)/Cdc20 3.2
CG17566 y-Tubulin at 37C (y-Tub37C) 2.5
CG5272 giant nuclei (gnu) 2.9
CG7719 greatwall (gwl) 6.1
CG12165 Inner centromere protein (Incenp) 4.1
CG9191 Kinesin-like protein at 61F (Klp61F) 2.7
CG9241 Minichromosome maintenance 10 (Mcm10) 3.1
CG12047 mushroom body defect (mud)/NuMA 2.6
CG17256 Nek2 2.6
CG4799 Pendulin (Pen) 5.0
CG5052 pimples (pim) 3.3
CG12306 polo 7.2
CG13345 RacGAPS50C/tumbleweed (tum) 3.3
CG2092 scraps (scra) -2.1
CG17286 spindle defective 2 (spd-2) 2.2
CG10522 sticky (sti)/citron 2.1
CG1395 string (stg) 2.2
CG12298 subito (sub)/mitotic kinesin-like protein 2 (MKLP2) 3.4
CG5785 three rows (thr) 2.0

'fold difference in expression between Elav-ATMi and Elav-GAL4 flies
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Elav- Repo-
CG number Gene' ATMi® ATMi® Bias* 1(3)mbt® MMB®
CG4193 deadhead (dhd) 214 -25.0 F X
CG10125 zero population growth (zpg) 11.0 -11.1 F X X
CG3510 Cyclin B (CycB) 9.1 -4.3 F X
CG1372 yolkless (yl) 8.5 -6.7 F
CG7660 peroxinectin-like (pxt) 8.2 -8.3 F X X
CG10901 oskar (osk) 8.2 -5.6 F
CG1058 ripped pocket (rpk) 8.0 -3.6 F
CG7719 greatwall (gwl) 6.1 -2.6 F
CG4824 Bicaudal C (BicC) 5.6 -5.0 U
CG3429 swallow (swa) 5.1 -3.3 F X X
CG3509 4.4 -2.0 U
CG5637 nanos (nos) 4.2 -5.3 F X X
CG11411 female sterile (1) Nasrat (fs(1)N) 4.1 -3.2 F X
CG8308 o-Tubulin at 67C (o-Tub67C) 3.9 -4.3 F
CG17018 [limkain b1 domain protein] 3.7 -4.5 F
CG7014 Ribosomal protein S5b (RpS5b) 3.6 -2.1 F X
CG6122 piwi 3.5 -2.9 F X X
CG1034 bicoid (bcd) 3.1 -2.6 F
CG12743 ovarian tumor (otu) 2.5 -3.4 F
CG12047 mushroom body defective (mud) 2.5 -2.2 U
CG17566 y-Tubulin at 37C (y-Tub37C) 2.5 -2.3 F X
CG8994 exuperantia (exu) 24 -2.1 U
CG1759 caudal (cad) 2.4 -2.7 U
CG18543 matrimony (mtrm) 24 -2.7 F
CG6927 2.2 -5.3 F X
CG31775 2.2 -2.6 -
CG17286 spindle defective 2 (spd-2) 2.2 -2.9 F
CG9925 [tudor domain protein] 4.1 F X
CG5272 giant nuclei (gnu) 2.9 F X

gene name, parentheses indicate gene abbreviations, brackets indicate predicted protein domains

fold difference in expression between Elav-ATMi and Elav-GAL4 flies
fold difference in expression between Repo-ATMi and Repo-GAL4 flies
F female-biased expression; U, unbiased expression; -, expression below detection (Graveley et al. 2011)

X s indicate germline genes that are misexpressed in I(3)mbt flies (Janic et al. 2010)

®X’s indicate genes regulated by MMB/dREAM in Drosophila Kc cells (Georlette et al. 2007)
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Figure 4.1. Characterization of EURD gene expression. (A) Shown is a Venn diagram that
displays the number of genes that commonly or uniquely changed expression between Elav-
ATMi and Repo-ATMi flies. (B) Graphed is the fold change in genes expression of the 27 EURD
genes in Elav-ATMi flies compared to Repo-ATMi flies. The coefficient of determination (R?) is
0.82. (C) Shown is the percentage of genes from panel A that have female-biased or male-biased
expression (% female-% male) (Graveley et al. 2012). Genes that have unbiased expression or

were not detected in the Graveley et al. (2012) study bring the total to 100%.
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Figure 4.2. Germline genes were expressed in glial cells in Elav-GAL4 flies. (A-C) GFP
expression detected by immunofluorescence (green) in the adult brain of Elav-GAL4 flies
carrying piwi-GFP, otu-GFP, or exu-GFP transgenes, respectively. The GFP protein in piwi-
GFP and otu-GFP flies was nuclear and the GFP protein in exu-GFP flies was cytoplasmic. (D-
F) Nuclear Repo expression detected by immunofluorescence (red) in the samples shown in

panels A-C. (G-I) Merged images of GFP and Repo immunofluorescence.
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Figure 4.3. Germline genes were expressed in glial cells in Elav-ATMi flies. (A-C) GFP
expression detected by immunofluorescence (green) in the adult brain of Elav-ATMi flies
carrying piwi-GFP, otu-GFP, or exu-GFP transgenes, respectively. The GFP protein in piwi-
GFP and otu-GFP flies was nuclear and the GFP protein in exu-GFP flies was cytoplasmic. (D-
F) Nuclear Repo expression detected by immunofluorescence (red) in the samples shown in

panels A-C. (G-I) Merged images of GFP and Repo immunofluorescence.
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Figure 4.4. Knockdown of germline genes in glial cells caused neurodegeneration. Shown are
paraffin sections of brains from 28-day old flies of the indicated genotypes. (A-D) Germline
gene knockdown in glial cells. (E-H) Germline gene knockdown in neurons. Arrows indicate

holes in the brain.
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Figure 4.5. A model for how ATM-mediated regulation of germline gene expression in glial
cells may affect neuron survival. A toxic event or A7M knockdown in neurons may initiate a
stress response that signals ATM activation in glial cells (1A) and/or neurodegeneration (1B).
ATM activation in glial cells relieves L(3)mbt complex-mediated repression of germline gene
transcription (2) resulting in glial cell proliferation, which through an unknown mechanism (3)
blocks neurodegeneration. Events shown in blue typeset are supported by data presented in
Figures 1-3 or in Petersen ef al. (2012). Events shown in black typeset are supported by the

literature and are described in more detail in the Results and Discussion section.
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Chapter 5

Summary of research and future directions
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5.1 Summary of research
Activation of the innate immune response in glial cells occurs in response to cell-
autonomous loss of ATM function and promotes neurodegeneration

My research has focused on identifying molecular events underlying neurodegeneration
in Drosophila models of the human disease A-T. This disease is caused by mutations in the
ATM gene, which encodes a kinase with a conserved function within the DNA damage response.
To study loss of ATM function in the fly, I have used the temperature-sensitive A7, M allele to
eliminate ATM function in all cells in the adult, as well as Elav-ATMi and Repo-ATMi flies to
selectively reduce ATM function via RNAI in neurons or glial cells, respectively (Rimkus et al.
2008; Pedersen et al. 2010; Petersen et al. 2012).

To assay for neurodegeneration, I have utilized four primary assays: longevity, climbing

ability, histology via paraffin sectioning, and activated caspase 3 staining (Casp”"

). Deficiencies
in these phenotypes are commonly associated with neurodegenerative models in Drosophila
(Lessing and Bonini 2009). When compared to wildtype control flies, ATM® flies exhibited
shorter longevities, reduced climbing ability, increased neuropil lesions in paraffin sections, and
increased levels of Casp™® staining (Chapter 2). These phenotypes indicated that ATM" flies
suffer from neurodegeneration. Repo-ATMi flies exhibited the same characteristic
neurodegenerative phenotypes as ATM’, whereas Elav-ATMi flies appear phenotypically normal
in these assays. This result suggests that ATM function in glial cells, rather than neurons, is
necessary for neuronal survival in the fly.

To identify molecular events that promote neurodegeneration in ATM® and Repo-ATMi

flies, 1 performed microarray analysis on the relevant genotypes to identify gene expression

changes in these flies. Both 4TM® and Repo-ATMi flies upregulated many genes that function in
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the Drosophila innate immune response. This response was found to occur in response to ATM
loss cell-autonomously in glial cells, introducing the first published reference to a glial cell
innate immune response in Drosophila (Chapter 2). In contrast, Elav-ATMi flies did not exhibit
upregulation of innate immune response genes. Thus, these models indicate that ATM-deficient
flies that suffer from neurodegeneration also activate the innate immune response.

To further link these two processes, ATM® and Repo-ATMi flies were separated into three
groups based on climbing ability (poor, moderate, and good climbers) (Chapter 3). Poor
climbing flies exhibited shorter longevities and higher levels of Casp™® staining than good
climbing flies, indicating that climbing ability correlates with neurodegeneration. Gene
expression analysis in these flies revealed that poor climbing flies exhibit higher levels of innate
immune response genes than good climbing flies, providing additional correlation between
neurodegeneration and the innate immune response.

The innate immune response is a conserved mechanism between flies and humans, and
signals through pathways utilizing NF-«B proteins. In Drosophila, activation of the Toll
receptor facilitates signaling through the NF-kB protein Dif and activation of the Imd pathway
promotes signaling through the NF-kB protein Relish (Rel). To determine if ATM-deficient flies
initiate the innate immune response via these pathways, mutant alleles of Dif and Rel were
introduced into ATM® flies. These experiments proved that loss of ATM signals through Rel to
produce the innate immune response since loss of Rel, but not loss of Dif, was sufficient to block
innate immunity gene expression (Chapter 3). Additionally, mutations in the /md gene, whose
product functions upstream of Rel, were tested in 4TM® flies. Loss of Imd function affected
gene expression in ATM®/+ flies, but not ATM® flies, suggesting that Imd may play a role in

innate immunity gene expression but is not essential for it to occur.
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Next, I sought to determine if this Rel-dependent innate immune response plays a
causative role in neurodegeneration. I performed the four neurodegenerative assays in ATM’,
Rel double-mutant flies, as well as AT M , Dif and AT. M , Imd double mutants as controls. These
experiments revealed that blocking activation of the innate immune response suppressed the
neurodegeneration observed in ATM® flies, indicating that the innate immune response is
necessary for neurodegeneration in this system (Chapter 3). A mutation in Dif did not affect
neurodegeneration, but mutations in /md had variable effects on neurodegeneration. At least one
of the three Imd mutant alleles tested caused increased longevity and reduced Casp”' staining in
ATM? flies, suggesting that loss of Imd function prevents neurodegeneration. However, another
Imd mutation also increased the severity of defects observed in ATM® paraffin sections,
suggesting loss of Imd promotes neurodegeneration (Chapter 3). Additional work in the future is
needed to determine the necessity of Imd in Rel activation during neurodegeneration.

These experiments identified that Rel activation is necessary for neurodegeneration in
ATM-deficient flies. Next, [ wanted to determine if Rel activation alone is sufficient to produce
neurodegeneration. To accomplish this, I expressed an active form of Rel, RelD, specifically in
glial cells. In these flies, I observed upregulation of innate immune response genes and neuropil
lesions indicative of neurodegeneration (Chapter 3). Thus, it appears that Rel activation in glial
cells is sufficient to cause neurodegeneration, even in the absence of another defect.

Cumulatively, these experiments provide compelling evidence that loss of ATM in glial
cells causes aberrant activation of an innate immune response that is necessary for
neurodegeneration. Evidence from ATM-deficient mice, who exhibit glial cell activation in the
brain, supports the implication that ATM deficiency in glial cells may play a role in A-T (Kuljis

et al. 1997). Furthermore, numerous Drosophila models of neurodegenerative disease exhibit
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upregulation of innate immunity genes, suggesting that innate immune response activation may
function in several neurodegenerative disorders (Greene et al. 2005; Shieh and Bonini 2011;
Chinchore et al. 2012). Finally, activation of the innate immune response in glial cells has been
shown to occur during neurodegeneration in humans, notably in Alzheimer’s disease and
Parkinson’s disease (Akiyama et al. 2000; Zhang et al. 2005). Since activation of the innate
immune response appears to be necessary as well as sufficient to cause neurodegeneration, the
ability to study this phenomenon in a genetically-tractable model organism such as Drosophila is
critical to further delineate mechanisms by which to abrogate this signaling response and prevent
disease progression in humans. Experiments that can be used to accomplish this task will be
presented in the future directions.
Knockdown of ATM function in neurons and glial cells differentially alter the expression of
germline genes in the brain

In Elav-ATMi flies, where ATM function is knocked down in neurons, two primary
classes of genes were found to be upregulated via microarray analysis. One class of genes
function within the cell cycle, suggesting that ATM-deficient neurons in the brain undergo cell
cycle reentry (Chapter 4). This phenomenon is not new to the ATM field. Previous work in our
lab showed that ATM deficient photoreceptor neurons undergo cell cycle reentry, a process that
is partially necessary for neurodegeneration of these photoreceptors (Rimkus et al. 2008).
Furthermore, studies on brain tissue from A-T patients revealed significant upregulation of cell
cycle regulatory genes, suggesting that this phenomenon occurs in the disease as well (Yang and
Herrup 2005). Since cell cycle genes were not altered in the Repo-ATMi microarray, this role of
ATM in suppressing cell cycle reentry in the absence of overt DNA damage may represent a

neuronal-specific function of ATM.
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The second class of genes found to be upregulated in Elav-ATMi flies are genes that
primarily function within the female germline. These genes function in numerous pathways,
most notably in the anterior-posterior localization of mRNA in the developing embryo and
germline stem cell maintenance (Aravin et al. 2007; Chang et al. 2011). An interesting feature
of this set of genes is that almost all of them are similarly downregulated in Repo-ATMi flies
(Chapter 4). Further analysis on these germline genes reveal that they are significantly female-
biased relative to the general population of genes, confirming the ovary-specific expression for
many of them.

Immunofluorescence analysis revealed that expression of at least a subset of these genes
occurs naturally in Drosophila glial cells, as exu and ofu GFP reporter constructs specifically
stained within glial nuclei. Furthermore, knockdown of the germline genes piwi, pxt, or zpg in
glial cells, but not neurons, produce neuropil lesions indicative of neurodegeneration. These
results suggest that germline genes may function to promote the viability of glial cells. In flies
lacking ATM function in neurons (Elav-ATMi), glial cells may upregulate these genes in order to
provide additional support to the neurons or to proliferate in response to neuronal damage. A
recent report supports this hypothesis, showing that misexpression of germline genes occurs in a
Drosophila mutant that promotes brain tumor formation (Janic ef al. 2010). This report links
germline gene expression with cell proliferation, consistent with their function in germline cells
of the ovary. In Repo-ATMi flies, downregulation of these genes may be due to active repression
of their expression, underlying the neurodegeneration observed in these flies, or due to death of
glial cells resulting in a lower baseline level of expression.

Future work on this project will analyze whether glial cells in Elav-ATMi flies exhibit

proliferative capabilities, as well as whether restored levels of germline gene expression in Repo-
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ATMi flies can reduce the severity of neurodegeneration. Additionally, the specific function of
these genes in non-germline cells must be characterized in order to understand how their
expression regulates neuronal viability. Specific experiments for this section will not be

discussed in detail in the future directions section.

5.2 Future directions

My work has provided convincing data that activation of the innate immune response
causes neurodegeneration in ATM-deficient flies. In order to fully implement these findings into
a treatment for neurodegeneration in A-T, we must comprehensively characterize the events
surrounding Rel activation in this phenomenon. This characterization comes in two parts:
identification of what events lead to Rel activation in the absence of a pathogenic stimulus, and
identification of transcriptional targets of Rel that promote neurodegeneration. Answers to these
two questions will delineate a signaling pathway, from stimulus through to effector, that
promotes neuronal death in the fly. This work may have impact reaching beyond A-T, as similar
innate immune response events appear to play a role in numerous neurodegenerative diseases.

Another necessary step to relate my work to the human disease is to show that the same
phenomenon occurs in mammalian systems and is amenable to pharmacological input. ATM
knockout mice are unsuitable for studying neurodegeneration; however, conditional knockout of
ATM function in specific cells like neurons or glia may provide a system to study loss of ATM
function in the mouse brain while bypassing the phenotypes that cause early lethality such as
cancer. Furthermore, screening the ability of drugs, such as non-steroidal anti-inflammatory
drugs (NSAIDs) or TNF inhibitors, to prevent neurodegeneration in ATM-deficient flies, and

possibly mice, may provide insight into how to treat neurodegeneration in A-T patients.
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Identify the specific events underlying Rel activation in ATM-deficient glial cells

In order to identify how Rel becomes activated in ATM-deficient glial cells, systematic
analysis using genetic mutations will be used to determine what components of canonical Rel
signaling are capable of suppressing innate immunity gene expression. Starting with the furthest
upstream components, this includes (in order): PGRP-LC, Imd, dFADD, Dredd, Takl, Ird5, and
Kenny.

If PGRP-LC is shown to affect innate immunity gene expression, it indicates that an
extracellular stimulus initiates the innate immune response. This is the canonical method of
activation for this pathway, typically by a pathogenic infection. However, my hypothesis would
be that an endogenous molecule is responsible for this activation, similar to what is observed in
mammalian systems where the innate immune response can be activated by DAMPs (danger-
associated molecular patterns). This hypothesis could be tested by dissociating glial cells into
culture and supplying various intracellular components to the media. Potential stimulatory
factors include DNA, ATP, or glutamate — all factors shown to stimulate the innate immune
response in mammals (Owens 2009).

If PGRP-LC does not affect innate immunity gene expression, it suggests that an
intracellular mechanism underlies Rel activation in ATM-deficient flies. Since /md mutations
affected innate immune gene expression in A7M°/+ but not ATM? flies, there is a high likelihood
that PGRP-LC mutants may behave the same way. Intracellular activation of Rel during
neurodegeneration was proposed by Chinchore et al. (2012) in a model of retinal degeneration,
since they saw suppression with Re/ mutations but not /md. By systematically testing the

proteins involved in Rel activation, it can be determined at what level of the cascade full
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suppression of the innate immune response occurs. This determination will be critical for
determining how to inhibit this mechanism in humans to affect disease progression.

Identify the transcriptional targets of Rel in glial cells responsible for promoting
neurodegeneration

Since my work and work by Chinchore er al. (2012) has identified that loss of Rel
function suppresses neurodegeneration, a transcriptional target of Rel is likely responsible for
causing neuronal death. In order to identify what target may be performing this role, a series of
genome-wide analysis could be performed. First, [ would perform a gene expression microarray
comparison looking at ATM" flies and ATM", Rel double-mutants (both compared back to control
flies). These comparisons should identify genes with altered expression in ATM® flies that are
not altered in ATM®, Rel that may function in neurodegeneration. Next, I would perform
microarray analysis on flies overexpressing activated Rel in glial cells (Repo-GAL4, UAS-RelD).
These flies also suffer from neurodegeneration, so whatever relevant Rel target genes are altered
in flies of this genotype may cause neurodegeneration (Chapter 3).

Another potential method for determining the relevant Rel transcriptional targets is
chromatin immunoprecipitation, or ChIP. For ChIP analysis, a transcription factor is cross-
linked to DNA, DNA is cleaved into short fragments, and the resulting transcription factor-DNA
fragment complex is purified using an antibody against the transcription factor of interest. This
allows identification of the specific DNA sequences bound by the transcription factor, providing
insight into what genes are regulated by the factor. For this experiment, I would isolate glial
cells from the brain of ATM" flies. T would then perform ChIP analysis on Rel from this group of

cells to provide insight into what genes Rel is regulating in glial cells during neurodegeneration.
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Next, I would compare this list of genes with the lists of genes from the microarray studies to
identify genes potentially involved in neurodegeneration.

Once a list of potential genes is compiled, manipulation of the level of these genes will be
performed to identify factors definitively involved in neurodegeneration. Loss-of-function
mutants of these genes will determine their necessity for neurodegeneration in 47M?® flies, and
gain-of-function expression will identify genes sufficient for neurodegeneration. When the
important gene(s) is/are identified, mammalian homologs of the gene(s) of interest could serve as
biomarkers for neurodegeneration or as pharmacological targets for treatment.

Identify whether loss of ATM in mammalian glial cells is sufficient to produce
neurodegeneration and an innate immune response

To ultimately affect the lives of A-T patients, my work from Drosophila must be
validated in a mammalian system. As outlined in Chapter 1, certain caveats exist for studying
neurodegeneration in mice. To circumvent these problems, I propose creating a conditional
ATM knockout only in neurons or glial cells of the mouse. A mouse line carrying /oxP sites
flanking exons 57 and 58 in the mouse A7M gene was made to allow conditional removal of
these exons upon Cre recombinase expression, mimicking a known human mutation and causing
loss of ATM function (Zha et al. 2008). By directing Cre recombinase expression to specific cell
types, such as astrocytes, microglia, or specific neurons like Purkinje cells, the role of ATM loss
in these cell types can be determined (Gong ef al. 2007; Chow et al. 2008; Ros-Bernal et al.
2011).  These conditional knockout mice would be monitored for development of
neurodegeneration as they age, a phenotype that is potentially masked by early mortality in full
ATM knockout mice. If neurodegeneration is observed, then there is essentially unlimited

experiments that could be performed to learn more about this disease. Early hypotheses could be
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based on the work in Drosophila implicating the innate immune response, but additional work
could determine the role of neuronal cell cycle reentry, oxidative stress, or DNA damage in
neurodegeneration.

Identify pharmacological methods that prevent neurodegeneration in Drosophila or mouse
models of A-T.

The Drosophila models of A-T, combined with the conditional knockout mice (if
neurodegeneration is observed), provide a means to identify drugs that may benefit A-T patients.
Based on my findings from the fly, targeting the innate immune response through NSAIDs or
anti-inflammatory drugs may provide a low-toxicity method for lessening the severity of disease
symptoms. Additionally, more specific drugs such as TNFa inhibitors like enbrel may prove to
be efficacious in treating neurodegeneration in diseases where the innate immune response is
activated.

The use of Drosophila in drug development carries certain caveats but is far from
impossible. These caveats include the lack of a circulatory system similar to mammals,
differences in blood-brain barrier function, and differences in drug metabolism. As a mechanism
to quickly screen efficacy of drugs for the ability to alter a specific phenotype, such as longevity
or climbing ability for neurodegeneration, flies represent a cheap and tractable system.
Drosophila has already provided insight into potential therapeutics for neurodegenerative
diseases, including geldanamycin for the treatment of Parkinson’s disease and histone
deacetylase inhibitors for the treatment of polyQ aggregation disorders such as Huntington’s
disease (Steffan et al. 2001; Auluck and Bonini 2002; Celotto and Palladino 2005).

As a proof-of-principle experiment, preliminary experiments performed in our lab

indicate that treatment of Repo-ATMi flies with aspirin increases their longevity, indicating that
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aspirin treatment in A-T patients may slow down disease progression. Additional drugs that
could be tested in this manner include TNFa inhibitors, such as enbrel, or any of the numerous
NF-xB inhibitors including drugs or natural compounds (Peppel et al. 1991; Gupta et al. 2010;
Paur et al. 2010) These drugs would be hypothesized to suppress innate immune response
activation, and therefore neurodegeneration, based on our findings in the fly. Furthermore, any
drugs showing efficacy in flies could be tested in conditional knockout mice which would
validate their use in mammalian neurodegeneration. Implications of these studies reach far
beyond the field of A-T. Since numerous neurodegenerative diseases appear to occur at least in
part due to innate immune response activation, any drugs identified in this manner may show
broad effects on neurodegenerative diseases in general.
Final comments

My work in Drosophila has provided novel insights into mechanisms underlying
neurodegeneration in A-T. These findings identify that loss of ATM function in glial cells
causes activation of the innate immune response and neurodegeneration. Both glial cell
dysfunction and innate immune response activation are implicated in other neurodegenerative
diseases like Alzheimer’s and Parkinson’s disease, suggesting a common mechanism underlying
numerous neurodegenerative conditions. To understand how these problems manifest to cause
neurodegeneration, Drosophila and its associated tools and methods will provide an important
conduit for studying this phenomenon going forward.

In order to directly affect the lives of patients suffering from A-T or other
neurodegenerative diseases, validation of the findings in our models must occur in mammals.
For studying A-T, conditional ATM knockout mice can be generated that lack ATM function in

particular neurons or glial cells. These mice will inform us whether loss of ATM function in a
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specific type of cell is responsible for causing neurodegeneration. Furthermore, the Drosophila
models and the conditional knockout mice provide systems in which to test pharmacological
methods to prevent innate immune response-dependent neurodegeneration. Combined, this
multi-organism approach could lead to a treatment for neurodegeneration in A-T through the
basic observations from Drosophila and the specific observations from conditional knockout

mice.
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Appendix 1

The effect of ATM knockdown on ionizing radiation-induced neuronal cell cycle reentry in

Drosophila

This appendix was published in:
Rimkus SA, Petersen AJ, Katzenberger RJ, and Wassarman DA. (2010) The effect of ATM
knockdown on ionizing radiation-induced neuronal cell cycle reentry in Drosophila. Cell Cycle

9:2686-7.

S.AR., AJ.P., and R.J.K. performed the experiments for this appendix. S.A.R., A.J.P., and

D.A.W. made the table and wrote the text.
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Neuronal death in many neurodegenerative diseases is preceded by re-expression of cell
cycle regulatory proteins and DNA synthesis (Herrup and Yang 2007). To illustrate, in post-
mortem cerebella of individuals with Ataxia-telangiectasia (A-T), Purkinje neurons at risk for
degeneration express proliferating cell nuclear antigen and Cyclin B, and in a mouse model of A-
T, DNA replication accompanies expression of these proteins in at-risk neurons (Yang and
Herrup 2005). A-T is a recessive genetic disease caused by mutation of the A-T mutated (ATM)
gene (Lavin 2008). A link between cell cycle regulation and neurodegeneration in A-T is not
unexpected because ATM regulates the cell cycle progression of cells that incur DNA damage
(Reinhardt and Yaffe 2009). For example, in response to ionizing radiation (IR)-induced DNA
damage, ATM promotes G1 phase cell cycle arrest through phosphorylation and stabilization of
p53. Thus, ATM may function to maintain neurons in a quiescent or GO state, and progressive
neurodegeneration that occurs in the absence of ATM may result from cell cycle reentry
triggered by the accumulation of DNA damage over time.

Our prior studies of a Drosophila model of A-T, in which ATM expression is knocked
down by RNA interference (RNA1), indicate that cell cycle reentry not only correlates with
neurodegeneration but also causes neurodegeneration (Rimkus ez al. 2008). ATM knockdown
results in reentry of post-mitotic neurons into S phase of the cell cycle prior to caspase-
dependent apoptosis. Blocking apoptosis by expression of the baculovirus p35 caspase
inhibitory protein results in accumulation of neurons in G2/M phase of the cell cycle. Moreover,
blocking cell cycle reentry by mutation of the cell cycle activator Cdc25/String inhibits
neurodegeneration. These data predict the existence of ATM-regulated events that continuously

function to block signals that promote cell cycle reentry of post-mitotic neurons.
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A key feature of the Drosophila studies was the use of a method that enabled cell cycle
analysis of post-mitotic neurons in vivo. Other studies of the role ATM plays in
neurodegeneration have utilized fixed tissue or neurons cultured in vitro, which likely lack cell-
cell signaling events that influence the process of cell cycle reentry-mediated neurodegeneration
in a whole animal. Indeed, in contrast to our finding that ATM knockdown induces cell cycle
reentry of neurons in vivo, others have found that pharmacological inhibition of ATM activity
does not induce cell cycle reentry of mammalian cortical neurons in vitro (Kruman et al. 2004;
Rimkus et al. 2008).

The Drosophila method involves marking all post-mitotic neurons in flies by
expression of green fluorescent protein (GFP) under control of the embryonic lethal, abnormal
vision (elav) gene transcriptional regulatory sequences (Neufeld et al. 1998; Rimkus et al. 2008).
In the third instar larval eye imaginal disc, the developmental precursor to the adult eye, elav
expression marks cells that have exited the cell cycle and differentiated into photoreceptor
neurons (Robinow and White 1999). Fluorescence activated cell sorting (FACS) is then used to
determine the DNA content and, thus, the cell cycle status of individual GFP-positive cells
produced by dissociation of eye imaginal discs with trypsin. Here we have used this method to
test the hypothesis that DNA damage causes cell cycle reentry of post-mitotic neurons and to
determine the extent to which ATM knockdown affects DNA damage-induced cell cycle reentry.

Fly larvae were either untreated or irradiated with 50 Gy of gamma rays and allowed to
recover for either 0.5-2.5 h or 21 h prior to eye imaginal disc dissection and FACS analysis.
Two fly genotypes were analyzed. Flies designated elav-GFP expressed GFP in post-mitotic
neurons by means of the GAL4-UAS system; expression of the GAL4 transcription factor from

an elav-GAL4 transgene drove expression of a UAS-GFP transgene in post-mitotic neurons.
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Flies designated elav-GFP-ATMi expressed GFP in the same manner and had reduced ATM
expression in post-mitotic neurons due to a UAS-ATMIi transgene that expressed a short hairpin
RNA that targeted ATM mRNA for degradation by RNAi. For each sample, ~20 pairs of eye
imaginal discs were dissected from wandering third instar larvae, and the DNA content of 5,000
live, GFP-positive, single cells was determined using a Becton Dickinson LSRII flow cytometer.

Consistent with our prior study, a substantial percentage (~28%) of neurons in
untreated elav-GFP eye imaginal discs were cycling (either in S or G2/M phase) (Table 1).
Treatment with IR followed by 0.5-2.5 h of recovery resulted in a statistically significant 11.9%
increase in cycling neurons (P<0.001), most of which were resident in S phase. Recovery for 21
h did not result in a further increase in cycling neurons (relative to 0.5-2.5 h of recovery);
however, it did decrease the percentage of S phase neurons to that of untreated larvae and
increase the percentage of G2/M phase neurons, suggesting that neurons continued to progress
through the cell cycle during this recovery period. Thus, in the context of eye imaginal discs,
IR-induced DNA damage can cause post-mitotic neurons to reenter the cell cycle and complete
DNA replication.

A parallel study of elav-GFP-ATMi eye imaginal discs revealed that treatment with IR
and recovery for 0.5-2.5 h did not significantly increase the percentage of cycling neurons over
the ~14.8% increase caused by ATM knockdown (P>0.05) (Table 1). However, recovery for 21
h resulted in a statistically significant ~17.6% increase in cycling neurons (P<0.001), which had
progressed into G2/M phase. Thus, ATM knockdown attenuates IR-induced neuron cell cycle
reentry shortly (0.5-2.5 h) after IR treatment but not after a longer period of time (21 h).
Attenuation of DNA damage-induced cell cycle reentry by ATM inhibition was also observed in

a study of cortical neurons in vitro; however, in this case, subsequent cell cycle reentry was not
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observed (Kruman et al. 2004). This difference may be due to environmental context (in vivo
versus in vitro) or one of many differences between the experimental protocols.

In summary, IR-induced DNA damage is sufficient to cause post-mitotic neurons in
vivo to reenter the cell cycle, and loss of ATM delays but does not block IR-induced neuronal
cell cycle reentry. In other words, IR-induced DNA damage can cause neuronal cell cycle
reentry through ATM-dependent and ATM-independent mechanisms. The demonstration of an
ATM-independent mechanism provides support for the hypothesis that progressive
neurodegeneration in A-T results from cell cycle reentry triggered by the accumulation of DNA
damage over time.
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Table 1 Cell cycle profiles of wild type and ATM knockdown neurons in response to IR

Genotype
elav-GFP
elav-GFP
elav-GFP
elav-GFP-ATMi
elav-GFP-ATMi

elav-GFP-ATMi

Recovery (h)
No irradiation
0.5-2.5

21

No irradiation
0.5-2.5

21

(P<0.001)

A15.4%
(P<0.001)

A11.9% [

A4.8%
(P>0.05)

A17.6%
(P<0.001)

Cell cycle phase*

G1

r72.0+1.2

60.1+1.7

-56.6 £2.0

r57.2+1.9

524+ 0.6

-39.6+25

S

176 +£1.1

26.7+26

16.5+1.5

22527

30.8+24

12.0+1.3

G2/M

10.4 +£1.0

13.2+23

26.9+1.2

20327

16.8+25

48.5 + 3.1

Replicates
n=18

n=9

Nn=

n=13

n=3

n=8

*Data were analyzed using CellQuest (Becton Dickinson) and ModFit (Verify Software House) software. Indicated are
the average percentage of photoreceptor neurons in each phase of the cell cycle and the standard error of the mean.
P-values were calculated using one-way ANOVA and Tukey’s multiple comparison post-test.
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Appendix 2

Mitotic clones in the developing Drosophila eye disc reveals cell cycle reentry of ATM null

photoreceptors
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Introduction

Previous work in our lab identified that photoreceptor neurons with ATM levels
knocked down via RNAi (GMR-ATMi or Elav-ATMi) reenter the cell cycle and replicate their
DNA. This phenomenon has been observed in 47M null neurons in mice and humans (Yang and
Herrup 2005). In order to determine if the same event occurs in A7M null tissue in the fly,
clones of ATM were generated through mitotic recombination.

Clone generation utilizes the FLP/FRT recombination system to generate homozygous
tissue from a heterozygous precursor cell via mitotic recombination (Chapter 1, Figure 1.3) (Xu
and Rubin 1993). For my purposes, I utilized a null allele of ATM, ATM®, to create ATM null
tissue in the Drosophila eye disc, a precursor tissue to the adult compound eye. To promote
recombination, the FLP transgene was expressed via the eyeless promoter. Eyeless expression
occurs throughout development, with high expression in all developing cells of the eye disc,
including the photoreceptor neurons. For the GFP construct, I used a membrane-bound GFP,
allowing resolution of the individual ommatidia, which are sets of seven photoreceptors
constituting the facets of the compound eye.

Results

To determine if ATM null tissue reentered the cell cycle, I stained eye discs containing
ATM wild-type and ATM null clones for phosphorylated serine 10 on histone H3, a marker of
DNA replication (Wei et al. 1998). Eye discs from third-instar wandering larvae were dissected
and stained for PH3 and subjected to light microscopic analysis. Approximately half of the
larvae exhibited clones in the eye, as detected by areas lacking GFP expression. Clones of
wildtype ATM did not exhibit PH3 staining, indicating that photoreceptors with normal ATM

function do not undergo cell cycle reentry (Figure A2.1A and B). In A7M null clones, on the
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other hand, robust PH3 staining is observed in ATM-deficient photoreceptors, indicating that
endogenous loss of ATM recapitulates the cell cycle reentry phenotype observed in ATM
knockdown photoreceptors (Figure A2.1).
Materials and methods

Fly stocks for ATM®, eyFLP, and GFP were obtained from the Bloomington Stock
Center. Tissue dissection and staining protocols for PH3 were performed as in Rimkus ef al.

2008.
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Figure A2.1. ATM null clones exhibit cell cycle reentry of photoreceptor neurons. Shown are
images of wandering third instar larval eye discs, with red staining depicting PH3 staining. Lack
of GFP expression identifies tissue in which mitotic recombination has occurred to generate
ATM wildtype tissue (A and B) or ATM null tissue (C and D). Yellow squares in A and C depict
the regions expanded for B and D, respectively, and the dotted line in C indicates the border of

the eye disc tissue.
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Appendix 3

Dominant suppressor effects of genes with altered expression in ATM-deficient

microarrays on the GMR-ATMi rough eye phenotype
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Introduction

Microarray analysis on ATM-deficient flies yielded a large number of genes whose
expression level is altered in response to a reduction in ATM kinase function (Chapters 2 and 4;
Appendix 4; Petersen et al. 2012). To determine whether many of these genes function in the
neurodegenerative phenotype of ATM-deficient flies, a genetic screen was performed to
determine whether mutations in these genes could dominantly affect the rough eye phenotype
produced by knocking down ATM levels in the Drosophila compound eye (Rimkus et al. 2008).
For this analysis, heterozygous mutant alleles of various proteins functioning within the cell
cycle, germline processes, or innate immunity were acquired and crossed into the GMR-ATMi
background.
Results and Discussion

To evaluate the relevance of the observed changes in gene expression to
neurodegeneration, we examined the extent to which gene mutations modified the previously
characterized rough eye and neurodegeneration phenotypes of GMR-ATM;i flies (Rimkus et al.
2008). In GMR-ATM; flies, the GMR-GAL4 driver directs expression of pWIZ-ATM™ in all
cells of the developing eye. The assumption was that the neurodegeneration pathways for brain
neurons and photoreceptor neurons are conserved, as has been shown in other Drosophila
models of human neurodegenerative diseases (Ghosh and Feany 2004). In support of this
assumption, stg expression increased in both Elav-ATMi and GMR-ATMi adult heads, and stg
mutants suppressed the GMR-ATMi rough eye phenotype. Furthermore, gene expression
microarray analysis of GMR-ATMi adult heads revealed significant overlap with the genes that
changed expression in the Elav-ATMi, Repo-ATMi, or ATM® microarrays, especially mitotic cell

cycle genes.
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Mutants were obtained for 111 genes, including many genes that had increased
expression in the Elav-ATMi array or select genes that had increased expression in other arrays
(Figure A3.1). Mutant flies were crossed to GMR-ATMi flies, and progeny were scored for
modification of the rough eye phenotype. Mutations in 38 genes were found to dominantly
suppress the GMR-ATMi rough eye phenotype (highlighted yellow in Figure A3.1). In
comparison, a prior screen of 643 random P-element mutants for modifiers of the GMR-ATMi
rough eye phenotype only identified three suppressor genes (stg, RADS50, and Rpd3) (Rimkus et
al. 2008). The 34% hit rate for genetic modifiers seen among the genes that changed expression
in ATM inactivation flies is 68-fold higher than the 0.5% hit rate observed in the unbiased screen
for modifiers of the GMR-ATMi rough eye phenotype, indicating that the microarray analysis
was an efficient approach to identify genes involved in neurodegeneration.

For a subset of the microarray genes that suppressed the GMR-ATMi rough eye
phenotype, transmission electron microscopy (TEM) of tangential eye sections was used to
assess the extent of modification of photoreceptor neurodegeneration (Figure A3.2A-C). All of
the gene mutants examined significantly reduced the level of photoreceptor neurodegeneration
caused by GMR-ATMi, including genes involved in activation of the mitotic cell cycle (aurora
borealis, greatwall (gwl), and stg), activation of the SAC (Anaphase promoting complex 7),
somatic cell to germ cell transformation (cup, swallow, vas, and wisp), and activation of the
innate immune response (Attacin-C and poor imd response upon knockin) (P<0.01) (Figure
A3.2D). Of particular note was a greatwall (gwl) mutant, which almost completely blocked
neurodegeneration (Figure A3.2C). The high degree of suppression by gw/ may be due to
inhibition of multiple neurodegeneration-causing events. Gw/ encodes a protein kinase that

plays multiple roles in mitotic and meiotic cell cycle progression and may have roles in germ



174

cell-related processes, since, like many germ cell genes, its expression increased in Elav-ATMi
flies and decreased in Repo-ATMi flies (Chapter 4) (Archambault et al. 2007). Thus,
misexpression of genes involved in mitotic cell cycle activation, germ cell-related processes,
SAC activation, and the innate immune response is likely a cause rather than a consequence of
neurodegeneration.

Materials and Methods

The genetic screen was performed by crossing GMR-GAL4/CyO; pATM"/pATM™ flies
with mutant fly strains and screening for modifiers of the GMR-GAL4/+; pATM"/+ rough eye
phenotype. So as not to bias the analysis, stock numbers instead of genotypes were used as
identifiers during the screen.

Adult heads were embedded, sectioned, and imaged by TEM as described in Rimkus et
al. (2008). Three heads were sectioned for each genotype and degree of neurodegeneration was
scored by counting the average number of normal photoreceptors per ommatidium in each
genotype. Rhabdomere membranes were considered normal if they were not absent, condensed,
fragmented, or split. Statistical analysis was performed using Prism 4.0c software (Graphpad),
and one-way ANOVA with Dunnett’s multiple comparison test was used to compare control
GMR-ATMi flies to experimental GMR-ATMi flies that carried a heterozygous mutation in a gene
identified by microarray analysis.
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Figure A3.1. The complete list of gene mutants that were screened for modification of the
GMR-ATMi rough eye phenotype. Mutation of genes highlighted in yellow suppressed the rough
eye phenotype of GMR-ATMi flies. If multiple alleles of a gene were screened, the CG number
and gene name are indicated for the first allele but not the alleles that immediately follow in the

list.
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|CG number|Gene Allele GMR-ATMi CG number| Gene Allele GMR-ATMi
CG8308 a-Tubulin at 67C (a-Tub67C) 3 No change CG5052 pimples (pim) 1L Suppressed
2 No change A385 No change
1 No change CG12306 _|polo KG03033 No change
CG14444 Anaphase Promoting Complex 7 (APC7) EY11333 Suppressed 16-1 No change
EY02849 No change CG15678 | poor Imd response upon knockin (pirk) EY00723 Suppressed
CG4740 Attacin C (AttC) MB05438 Suppressed CG7660 pxt EY03052 No change
CG6897 aurora borealis (bora) EY21751 Suppressed CG13345 RacGAP50C/tumbleweed (tum) 347 No change
CG4824 Bicaudal C (BicC)/GLD-3 4 No change DH15 No change
CG1759 caudal (cad) 2 No change AR2 No change
CG5363 cdc2/Cdk1 GT-000294 No change CG8606 RhoGEF4 G4106 No change
B47 No change CG7361 Rieske iron-sulfur protein (RFeSP) M73 No change
E1-23 No change CG1058 ripped pocket (rpk) RNAI JF01868 Suppressed
CG1878 Cecropin B (CecB) B193 No change CG3827 scute (sc) 5 No change
CG1373 Cecropin C (CecC) MB01213 No change 1 No change
CG6392 CENP-meta (cmet) EY00718 Suppressed CG30091 | serine endopeptidase G7521 Suppressed
04431 No change CG6046 Sin3A-associated protein 18 (SAP18) EP3462 Suppressed
CG17604 ] crossover suppressor on 3 of Gowan (c(3)G) 1 Suppressed CG34414 | sprint (spri) KG07279 | Suppressed
CG11181 _|cup 1 Suppressed CG10522 | sticky (sti)/citron KG01697 No change
01355 No change CG1395 string (stg) EY12388 Suppressed

CG5494 Cuticular protein 92F (Cpr92F) c03081 No change subito (sub)/mitotic kinesin-like protein 2
CG5940 Cyclin A (CycA) c05304 No change CG10931 | (MKLP2) EP616 No change
C8LR1 No change 1 No change
CG3510 Cyclin B (CycB) KG08886 No change CG3429 swallow (swa) 1 Suppressed
KG00006 No change 6 Suppressed
2 No change CG11853 |takeout (to) c00632 No change
CG9964 Cyp309a1 KG02086 No change CG1389 torso (tor) 00150 No change
CG8540 Cyp316a1 MB06750 Suppressed 4 No change
CG8687. Cyp6al4 KG00760 No change CG17462 | Trf4-2 EY05585 | Suppressed
CG14728 Cyp315at/shadow (sad) 1 No change CG31509 | Turandot A (TotA) MB06977 Suppressed
CG4193 deadhead (dhd) 15 No change CG31508 | Turandot C (TotC) f01700 No change
CG6157 discontinuous actin hexagon (dah) 104432 No change CG3524 v(2)k05816 EP695 Suppressed
30 No change CG3506 vasa (vas) 1 Suppressed
CG5235 dopamine b-monooxygenase EY02761 Suppressed RJ36 Suppressed
KG02953 Suppressed KG01651 No change
CG3723 Dynein heavy chain at 93AB (Dhc93AB) MB05444 Suppressed CG12701__|vielfaltig (vfl)/Zelda G0353 No change
MB04366 No change G0427 No change
CG5400 Eclosion hormone (Eh) RNAI JF02143 No change G0120 No change
CG2914 Ets at 21C (Ets21C) f03639 Suppressed CG7670 Werner exonuclease (WRNexo) 04496 No change
CG8994 exuperantia (exu) DG04401 No change CG15737 | wispy (wisp)/GLD-2 KG05287 | Suppressed
CG11411 female sterile (1) Nasrat (fs(1)N) 4 Suppressed CG1372 yolkless (yl) 15 No change
1 No change 13 No change
CG4274 fizzy (fzy)/Cdc20 3 No change CG3994 Zinc transporter 35C (ZnT35C) MB08945 No change
1 No change CG18729 | zwilch MB05212 No change
CG17566 _ |y-Tubulin at 37C (y-Tub37C) 1 Suppressed c04101 No change
3 No change CG10073 MB02747 No change
CG5272 giant nuclei (gnu) 305 No change CG10630 KG00804 No change
CG4181 Glutathione S transferase D2 (GstD2) f00583 Suppressed CG10934 EP538 No change
CG12242 | Glutathione S transferase D5 (GstD5) 1 No change CG11052 DG02601 No change
CG4423 Glutathione S transferase D6 (GstD6) MB02663 Suppressed CG11120 02851 No change
CG7719 greatwall (qwl) EP515 Suppressed CG13699 c04491 No change
3 No change CG14118 d06432 Suppressed
CG7756 Heat shock protein cognate 70-2 (Hsc70-2) MB04273 No change CG14545 MB09376 No change
CG12165__|Inner centromere protein (Incenp) QA26 No change CG14632 EP1498 No change
CG9191 Kinesin-like protein 61F (KIp61F) 07012 No change CG14752 MB00604 No change
CG4178 Larval serum protein 1B (Lsp1B) RNAI JF02368 Suppressed CG14990 {07267 No change
CG18543 | matrimony (mtrm) KG08051 No change CG15234 01094 No change
CG17795 | methuselah-like 2 (mthl2) 01373 No change CG15530 C110 No change
CG4978 Mini chromosome maintenance 7 (Mcm?7) {03462 No change CG17186 JF02425 No change
CG9241 Mini chromosome maintenance 10 (Mcm10) KG00233 Suppressed CG17322 KG04070 No change
CG12047 | mushroom body defect (mud)/NuMA 4 Suppressed CG18586 MB03855 No change
1 No change CG3119 G19432 Suppressed
Na+-dependent inorganic phosphate MB07697 | Suppressed
ce10207 transgo?ter (NaPi-T)g o e02874 Nochange | 531705 105726 | No change
CG5637 nanos (nos) L7 No change CG31272 MB05128 No change
CG17256 | Nek2 EP1209 No change CG3679 MB02546 No change
1CG31299  Inocturnin d05983 Suppressed CG42600 c04990 No change
CG10901 | oskar (osk) 6 No change CG5568 MB12106 No change
7 No change CG5873 c00427 No change
CG12743 _|ovarian tumor (otu) 14 No change CG6347 00490 No change
7 No change CG6783 KG06479 No change
CG33105 | p24-related-2 (p24-2)/emp24 protein DG16306 Suppressed CG6891 KG03306 No change
1CG4799 Pendulin (Pen) DG08110 Suppressed CG6927 JF01936 Suppressed
CG11765 | Peroxiredoxin 2540 (Prx2540-2) MB04531 No change BG01861 No change
CG7059 phosphoglycerate mutase MB01361 Suppressed CG9602 MB00748 No change
f06779 Suppressed CG9925 KG01164 No change
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Figure A3.2. Heterozygous mutation of genes that changed expression as a result of ATM
inactivation suppressed photoreceptor neurodegeneration in GMR-ATMi flies.  (A-C)
Representative TEM images of eye sections used to quantitate photoreceptor degeneration.
Photoreceptor neuron rhabdomeres are numbered in panel A, and ommatidial clusters are circled
in panel B. Fly genotypes are indicated in the upper right of each panel. (D) Graphed is the
average number of morphologically normal photoreceptors per ommatidium (+ standard error of
the means) for each of the indicated genes (n>100 ommatidia from at least two eyes). GMR-

GAL4 and GMR-ATM:i serve as standards for comparison. Gene abbreviations are as follows:

7EY11333 EY21751

APC7 (Anaphase promoting complex ), bora (aurora borealis ), gwl (greatwall

EPSY - swa (swallow"), AttC (Attacin-C"®"*%), and pirk (poor imd response upon knock-

. EY00723
in ).
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Appendix 4

Summary of microarray studies on various ATM-deficient genotypes
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Introduction

Previous sections in this thesis have dealt with microarray studies analyzing gene
expression changes in response to loss of ATM in various tissues and cell types in the fly. Here, I
provide a summary of all of the genotypes tested in this manner, the primary classes of genes
observed to be differentially changed, and my confidence level that these genes represent the true
gene expression changes in this condition. Table A4.1 provides a list of the microarrays
summarized below. For all of the arrays, total RNA was isolated from the heads of approximately
200 flies per sample using TRI reagent (Sigma) and were analyzed using Nimblegen platforms and
the ArrayStar analysis program. For all experiments, flies were collected 0-3 days post-eclosion
and aged for an additional 3 days prior to RNA collection. For the 4TM® and Elav®'”-ATMi

experiments, the initial 0-3 days occurred at 18°C and the final 3 days at 25°C. All other

experiments were at 25°C for the duration.

ATM®

For this experiment, ATM® homozygous flies were compared to ATM’/+ flies. The
majority of the genes found to be upregulated function within the innate immune response, and are
characterized in Chapter 2. The findings from this array carry significant caveats, however. Initial
expectations were that A TM°/+ flies would exhibit a more wildtype phenotype than they do. Thus,
using them as the control group drastically affected the number and type of genes that this
experiment would identify. A feature of the innate immune response genes are that their
expression is dramatically upregulated, sometimes upward of 100- to 1000-fold. In fact,
comparison of ATM® flies to true wildtype flies reveals upregulation of 50- to 150-fold for these

genes, despite the microarray only producing a maximum difference of 8- to 10-fold. Thus, in
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order for a gene to be identified with our 2-fold cutoff, its expression would theoretically have to
increase approximately 20-fold between wildtype and ATM®. Expectations based on other
experiments suggest that genes identified in the other microarrays may be affected in ATM® flies,
and in fact germline gene expression is found to be downregulated in A7M® compared to wildtype,
similar to that seen for Repo-ATMi flies (Chapter 4).
Repo-ATMi

For this experiment, Repo-ATMi were compared to Repo-GAL4 flies. Upregulated genes
primarily belonged to the innate immune response and are covered in Chapter 2. Downregulated
genes primarily belong to the germline class of genes and are covered in Chapter 4. Only two
microarrays were performed for both control and experimental flies, but the consistency between
them produced quality results and low P-values, indicating that the data is quite representative of
what actually occurs in these flies.
Elav-ATMi

For this experiment, Elav-ATMi flies were compared to Elav-GAL4. Upregulated genes
primarily function within the cell cycle and germline related processes and are covered in detail in
Chapter 4. Four replicates of each of these genotypes were performed: two replicates on
individual crosses between Elav-GAL4 and either pATM™ or w'!!® and two replicates on Elav-
Gal4 or Elav-ATMi stocks. The results were consistent regardless of how the arrays were
performed, and thus P-values for this experiment are quite low and I am confident in the results.
Elav-ATMi, UAS-P35

For this experiment, Elav-ATMi flies were compared to Elav-GAL4, with both control and
experimental flies expressing a UAS-P35 construct to inhibit apoptotic cell death. While there

were a large number of upregulated and downregulated genes, these genes did not fall within any
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obvious gene ontology categories. One exception is that a portion of innate immunity genes are
downregulated in these flies (Def, DiptB, Mtk, drs4, GstE4). Another observation reveals that the
genes upregulated in Elav-ATMi flies are notably absent, specifically the cell cycle and germline
genes. This would suggest that blocking apoptosis (or caspase activation) is sufficient to suppress
cell cycle reentry and germline gene expression. One caveat for this conclusion is the nature of the
experiment. Anecdotal evidence suggests that introducing a second UAS-containing construct into
a UAS-RNAI experiment significantly affects the level of knockdown achieved. This has not been
directly tested in these flies, raising the possibility that a sufficient level of knockdown of 4TM
may not have been achieved and lack of the subsequent changes in gene expression is due to this
fact. Therefore, without extensive testing to show that 4A7M levels are reduced in this genotype, I
would hesitate to make conclusions based on this data.

Elav-ATMi, Stg""'#%

For this experiment, Elav-ATMi flies were compared to Elav-GAL4, with both control and
experimental flies containing an EP-element allele of Stg to inhibit cell cycle progression. In this
case, only a relatively small number of genes were differentially expressed, and these genes did not
fall within any obvious gene ontology categories. As was the case for the UAS-P35 array, the
genes upregulated in Elav-ATMi flies are notably absent, specifically the cell cycle and germline
genes. This would suggest that suppressing cell cycle activity is sufficient to suppress cell cycle
reentry and germline gene expression. Once again, however, the EP-element used to generate this
allele contains a UAS sequence, potentially reducing the level of ATM knockdown below the
threshold required to generate the necessary effects on gene expression. Because of this, this data

should only be believed if ATM levels are confirmed to be reduced in this genotype.
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Elav">-ATMi

For this experiment, Elav'”-ATMi flies were compared to Elav'>-GAL4, and this
experiment was performed by Dr. Stacey Rimkus. This GAL4 construct is inserted at the
endogenous Elav locus, and is believed to produce stronger expression of GAL4 than the other
Elav-GAL4 used above. However, this has not been tested. For this experiment, no obvious class
of genes was up or downregulated. A few genes that function in response to oxidative stress were
upregulated, but this class was not identified as significant. A few explanations can explain why
no significant effects were seen, and why this array does not overlap with the previous Elav-ATMi
data set. Data for this set was collected by a different scientist in the laboratory, and the flies for
this cross were raised at a lower temperature (18°C versus 25°C for the other arrays except ATM").
This lower temperature was used due to the belief that raising them at 25°C would cause lethality.
However, this has been shown not to be the case as Elav"'*’-ATMi flies raised at 25°C yield at the
expected rate and exhibit similar phenotypes to Elav-ATMi (Chapter 2). The major effect caused
by raising these flies at 18°C is a reduction in the expression level of GAL4, and subsequent
reduction in the knockdown of ATM. Thus, it is difficult to determine whether ATM levels were
sufficiently reduced in this experiment to produce the effects on gene expression. Due to this, |
would not be confident in concluding that these results are indicative of true Elav®’>*-ATMi gene
expression changes.
GMR-ATMi

For this experiment, GMR-ATMi flies were compared to GMR-GAL4. Obvious classes of
genes did not appear to be upregulated or downregulated to a high extent in this experiment.
However, subsets of genes did overlap with the other A7M knockdown arrays. This experiment

showed a subset of overlapping cell cycle and potentially germline genes with the Elav-ATMi
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array. Numerous genes overlapped between this experiment and Elav®”’-ATMi and Repo-ATM;,
although the function of these genes is varied and does not follow an obvious trend. Since GMR
is expressed in neurons and also potentially in glial cells in the eye, it is not surprising to see a
subset of overlap between these arrays. In general, however, this overlap does not include genes
with distinct functions. For these arrays, four replicates of each genotype were performed, so the
numbers and P-values are quite strong and I believe the data to be accurate.

Rh1-ATMi (mRNA tagging)

For this experiment, the RhI-GAL4 construct was used as the control for ATM
knockdown in the photoreceptors of the eye. These flies additionally contained a UAS-polyA
binding protein (PABP) construct to specifically isolate polyA mRNA from these
photoreceptors. The idea for this experiment is based on a paper by Yang et al. (2005) who
showed that it is possible via this method to isolate mRNA from a specific cell type.
Unfortunately, this method was not fully worked out prior to their publication and provided
numerous challenges. Eventually, I was able to generate enough mRNA for the experiment after
a round of amplification using an RNA amplification kit (Ambion). However, the microarray
did not reveal significant classes of genes due to low statistical relevance. The P-values derived
from the two replicates were large and thus no conclusive determinations were able to be made.
Furthermore, attempts to adapt this method to a more abundant cell type, such as neurons or glial
cells, failed due to lethality of the PABP construct in these cell types.

ATM knockdown S2 cells

For this array, RNA was isolated from cell types treated with dsRNA targeting ATM or

untreated. This experiment was performed by Dr. Stacey Rimkus. The only gene found to be

upregulated was deadhead at 2.2 fold, and the P-value for this gene would cause us to exclude it
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(P=0.14). Thus, no genes were found to be significantly upregulated using our standard criteria.
Similar results were observed for downregulated genes. Only one gene met our criteria of a >2.0
fold downregulation and a significant P-value. This gene is tefu, also known as ATM, and was
the target of our RNAi knockdown. This is reassuring because it confirms that proper RNAi
knockdown was achieved. However, it was only a 2-fold reduction in ATM levels and was not
accompanied by any other gene expression changes. Therefore, either ATM levels are

dispensable in S2 cells, or the level of knockdown was not sufficient to produce an effect.
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