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Nuclei are given support and structure by a netvedyroteins and filaments
called the nuclear lamina. Mutations in many gesreoding lamina components result
in human diseases known as the laminopathies. hishsten-Gilford Progeria Syndrome
(HGPS) occurs from a rare mutation in a major landamponent. Patients exhibit
aspects of rapid aging including artherosclerastgoporosis and sclerderma. HGPS is
also associated with a nuclear dysmorphology irclvimultiple protrusions alter the
normal shape of the nucleus, possibly causingapiel mging phenotypes.

A mutation of theD. melanogaster genedtopors phenocopies this nuclear
dysmorphology. The dTopors protein is a compopétite lamina in all cell types
examined, but unlike in HPGS, visible nuclear defege limited to male germline cells.

Here, | investigated both the germ line and sondtayors male flies to
determine if rapid aging occurs. Results indi¢htgdtopors males lose the ability to
produce progeny at a younger age than wildtypesteBesize decreases at a younger age,
but is not due to decreased stem cell numbers.agogells also appeared to be affected,
as lifespan was shortened, and an enhanced agedrdiecrease in negative geotaxis was
observed irdtopors males. Tests of effects on an age-related dexirasnate
immunity yielded ambiguous results. Taken togettier results suggest that
acceleration of some aspects of aging may be imbiogenutations irdtopors, and that
study of dTopors irosophila could yield insight into similar accelerated aging

processes that coincide with changes in nucleactsire.
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CHAPTER|

INTRODUCTION

The nuclear lamina is composed of a network ofoteriproteins and filaments
associated with the inner face of the nuclear epeethat both provide mechanical
support and enable communication between the nsigied cytoplasm. Mutations in
many genes encoding components of the nuclear éarasult in human diseases
collectively known as the laminopathies. Theseinalude nonsense and missense
mutations, gene dosage effects (Eriksson, Browal, @003), processing defects, and
splicing defects. Development of autoantibodidsictv may also interfere with the
functions of lamina proteins, can also result mil@gopathies (Padiath, Saigoh, et al.
2006). Perhaps the most striking of these lamitiopais known as Hutchinson-Gilford
Progeria Syndrome (HGPS), in which rare mutatiaupin a major lamina component,
lamin A (Eriksson, Brown, et al. 2003).

HGPS, characterized by premature aging (Baker, Batta. 1981), causes death
in at least 90% of patients by the age of 13. dduese of this phenotype islanovo
single base substitution itMNA gene that codes for both Lamin A and Lamin C
(Eriksson, Brown, et al. 2003). The lamins assemtib intermediate filaments
responsible for the construction and stabilityhef huclear lamina. This laminar stability
is essential for chromatin attachment, DNA replaatand overall nuclear organization

(Eriksson, Brown, et al. 2003). Children oftenwhmw phenotypic clues of HGPS at



birth, but early in life, patients begin to expresenotypes typically seen in old age, such
as growth retardation, alopecia, sclerodermatouns Bigpoplasia of bones and
osteoporosis (Varga, Eriksson, et al. 2006). Frsgjve signs of premature aging
continue into the early teens where death usualtyis by heart attack or stroke as a
result of artherosclerosis of the coronary arte(Bzker, Baba, et al. 1981).

Mouse knock-out studies show that a deletion oftteéamin processing enzyme
Zmpste24 also causes premature aging (Mounkes, Kozlou, 8083) along with higher
rates of aneuploidy, balloon shaped chromatin &mdncosomal instability in bone
marrow cells as early as four weeks of age. Addéily in mouse, unprocessed lamin A
caused by mutations #mpste24 results in more DNA damage, higher sensitivity to
DNA damage, and accumulation of unprocessed lamiffl#ese results suggest that
improper lamina construction impedes the recruitnoéproteins required for DNA
response and repair, which closely parallels mashamnin progeria-like syndromes that
arise from mutations in DNA repair enzymes (Liu, Wjaet al. 2005).

In progeria patients, the lamin A precursor, pretaf lacks a cleavage site that
removes the last 15 AA of the prelamin allowingifesertion into the nuclear lamina
(Hennekes and Nigg, 1994). This lack of proceskages the protein, now referred to
as progerin, anchored in the nuclear membranermgtise cascade of events leading to
premature aging (Capell and Collins, 2006). Theacstiral hypothesis implies thamna
mutations cause the nucleus to be more fragildtnegun cell death and progressive
disease in mechanically stressed tissues (Zwddgeret al. 2011), yet HGPS cells

exhibit stiffer nuclei as a possible result of prog buildup at the nucleus (Dahl,



Scaffidi, et al 2006). The gene regulation hypsihéstead states that a disrupted
interaction with tissue-specific transcription farst causes the onset of different disease
phenotypes (Worman, Fong et al. 2009). Epiderteah<ells depletion is seen in mice
with HGPS (Rosengradten, McKenna et al. 2011),iaisdoroposed that increased
turnover and abnormal differentiation of adult steslis along with increased mechanical
sensitivity may be the cause of stem cell deathrimnopathies. Identification of
additional models may assist in answering thesgneas of the nuclear lamina.

At the cellular level, HGPS causes a nuclear dyphmmogy in which multiple
protrusions, or blebs, alter the normal shape @htincleus. It remains unknown if a
direct relationship between perturbations in nucsape and rapid aging phenotypes
exists. Alterations in nuclear shape and prematgnmeg have been described in
mutations of genes that do not encode lamina cosmgersuch as the SWI/SNF
chromatin remodeling enzyme ATPase BRG1, whicluggested to control nuclear
shape by internal nuclear mechanisms that contir@neatin dynamics (Imbalzano,
Cohet et al. 2013), and the DNA repair nuclease EREZPF, which causes a progeria
like phenotype but is poorly understood (Choi, Wahgl. 2011). Since mutations in
BRG1 and ERCC1-XPF have both been associated apid aging phenotypes, this may
indicate that there is a unique relationship betwiamina structure and aging, perhaps

related to chromatin organization at the lamina.



dtopors: A Drosophila model for Progeroid disease?

Here, | am interested in examining mutations ireaegin the male fruit fly
Drosophila melanogaster that in some ways phenocopy aspects of HPGS. gems,
calleddtopors (Drosophila Topoisomerase I-binding arginine/serich protein) results
in nuclear dysmorphology similar to that of HGPEhe dTopors protein is a component
of the nuclear lamina (Capelson and Corces, 2@0),s expressed in all cell types
examined, yet nuclear shape changeftopors mutants seem to be limited to male
germline cells (Matsui, Sharma et al. 2011). Tmgue role for dTopors in
spermatocytes remains unclear.

The ppors gene is conserved in multicellular eukaryotes, lamiologs have
been identified in mammal including human and moudeman Topors (hTopors) was
first isolated and identified by an vitro screen for topoisomerase I-binding proteins and
alteration of function in humans (Haluska, Sale¢ml.€1999). hTopors was also
identified as p53BP3, a protein that interacts w3 (an important component in cell-
cycle control, gene regulation, and tumor suppoggsn vivo (Zhou, Wen et al.1999),
and LUN, a protein encoded by an mRNA highly expeelsin normal human lung tissue
(Oyanagi, Takenaka et al. 2004). Fly, mouse, amdam Topors all contain a single
RING finger domain at the amino-terminus, two bipj@muclear localization sequences
(NLS) near the middle of the protein (Haluska, 8aleet al. 1999), numerous PEST
sequences present at the N terminus, C termindanaidle of the protein, an
arginine/serine rich (RS) region of unknown funet{@hou, Wen et al. 1999; Chu,
Kakazu et al. 2001; Secombe and Parkhurst 200gu(&i1). There is high conservation

4



of the RING domain of both dTopors and hTopors wigmbers of the viral ICPO
protein family (Weger, Hammer et al. 2002). Th&&lIfinger domain is associated with
DNA-binding and ubiquitin ligase activity (Rajen¢gialegaonkar et al. 2004). The
PEST domains are involved in protein degradatiaggesting that Topors has a short

half-life (Zhou, Wen et al. 1999).

PEST RING PEST PEST NLS RS REGION PEST PEST

Human Topors — 1045 Amino Acids

RS REGION
RING PEST PEST NLS PEST

Drosophila Topors — 1038 Amino Acids

Figure 1. hTopors and dTopors domain structurepasison. (Modified from Secombe
and Parkhurst 2004)

hTopors encodes 1045 amino acids (Weger, Hammer et aB)20@ maps to the
short arm of chromosome 12 (Zhou, Wen et al. 1989)ppors is ubiquitously expressed
in humans somatic and germline tissues (Chu, Kakaal 2001). In addition to
interaction with transcription-regulating Topoisaiaee |, a yeast two-hybrid screen
showed hTopors interacts with two adeno-associatad AAV-2-REP proteins
enhancing AAV-2 gene expression (Weger, Hammek €082) and with p53 (Zhou,
Wen et al. 1999). Botim vitro and murindn vivo studies showed that hTopors functions
as an E3 ubiquitin ligase in a RING domain-depehdsmner and both mono- and
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polyubiquitinates p53, leading to its proteasompethelent degradation (Rajendra,
Malegaonkar et al. 2004). hTopors immunoprecipgatith p53 in COS -7 cells and
overexpression of mTopors enhances the p53-depegdemth suppression of tumor
cells in H1299 cell line by stabilizing p53 andri@asing its ability to limit cell growth
(Lin, Ozaki et al. 2005). Contradictory to hTopatsquitinating p53 for destruction,
overexpression of hTopors stabilizes p53 possiplgeulting in the interference of the
ubiquitination pathway or activation of sumoylatipathway.

hTopors was the first protein identified to havalddBUMO-1 and ubiquitin E3
ligase activity (Weger, Hammer et al. 2003; Rajentitalegaonkar et al. 2004). A
RING domain-independent hTopors can both sumogdéeget protein and be
sumoylated itself on one of three specific lysiesidues (Weger, Hammer et al. 2003).
Known targets of Topors sumoylation include muéipltes on topoisomerase |
(Hammer, Heilbronn et al.2007), chromatin modifyargd transcription regulating
proteins (Pungaliya, Kulkarni et al. 2007), and EK¥hich is activated in response to
DNA damage (Renner, Moreno et al. 2010). Topbiquitinates the transcription
factor NKX3.1 which slows the cell cycle and calbgth in prostate tissue (Guan,
Pungaliya et al. 2008), and it also ubiquitinat@\M which leads to phosphorylation of
H2AX, an epigenetic marker for DNA damage (Seommia al. 2012). Phosphorylation
of serine 98 on hTopors abolishes the ubiquitimasictivity of hTopors while rendering
no effect on sumoylation activity suggesting thegghorylated serine functions as a

switch for hTopors effect on substrates (Park, ghetral. 2008). Furthermore, the



phosphorylation of serine residues on hToporsgsleged by Polo-like kinase 1 (PLK-
1), (Yang, Li et al. 2009) leading to its destrant(Yang, Li et al. 2012).

In flies, dTopors functions as an E3 ligase hattitro andin vivo but activity in
sumoylation remains has not been demonstrafete of its ubiquitination targets is
Hairy, a transcriptional repressor involved in eyaoric pattern formation. dTopors
directs ligation of ubiquitin chains on Hairy, mang it for destruction by the proteasome
(Secombe and Parkhurst 2004). An additional fancatinique to dTopors is the ability
of the RING domain to interact with two of the ten@major protein component gypsy
chromatin insulators, improving their enhancer king and gene shielding activities
(Capelson and Corces 2005). dTopors has been sioowgulategypsy insulators in a
dose-dependent manner. Insulator function is gegtbwhen dosage of dTopors is
reduced (Capelson and Corces 2005; Matsui, Sharala2011), but surprisingly flies in
which dTopors is eliminated show wildtype insuladctivity in genetic assays (Matsui,
Sharma et al. 2011). Knockoutsgypsy insulator components known to bind chromatin
are rescued bgttopors overexpression, suggesting that dTopors may plajean the
binding ofgypsy insulator complexes to their target sequences (€apand Corces
2006).

In addition to possible differences in functiorg fty and mammalian Topors also
show some differences in intracellular localizasiorstaining of hTopors in lung
carcinoma cells reveals a punctate nuclear lodaizghat correlates to PML
(Promyelocytic leukemia) nuclear bodies (NBs). PNIBs are structures in the nucleus

that include many proteins involved in growth, ajesgs, and transcription-regulating



proteins, and the PML protein is required for hTigpo bind to the PML body (Rasheed,
Saleem et al. 2002). hTopors induces the rela#iz of SUMO-1, SUMO-1 bound
target proteins (Weger, Hammer, et al. 2005), NK{&uan, Pungaliya et al. 2008), and
IKK-e (Renner, Moreno et al. 2010) to these NB @irostorehouses in the cell. The
exact function of PML bodies remains unknown. hdrgpdissociates from NBs to a
diffuse pattern in the nucleus with the additiortred transcriptional inhibitor DRB and
the apoptosis-inducing compound camptothecin (RasHealeem et al. 2002) suggesting
hTopors may have an additional role in DNA damagpair pathways.
hTopors mRNA and protein expression is readily detéin most human tissues with
highest quantities in the colon, lung, kidney atetine tissue. Colon adenocarcinoma
samples express lower levelshdiopors mRNA and hTopors while regular and benign
adenoma colon tissue express normal levels of WBSaleem, Dutta et al. 2004), and a
similar result is seen in mouse when mutated muadpers (mtopors) caused a 7-fold
increase in tumor development (Marshall, Bhaumi&le2010). mtopors mutant
embryonic fibroblasts, pMEFs, display aneuploidg$bly linked to mislocalization of
HP1, which is required for cohesin recruitmentéatcomeres mtopors male and female
mice are fertile suggesting mTopors is not needegérm line production, yettopors
mice have increased perinatal mortality, decreassgdht, and decreased lifespan
(Marshall, Bhaumik et al. 2010).

A recent study using normal murine mammary glansllyMG) cells and
embryonic murine dorsal epidermis cells found mTegdo not only localize to punctate

spots in the nucleus, but also to the cellulargbeniy in the cytoplasm of mitotic cells.



mTopors localizes with Sdc-1, a regulator of cetlvgth and regulator of proteins
involved with retinal deficiencies (Braun and DeYétaere et al. 2012).

The localization of mammalian Topors also showsutsand cell type specificity.
Specifichtopors mutations have been linked to autosomal domindimitie pigmentosis
(adRP), resulting in night blindness, peripheralom loss, and eventual total vision loss,
a disorder affecting approximately 1.8 million wawlide (Chakarova, Papaioannou et al.
2007). There have been fitsopors mutations identified that result in this phenotype
and all mutations result in premature stop codomscade for incomplete, nonfunctional
hTopors (Bowne, Sullivan et al. 2008). In pig,use and human retina photoreceptor
cells, Topors localizes to the connecting ciliumgtion of the photoreceptor inner and
outer segments indicating a role in periciliary maery needed for cargo transport, yet
in retinal ganglion cells, Topors localizes to piate spots in the nucleus except during
mitosis, where they associate with the centrosdbirakarova, Khanna et al. 2011).

In Drosophila, there are two main differences icelzation compared to its
mammalian counterparts. First, dTopors colocahgiis the nuclear lamins DmO and C
in both somatic and germline cells (Capelson ana€x2005; Matsui, Sharma et al.
2011), and second, dTopors localizes to gypsy atsubodies, which are chromatin
bound structures. The one similarity in localiaatis that dTopors is also seen in
punctate nuclear spots reminiscent of the locatinab PML bodies in mammals, but
this localization is limited to late prophase spatocytes in the male germ line (Matsui,

Sharma et al. 2011).



dtopors Phenotypesin Sper matogenesis and Aging

The male germ line idtopors mutant flies expresses a tissue-specific phenotype
resulting in improper lamina assembly and meiosisromosome transmission errors.
The number of progeny pedtopors male is significantly less than produced by wildtyp
males (Matsui, Sharma et al. 2011), atmpors spermatocytes exhibit nuclear blebbing
likely a result of a disrupted nuclear lamina.

Several lines of evidence suggest that dToporstifum@ male meiosis may be
dependent on its association with the lamina. HExation of testis squashes from
dtopors males revealed that spermatocytes have abnomgarflike protrusions
(blebbing) of the nuclear lamina and an unevempetear space (Matsui, Sharma et al.
2011). Antibody staining to bofrosophila lamin types, lamin DmO and lamin C, show
that indtopors males both lamins still localize to the nuclear il@amn however, lamin
staining of both types is abnormally distributerbtighout the intranuclear foci (Matsul,
Sharma et al. 2011). Quantitative western analgdisates that the nuclear blebbing is
not caused by changes in lamin protein abundanteather in the complete localization
and assembly of lamin into the nuclear lamina atriiaclear membrane. Additionally,
dtopors males exhibit a variety of meiotic defects inchglchromatin condensation
defects, anaphase bridges, centriole separati@ttdefand aneuploidy. These
phenotypes might be attributable to an unresolvedroatin/dTopors/lamina interaction
leading to a meiotic temporal defect or influencetgm cell fate.

Cursory examination aftopors male flies suggested that they may exhibit a
premature aging phenotype in the germ line (M. Miaasd J. Tomkiel, personal

10



communication). Here, | more thoroughly investegdtoporsflies to see if aging is
altered in a similar manner to the human progdsaate. Drosophila is an opportune
model organism in that numerous assays and reageistso assay both somatic and
germline aging. These tools may be beneficialetenine the relationship between the
nuclear dysmorphology and aging. | want to seéleafpremature aging is limited to the
germ line where the nuclear shape changes arevalosavith particular interest in stem

cells.
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CHAPTERIII

AGING IN DTOPORSMALE FLIES

Materials and Methods

Drosophila culture and stocks

The 21837 and Z452@&opors alleles originated from a collection of viable,
second chromosome ethyl methane sulfonate-induceations (Koundakjian et al.
2004) and were identified by virtue of high freqaies of chromosome 4 loss among
progeny of mutant fathers (Wakimoto et al, 2008he dtopors deletion allele,
Df(dtopors™) is courtesy of Susan Parkhurst. All other stocksanacquired from the
Bloomington Stock Center (www.flybase.org). Albsses and stocks were maintained

on standard fly food composed of cornmeal, molasgsst, agar medium at 25°C.

Dissection and tissue preservation

Flies were dissected in Schneider’s Insect Medikisher, Waltham, MA).
Testes were fixed in 4% formaldehyde in PhosphaféeBed Saline (PBS; 137 mM
NaCl, 10 mM Phosphate, 2.7 mM KCI, pH 7.4) for ghascroscope analysis or

prepared for indirect immunofluorescence as desdriielow.
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Testes phase contrast images

Formaldehyde-fixed testes were mounted on slideggred with two layers of
Scotch Magic tape on either side of the top ofdliee in order to not squash the tissue
with the coverslip. Testes from males of variogesaof five genotypes were analyzed.
Images of individual testes were captured on a Nikolipse E600 phase microscope

with a RT color camera (Diagnostic Instruments, klat2.2.1).

Indirect immunofluorescence and confocal microscopy

Testes were collected in Schneider’'s media an@diosie time in PBS, then fixed
in ice-cold methanol for ten min and rinsed thieees with 1X PBS. Primary antibodies
(lowa Hybridoma Bank, lowa City, lowa) were dilutegth 1X PBS with 0.1% Triton X
(PBST) + 1% bovine serum albumin (BSA) to the falilog concentrations: rat anti-vasa
1:200 (anti-vasa), mouse anti-fasciclin Il 1:.5@@0). Testes were incubated in primary
antibodies overnight at 4°C. The following daye thstes were washed in PBST three
separate times for thirty min each. Alexa FluoB Géat anti-rat and Alexa Fluor 488
goat anti-mouse secondary antibodies (Life Techgie&y Carlsbad, CA) were diluted
1:1000 in PBST + BSA. Testes were incubated insgary antibodies overnight at 4°C
and washes repeated. The cells were stained watiirhl 4,6-diamidino-2-phenylindole
(DAPI, Sigma) for one minute and mounted in 50%cghpl in PBS. For each primary

antibody, a minimum of five pairs of testes of egehotype were examined per age

group.
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Longevity assay

Flies were collected less than 24 hrs after eclosMials of ten male flies each
were set up and a total of 500 male flies for egmtotype were monitored. Every five
days, the flies were carefully transferred to a net of fresh food without using GO

Survivors were scored every fifth day until fortgyd of age.

Fertility assay

Ten male flies of each genotype were collectedtless 24 hrs after eclosion.
Wildtype female flies were removed less than elgbtafter eclosion to ensure virginity.
Ten vials per genotype were set up with an indiaidoale and five wildtype virgin
females less than two days old. Every three dagsmale fly was removed from the vial
under CQ anesthesia and placed in to a new vial with ffesd and five new virgin
females less than two days old. The females wkwed to lay eggs until Day 11 then
removed. Progeny of the cross were scored ungilI3a Males are transferred every

three days.

Negative geotaxis assay

A modification of a behavioral assay by D. Leffaland T. Grigliatti. (1984) was
used to assay the flies innate escape responsa to the top of a tube and sit upside
down. A single male fly was placed in a 15 cm tabe with a line, 10 cm from the
bottom of the tube, marked around the perimetére flibe was tapped to knock the fly
down to the bottom of the tube and a timer wasaitat. If the fly did not cross the 10

14



cm mark after two min, the trial was recorded ad ‘fibt complete.” Fifty trials of each

genotype at each age were recorded.

Innate immunity assay

Five ml cultures of bacteria were grown overnigiantrifuged and resuspended
in 50 pl LB. Ampicillin resistanE. coli were grown in LB plus 100 pg/ml ampicillirs.
aureus were grown in LB. Using a 31 gage needle, fliesennoculated via
microinjection into the center of the prescutuntlom dorsal side of the thorax. Flies that
died within 1 hr of injection were not scored. &sliwere scored for survival after 24, 48,

and 72 hrs. Control flies of each genotype wejected with an empty needle.

Satistics

Survival data were analyzed using 2 x 2 contingeasis to determine if
differences between were significant at each timiatp For tests of fertility, groups were

compared using Student’s T test.

Results

Testis size in dtopors males decreases at an earlier age

Cursory observations from M. Matsui and J. Tomkigjgested that testes size in
dtopors males seemed to shrink in size at a much yourggethan that of wildtype male
flies. Using phase contrast microscopy, | saw tibsties size seems to be diminished in
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dtopors males at an age as young as seven or eight dayd bls reduction is not seen in
male wildtype flies until somewhere between 30 4ddlays of age.

| analyzed at least ten male flies of the follogvgenotypes: wild type (Canton S)
+/+; homozygous for the a piggybac transpogimpors***® /dtopors®*°: homozygous
for a deletion of dtopor®f(dtopors™)/Df(dtopors™) (Secombe and Parkhurst 2004);
and two heterozygotetiopors®%/SM1, Cy andDf(dtopors™)/SM1, Cy. All were
collected < 24 hrs after eclosion and kept at reemperature (RT). At day one of age,
all the testes sizes appeared to be of the saméFsgure 2). At ten days of age, there
were no noticeable qualitative differences betwarer of the heterozygote classes and
wildtype (Figure 2). However, both tliopors mutant testes appear to have a slight
deviation in testes size. However by 20 days ef #ue difference between testes of the
topors mutant classes and the heterozygotes/wildtypeddmcomes more evident
(Figure 2). Theoporstestes were smaller, appear shriveled and look i@ evildtype

and heterozygote testes from males of 40 dayse{Rgure 2).
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Day 10 Day 20 Day 40

Wildtype

dtopors™ 113/
SM1, Cy

dtopors 113/
dtopors 1713

DffdTopors*:)/

SMI, Cy i g5
DffdTopors*)/
DfidToporst)

Figure 2. Phase contrast images of testes. The panel slepnesentative testes
illustrating size changes with age for flies of thdicated genotype. Notable changes
between wildtype and mutants occur at day 20.

Fecundity is reduced in dtopors males

Young male flies constantly attempt mating withgiirfemale flies and have the
physical ability to inseminate multiple femalesoime day and copulation by males
decreases with age (Miquel et al. 1976). Malelitgrand number of viable offspring

produced diminishes drastically by 12 weeks of @g®nomos et al. 1979). Sperm
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count does not seem to diminish until 40 days ef @yowse and Partridge, 1997), so
there is an apparent age-related change in physgpalbilities or behavior as males age.
Since mutations idtopors have been shown to lose volume in their testes at
premature age and produce fewer total offsprimgshyed male fertility to seedtopors
mutants’ ability to produce offspring leveled offaayounger age than wildtype. Eight
wildtype males, eighttopors*'**/dtopors®'*®* males, and eighdtopors®*°*/S\i1, Cy
males were monitored over 30 days and their offigpcounted. Within the first six days,
fewer offspring frondtopors males vs. wildtype andtopors®%/SM1, Cy heterozygotes
were detected (Figure 3) (Table 1). | normalizesigrogeny produced between
genotypes by dividing the original number of progenoduced from 0-6 days of age by
the amount of progeny produced in subsequent spada ranges. Between the age of
seven and twelve days oldtppors males only produce 26% the amount of offspring they
did from sexual maturity to six days old, wherealsitype and heterozygote flies
produced 77% and 93% of the original offspringpessively (Figure 4) (Table 1). The
trend continued from days 13 to 18dkgpors males only produced 6% of their original
number of offspring, whereas wildtype and heterotgg flies produced 70% and 61%
their original number of offspring, respectivelyigére 4) (Table 1). During the next age
range from 19 to 24 days oldtoporsflies produced zero offspring, whereas wildtype
and heterozygotes still produced 38% and 29% tregmal number of offspring,
respectively (Figure 4) (Table 1). All male fliegere monitored through 30 days of age,
and wildtype and heterozygote flies were still ddpaf producing offspring (Figure 3 &

4) (Table 1).

18



dtoporsflies exhibit high levels of nondisjunction as auk of chromatin
condensation errors during meiosis |. This resaleneuploidy and consequentially
fewer surviving progeny (Matsui, Sharma et al. 201Mo control for this defect, |
normalized progeny production between genotypesaboulating progeny production as
a percentage of the original progeny produced fdlam0-6 in each genotype. My data
support the conclusion thdtopors mutants produce significantly fewer offspring lasyt
age. Also, the data suggest ttimpors mutants lose the ability to produce offspring at a
much younger age because relative to wildtype,ftles percentage of original progeny
produced bytopors males on subsequent tested days dropped much faster
Table 1.Average number of F1 progeny produced from croséesldtype females to
dtopor §®***/dtopor §%**° males;dtopor §®**/SV1, Cy males; or wildtype males. Eight

males of each genotype were monitored over 30 @agsaverages and standard
deviations of numbers of progeny produced wereutatled for each six-day interval.

dtoporsf05115 dtoporsf03115/Cy Wildtype

Average | Standard | Average Standard | Average | Standard

Age of Male | #0of F1 | Dewviation| #ofF1 Deviation| #ofF1 |Deviation
0-6 22.0 24.2 177.8 58.9 182.0 44.9
7-12 5.7 74 165.3 24.4 139.3 19.8
13-18 1.3 1.8 107.6 70.4 127.9 76.7
19-24 0.0 0.0 51.3 38.7 69.3 36.7
25-30 0.0 0.0 13.6 253 41.8 50.5
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Figure 3. Average number of progeny +/- standaror giroduced by male flies of the
indicated genotypes. Eight males of each genotygre monitored over 30 days and
averages and standard deviations of progeny produeee calculated for each six-day
interval.
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Figure 4. Age-related decline of fecundity of miikes through day 30 of age. Eight
males of each genotype were monitored over 30 daybkthe graph displays the average
number of offspring produced for males of each agemalized to progeny produced by
0-6 day-old males.

Germline stem cell number in aging dtopors males

It was possible that the age-related reductioeaumdity ofdtopors males was

due to an inability to maintain or regenerate garenstem cells. The fly testis is

organized in a manner that facilitates direct exeatidon of the germ line as stem cells,

somatic cyst cells, and meiotic and post meiotiordjee cells, which appear spatially

ordered from the apical tip to the basal end oftéiséis. The stem cell niche surrounding
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the hub typically contains 9-15 germ stem cell$ toene into physical contact with hub
cells (Boyle, Wong et al. 2007). Previous studiesw that there is a 25% decrease in
germ stem cells in wildtype male flies by the ag8®days (Wallenfang, Nayek et al.
2006), which was compared ditopors stem cell counts.

The fly testis is organized in a manner that featdis direct examination of
germline stem cells, somatic cyst cells, and meiatid post meiotic germline cells. The
apical tip of each testis has a stem cell nichéatoimg a set of 9-15 cells called the hub
to which germ stem cells (GSC) adhere (Boyle, Weingl. 2007). GSCs undergo an
asymmetric division resulting in one cell remainagginst the hub to keep stem cell
identity, whereas the other cell becomes a goraatlwhere it develops a spectrosome
and begins differentiation. The gonialblast issunded by two cyst cells which also
adhere to the hub and divide asymmetrically. Gbtaats divide four times to form a
cluster of 16 different interconnected spermatogadhnat enter meiosis soon after the last
mitotic division. Older spermatogonia and sperrogies are shifted to the basal end of
the testis as new stem cell divisions occur froetthb (Cheng, Tiyaboonchai et al.
2011).

To assay for premature germ cell lossitiopors, | dissected wildtype,
dtopor §®**° homozygotesdgtopor s*°1*°/SM1,Cy heterozygotes, ardtopors®*%/+
heterozygotes that were less than one day olchaitdgs old. The ten day timepoint was
chosen becaustopors males showed a significant reduction in progenylpotion by
this age. Anti-fasciclin Il was used to stain thembrane in the hub and Vasa

antibodies were used to stain the cytoplasm of tyeencells and provide visual
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identification of cell type (Wong and Jones, 201&ermline stem cells, which were
identified as cells positive for Vasa staining thatre in contact with hub cells, were
counted in at least five different testes per ggmet All genotypes examined had similar
numbers of germline stem cells at both days te$tegire 5) (Table 2).

Data suggests there is no significant reductiogeirm stem cells that occurs early
in life in dtoporsflies.

Table 2.Germ stem cell counts per testis on Day 1 and Magfhge. Averages and
standard deviations were calculated from five irdtiial testis per genotype at each age.

Wildtype dioporsf05115/SM1, Cy | dtoporsf05115/dtoporsf05115
Average # | Standard | Average # Standard Average # Standard
Age of Cells Deviation of Cells Deviation of Cells Deviation
1 Day 8.2 0.84 8.0 0.71 7.2 0.45
10 Days 7.4 0.55 74 0.55 6.8 0.84
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Figure 5. Confocal fluorescent micrograph of a dag olddtopors®* /dtopor s
testis. Panel A - germ cells stained with anti-VVd&mnel B - hub cells stained with anti-
Fasciclin 1ll; Panel C — DNA stained with DAPI; Ram overlay of anti-Vasa (Red),
anti-Fasciclin 11l (Green), DAPI (Blue). Asterisksdicate germ stem cells in contact

with the hub (D).
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Lifespan is decreased in dtopors males

Longitudinal studies of aging idrosophila have led to many discoveries
regarding conserved genetic pathways and commaroanvental factors that influence
lifespan (Kenyon, 2001). In assaying rapid ageatesl functional phenotypes associated
with dtopors, it is pertinent to know if the overall life spahthe flies themselves is
shortened.Drosophila melanogaster wildtype flies have a maximum lifespan of 50-80
days (Grotewiel, Matrtin, et al. 2005), and | wantedetermine if theltopors mutation
would lower this lifespan maximum in a controlled/gonment.

To compare lifespans, | collected 500 males (terviad), < 24 hours after
eclosion (emergence from pupa casing), of theoilg genotypes: wild type (Canton S)
+/+; homozygotesitopor s /dtopor %, and heterozygotettopor s°°/SM1,Cy.

To keep environmental stress to a minimum, theecbtin day was the only time that the
flies underwent carbon dioxide anesthesia. Onliemaere used, and flies were not
allowed to mate during their lifetime. Flies wéransferred to fresh food every five days
and the same food batches were used for all gee®typhe survivors were scored every
five days. | realized early in the experiment tihetdtopors°°*>/SM1,Cy heterozygotes
dominant wing defect was causing the flies to bezginck in the food and on the side of
tube. Since these premature deaths were a résrbther phenotypic defect other than
dtopors, | discardeditopors®***/SV1,Cy class data from the experiment.

| followed the survivorship through 40 days of ag&ce that age falls before the
maximum life span age, and therefore many wildtifies should still be alive at this
point. After the first five days of life, there wao significant difference between
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wildtype anddtopors (Figure 6) (Table 3P < 0.05) However from day six on, there was
a significant difference between wildtype atidpors at every five day period (Figure 6)
(Table 3,P < 0.05). Theltopors male flies perish at a faster rate with over 4G%mhe
flies dead by 40 days of age, whereas the corltesl $till had over 80% of flies alive at
day 40 (Figure 3).

The data shows that the rapid aging phenotypegiassd withdtopors
negatively affect the overall longevity. The sigrant difference between the viability
of wildtype anddtoporsflies in the same controlled environment beginea$y as six

days of age and continues through the test agé days.

26



Table 3. Lifespan afitopors males. 500 male flies (ten per vial) per genotypee
scored for survival every five days. At ten dayage, there is a statistically significant
difference between the number of wildtype atmpors®***/dtopors®**° survivors p <
0.05).

dtopors™ 113/

Wildtype dtoporsV>113
Day 0 500 500
Day 5 496 491
Day 10 488 467
Day 15 484 447
Day 20 476 414
Day 25 473 382
Day 30 463 339
Day 35 437 316
Day 40 412 292
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Figure 6. Survivorship curve ofitopors®**%/ dtopors®™° and wildtype flies. 500 male
flies per genotype were scored for survival everg tlays. Survival of the two
genotypes significantly differed at ten days of agd on every subsequent day tested.

dtopors males show an age-related decline in negative geotaxis

Negative geotaxis is a locomotor behavior and meatape response that causes
flies to climb against gravity to the top of theantainer. The flies complete this
response by running up the side of the containkigtwprovides an opportunity to assay
the correlation between behavior and/or physicdityaland aging. Miquel et al. (1976)
first reported that the percentage of flies that ich a pre-determined height on a
container wall declines with age. This declin@eagative geotaxis also is correlated to
varying temperatures, which indicates the senescehfty negative geotaxis is related to

physiological age and not chronological age (Helfand Rogina, 2000).
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To see if a mutation idtopors has any effect on flies’ ability to perform negativ
geotaxis, | used a modified version of Miquel et(4876) locomotory assay. Male flies
of the following genotypes: wildtype (Canton S) :dtopors®** /dtopors®>;
Df(dtopors™)/Df (dtopors™), dtopor§°**°/ Df(dtopors™) and adtopors®''%/+ were
collected < 24 hrs after eclosion and kept at re@mperature (RT). | also tried assaying
the dtopors®*°/SM1, Cy heterozygote, but unfortunately the dominant phgpiot
markerCy on the balancer chromosome in the heterozygotesaapg to interfere with
the assay. | noticed that the curly wing phenotyps having a negative effect on flies’
ability to complete the climb to the top of the eéulall, even in very young flies.
Therefore, | eliminated this dataset from our asigly

Wildtype flies ancttopors®**°/+ both completed the task of reaching the mark in
less than two min both at day one and day ten aftiesion. dtopor s*°***/dtopor %%
anddtopors®%/Df(dtopors™) both showed a significant reductionringative geotaxis
on day one as only 80% and 82%, respectively, cetaphe task (Figure 7) (TableR<
0.05). Df(dtopors™)/ Df(dtopors™) displayed a reduced percentage of flies completing
the task at day one as only 88% complete but ismsignificant decrease. At day ten,
the trend is even worse fdtopors®**/Df(dtopors™) anddtopors®'**/dtopors '™ as
only 56% and 52% of flies complete the task, wheBfédtopors™)/ Df(dtopors™) do
not show a significant decrease in percentagdie$ that complete the task from day
zero to day ten (Figure 7) (TableRi< 0.05). Wildtype flies andtopors®**/+ both

showed a significant age-related decrease afteRdaf age as only 86% and 78%

completed the task (Figure 7) (TableéP4 0.05). Only 30% offtopors >/
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dtopor§®**°, 429 ofdtopor §®**°/Df (dtopors™), and 48% of Df(dtopors™)/
Df(dtopors™) completed the task at 20 days of age, a signifieuction compared to
wildtype anddtopors®'%/+ at 20 days of age (Figure 7) (TableP4 0.05). Even
though wildtype flies exhibit a decrease in negatjeotaxis at day 20 of agiopors
mutants exhibit a decline in negative geotaxis femtosion and it seems to diminish at
an abnormally faster rate over time.
In summary, a decrease in negative geotaxis oatatran earlier age mtopors
flies than in wildtype. This data suggests thatéhs either an accelerated senescence of

either musculature or neural responsetopors.
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Table 4. Decline of negative geotaxis dtopors males. 50 flies per genotype were
tested at one, 10, and 20 days of age.

Wildtype (+/+)

DfidTepors™ )/DffdTopers™*)

Dayl | Day10 | Day 20 | Dayl | Day 10 | Day 20
0 0 7 6 8 26  |# Flies Did Not Complete
12.96 8.18 1495 17.86 14.55 1583 |Average Completion (Sec)
10.14 345 17.92 16.91 13.26 14.82 |Standard Deviation
100.0% | 100.0% | 86.0% | 88.0% | 84.0% | 48.0% |% Flies Complete
rimparsﬁ I rir.oparsﬁ mjfl')ff dT .f.:ga:rr.f:t;rsA“j )
Dayl | Day10 | Day 20 | Dayl | Day 10 | Day 20
0 0 11 9 22 29  |# Flies Did Not Complete
14.64 7.20 23.67 23.24 2396 36.29 |Average Completion (Sec)
16.09 7.22 19.49 17.21 14.65 22.12 |(Standard Deviation
100.0% | 100.0% | 78.0% | 82.0% | 56.0% | 42.0% |% Flies Complete
rimpors‘m Sai3 firitapars‘m a3
Day1l | Day 10 | Day 20
10 24 35 # Flies Did Not Complete
19.24 16.62 21.67 |Average Completion (Sec)
10.04 18.88 15.63 |Standard Deviation
80.0% | 52.0% | 30.0% (% Flies Complete
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Figure 7. Average number of flies that complete the negajietaxis assay. Fifty male
flies of each genotype and age were tested andge®emere calculated based on the
flies’ ability to complete the task.

Innate immunity is decreased in dtopors males

Drosophila have innate immune systems that consist of maltiefense
mechanisms including the production of antibactgnateins (DeVeale et al. 2004).
Gene expression of these immune system proteinsases as flies age, inferring that the
actual function of the immune system decreasestover(Grotewiel, et al. 2005). One
specificDrosophila antibacterial protein diptericin peaks at six &fter inoculation with

live bacteria and is maintained at high levelsableast 48 hrs in one and two week old
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flies. This response time is longer in three and fwveek old flies (Zerofsky, et al. 2005).
Yet, total diptericin expression after inoculatisrmaintained at high levels in one to
four week old flies with the highest expressiorthia four week old flies. The initial
response time to bacterial infection in flies dases with age causing flies to be unable
to clear the live bacteria, which promotes peraisitgfections and antibacterial gene
expression (Kim et al. 2001; Zerofsky, et al. 200B)osophila innate immune response
occurs by both a Toll-like receptors (TLRs) depenig@thway, which controls host
defense of gram-positive bacterial infection ankL® independent pathway which
controls host defense of gram negative bacteriattion. | tested both these pathways
for dtopors related premature aging defects.

To determine if innate immunity is compromise@atounger age idtopors
mutants, | assayed the ability of mutants to s@rwnfections with live bacteria. At least
30 flies of the following genotypes: wild type (3/-topors®** /dtopors®>: and
dtopors®°/S\i1, Cy at day 1, 15, and 30 since eclosion were injecté either the
gram-positiveStaphylococcus aureus (S. aureus) or the gram-negativiescherichia coli
(E. coli). A mock injection was performed on at leastftess of each genotype and age
group and no significant loss of life occurred frdme injection alone (data not shown).
At day one of age, there was a significantly loaeerage number of survivors Bf coli
injecteddtopors®*/dtopors®*° compared to wildtype andtopors®'*/SM1, Cy (Table
5A, P < 0.05) at all three time points. At day one oé dipere was a significantly lower

f05115
S

average number of survivors 8faureus injecteddtopors®*/dtopor compared to

wildtype but no difference betweetopors®/dtopors® anddtopors®*/SM1, Cy
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(Table 5B,P < 0.05) at all three time points. At 15 days o atpere is only a significant
difference between the average number of wildtypedtopor §%*°/dtopor %
survivors after 48 hours of injection wikh coli. At 15 days of age, there is no
significant difference between the average numbwiildtype and
dtopor §®**°/dtopor §®**° survivors after injection wit!s. aureus (Table 5B,P < 0.05)
There was a significant difference between theayesurvivors of wildtype and
dtopor §®**/dtopor §®**° mutants injected witE. coli andS aureus at 30 days of age
only at 72 hours after injection (Table 5A & 5B< 0.05). This trend is the same for
dtopor §®***/dtopor §®**° anddtopors®*%/SM1, Cy (Table 5A & 5B,P < 0.05). The data
does not support the expected age-related dedifies’ ability to survive infection with
either bacteria strain in wildtype flies (Figure 8)

Prior research witBrosophila and innate immunity to bacteria provides data that
as flies age, their immune system weakens (Grotegtial. 2005), but this age-related
decline was not evident in my data. | did findtttk@pors°>'**/dtopors*®*** flies have a

lower initial immunity.
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Table 5. Average survival of flies injected with bacteriBata shows percent of flies
alive at 24, 48, and 72 hours post-injection wil gram negativé. coli or (B) gram

positiveS aureus.

A Injected with E. coli

1 Day Old 24 Hours |48 Hours |72 Hours
Wildtype 69.1%| 61.8%| 56.4%
dtopors™™ 17 /SM1., Cy 70.9%| 673%| 63.6%
dtopors™ 11 Jdtopors™ 17 | 38.0%| 36.0%| 30.0%
15 Days Old 24 Hours |48 Hours |72 Hours
Wildtype 53.8%| 28.8%| 28.8%
dtopors™ 17 /SM1, Cy 79.6%| 70.4%| 38.9%
deopors™ 112 r’drapars'mﬂ 1 60.0%| 509%| 273%
30 Davs Old 24 Hours |48 Hours |72 Hours
Wildtype 80.0%| 57.1%| 51.4%
dtopors”™ 7 /SM1, Cy 85.7%| 78.6%| 69.6%
dropors™ 1 jdtopors™ | 64.5%|  51.6%| 22.6%
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B Injected with S. aureus

1 Day Old 24 Hours |48 Hours |72 Hours
Wildtype 76.4%| 36.4%| 23.6%
dtopors™' 13 /SM1, Cy 70.6%| 333%| 15.7%
dtaparsm s ”fdraparsm oy 61.5%| 250% 9.6%
15 Days Old 24 Hours |48 Hours |72 Hours
Wildtype 51.0%| 20% 2.0%
dtapors™*'% /SM1, Cy 69.6%| 18%| 18%
dtopors”’ j”jfdtﬂparsm = 39.2% 2.0% 2.0%
30 Davs Old 24 Hours |48 Hours |72 Hours
Wildtype 83.9%| 258%| 258%
dtopors™'1° /SM1, Cy 75.8%| 36.4%| 27.3%
dtopors”™'" jdtopors™'7 | 66.7%| 289%|  6.7%
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Figure 8. Average survival of bacteria-injected flies. \Wjide +/+,dtopors®**
/dtopor s anddtopor §®**°/SM1, Cy were injected and monitored after 24, 48, and 72
hours for mortality.
Discussion

Analysis of our results indicate that mutationsitopors can affect aging in both
the germ line and soma of male flies, however alidissues are equally affected. Germ
stem cell number does not appear to be reducegiaitrager age, yeadtopors testes
appear smaller and less full. Longevity and fedyratte shorted imltopors males as
there is a significant difference compared to witdt. Negative geotaxis also declines

faster. Innate immunity is initially lower itopors males, but no age-related decline is
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apparent. Rapid aging appears to be cell spesfito direct age-related correlation was
found betweemitopors and innate immunity to bacterial infection. Howewaur data
contradicts prior findings that thgrosophila immune system becomes less able to
defend bacterial infection over time (Kim et al020Q Zerofsky et al. 2005). Our data
also shows that a functional copydifopors is required for standard aging of fecundity,
mobility, and longevity in mal®rosophila. The decline in fecundity may be the result
of slower division of germ stem cells in the testis no differences in the overall number
of stem cells were observed. The difference inititplcould be attributed either to

neural or muscular senescence.

dtopors and the germline

The fly testis has evolved in an organized manreres functional spermatocytes
are a product of both mitosis and meiosis and aig from germ stem cells (Boyle,
Wong et al. 2007). A germ stem cell receives imdecues that causes it to divide and
one cell remains in contact with the control hublevthe other cell begins the
differentiation cascade to a sperm (Cheng, Tiyabbanet al. 2011). Nonfunctional
dTopors has previously been linked to errors inotiechromosome segregation, nuclear
lamina defects, and reduced fertility (Matsui, $haret al. 2011), and prior information
(M. Matsui, J. Tomkiel, personal communication) gested that the testesdibpors
males may lose volume earlier in life than wildtyjes.

Upon examiningltopors testes, there appeared to be no qualitative diiffer

compared to wildtype in the size of the testesraf day old flies. After ten days, there
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was a noticeable difference in the appearanceedtetstes of two differeratopors

mutants and wildtype, which were even more prevate80 day old flies whose testes
appeared more like wildtype testes of 40 day oltemaMale flies begin to lose sperm
count around age 40 (Prowse and Partridge, 199#albadue to the decline in stem cell
renewal within the niche which reaches a 35% |ldss wildtype males by 50 days of
age (Wallenfang, Nayek et al. 2005). Because Irsadifference in numbers of
germline stem cells in agetioporsflies, it is unlikely that the diminished testigzasi
results from a failure to replenish stem cells.

There are multiple possibilities to explain wiitppors males might retain
wildtype stem cell number, yet have diminisheddssize and faster fecundity. First,
some of the difference in testes volume could kesalt of higher levels of apoptosis due
to the nuclear abnormalities. This possibility icbie tested by performing TUNEL
assay ortopors and wildtype flies and compare the number of gierentells
undergoing death. If higher apoptosis is a coingpbthesis, it would answer why the
testes total area would appear to be lower thadtyye at each age but does not answer
why the area of the testes seems to decrease apdtyfage faster at each interval
examined. A second possibility is the differenoald result from slower stem cell
differentiation. The nuclear lamina defects maugiifere with the differentiation signals
sent to the stem cell, cyst cell or both. Thissgmity could be tested by knocking out a
component of the signaling pathway and see if ffezis are similar to whedtoporsis
mutated. A final possibility is that the germ gststem cells themselves undergo the

same types of chromatin/nuclear lamina defects kenin differentiation during
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prophase I. Unresolved chromatin interactionsa@sldw the ability of the daughter
stem and/or cyst cell to separate. LEM (LAP2, emé&1AN1) domain (LEM-D)
proteins are components of the nuclear lamina paiod work with a specific LEM-D
Otefin shows that mutations in the coding gene esilsss of germ stem cell in female
Drosophila (Barton, Pinto et al. 2013). Since dTopors ahderacts with the nuclear
lamina, perhaps stem cell loss could still be asipdgy and perhaps not evident in my
sample size.

dtopors male flies have been shown to produce fewer prptjean wildtype
males (Matsui, Sharma et al. 2011), and | wantetketermine if the declining testes sizes
seen would be associated with faster senescerfeewfdity. Wildtype males
reproductive capability become minimal by 12 weekage (Economos, Miquel et al.
1979), and this age-related reduction is not bexatisperm production loss (Prowse and
Partridge, 1997) but more likely a result of phgsianitations and/or behavioral
changes. We observed a diminished number of pyolyem dtopors males beginning at
sexual maturity, however there was also a subsidoss of fecundity much earlier in
life. dtopors males were completely sterile by 19 days of agsesibly from stem cell
differentiation errors, interference in signalirgtipways, neither or both. There is also
the possibility that behavioral responses agedihapausing flies to lose the physical
urge to mate, however madeopors flies were seen copulating past the date of gteril

As there are many parallel consequences of nuldeana disruption irdtopors
mutants and HGPS/laminopathies in humans, stuttyeojermline cells ibrosophila

may provide insight into why HGPS patients nevachesexual maturity (Varga,
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Eriksson, et al. 2006). It has been shown thaggna and age-related nuclear defects
also occur in human somatic stem cells causingdgsfiunction (Scaffidi and Misteli,
2008), so the possibility that rapid aging alsoursan the germ cells is likely. The
germline stem cells may be completely diminisheddéyual maturity, which would
explain failure to thrive. Another possibilitytisat in progeria the decrease in germ cell
production at sexual maturity may reflect a conedrevolutionary regulatory
mechanism. Mammals (Gu, Fan et al. 2011), fliesranndworms (Hsin and Kenyon,
1999) can all prolong life by depleting germ cethguction under varying conditions of
stress. This alteration of energy expenditurengltongevity in order to survive until
conditions betterC. elegans can reverse this effect and regenerate germ caksnw
conditions are stable (Hsin and Kenyon, 1999). ddrabined stress applied on the body
from the nuclear lamina defects and the destrudticauses may warrant regulation of
stem cell production, yet never regains germ stelhhgcowth because of the fatal effects

the nuclear lamina defects and cell instabilitysesu

dtopors and the soma

| wanted to see if there were also indicationsawfyeaging continued in somatic

cells ofdtopors mutants. As an initial assessment, | asked iféorty was negatively

affected bydtopors. | monitored 500 male flies of both wildtype adtdpors®**%/

dtopor %%

and found a significant decrease in lifespan @dtbpors mutants as only
58% ofdtopors males were alive after 40 days and 82% of wildtiyjes remained alive.

The average fly lifespan is 50 to 80 days (Grot&vixartin et al. 2005) so the premature

41



death rate is significant. This longevity testsloet specifically identify the somatic cell
types affected by the nuclear lamina disruptiamlaminopathies in humans, multiple
autosomal cell types are affected including butlimoited to adipose, dermal, and muscle
tissue (Varga, Eriksson et al. 2006), so it is fdsghat multiple autosomal cells are
affected indtopors mutants as well.

To better characterize specific autosomal cell $ygigected byitopors, |
performed tests of negative geotaxis, which iswaate response in flies that declines
with age (Miquel, Lundgren et al. 1976). | foum@tdtopors mutations cause premature
loss in ability to complete the task of negativetggis in male flies containing one of
three different mutations. Wildtype and heterozgdbes had a minimal loss of flies
able to complete the climb at age 20, which is etquesince the natural decline in
negative geotaxis begins as early as 14 days ofMigeiel, Lundgren et al. 1976).
dtopors had lower ability to complete the task from day.ofi@is suggests that loss in
geotaxis is not solely due to rapid aging sincerétte is lower from eclosion. However,
asdtopors males age, the rate of flies able to completdakle decreases much faster
than wildtype. There were also notable casettaglors falling to the bottom of the vial
during the trek to the top. There is slight vagatbetween the three differedtbpors
mutations which is likely due to sample size.

Revealing thattoporsflies lose the ability to fulfill the innate respsmof
negative geotaxis still leaves unanswered questitins not possible to tell from the
results of this test are caused by rapid agingugaular activity or behavioral

senescence. Loss of lamin COnosophila was recently shown to cause pupal
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metamorphic lethality due to tendon defects andateudefects. This phenotype closely
mimics the human laminopathy Emery-Dreifuss musadyatrophy (EDMD) which
occurs as a result of human A-type lamin mutatidndlies, the tendon defects could be
rescued by wildtypéamin C expression in tendon cells expressing the cyteskiel
protein Shortstop (Uchino, Nonaka et al. 2012)isTascue did not occur in skeletal
muscle cells suggesting varying roles for lamim®rosophila musculature. Since
laminopathies have been observed to affect the uhatsice, it is quite possible that
dtopors mutants suffer from rapid muscle breakdown whidubld explain why their
ability to complete the climb diminishes quickédditional muscular tests, such as total
distance traveled or flight duration, or more direxamination of muscle could be
performed to test this possibility.

It is also pertinent to analyze the possibilitytttieere is additional premature
behavioral senescence which would also play ainallee lack of ability to complete the
task. Since the flies did not lose total abildycomplete the task by 20 days old, perhaps
if it is a neural decay, it may not have as faseffiect on the flies. This possibility
mirrors the human disease of Parkinson’s, whichngural disease that causes premature
slowing of movement and trouble walking (Leroy, Bot al. 1998). As flies age they
incur natural deficits in behaviors such as locaomtolfaction, learning, and circadium
rhythm. These senesce at different ages throughtiys lifespan, and some are also
affected by varying temperatures and other enviemtal factors (Miquel, Lundgren et

al. 1976). Using a pattern of assays that haverdift initial senescence age ranges and
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adjusting environmental factors would provide miogght into the cause of the rapid

decline of negative geotaxis in mak®pors mutants.

dtopors and innate immuntity

Drosophila have an innate immune response to pathogens ingltite
production of antibacterial proteins, which atthelcteria and clear it from the fly’s
system. Since various transcriptional machiney @eptides are needed for this defense,
| was curious to see dtopors males were less able to survive bacterial infeciiod if
so, if this defense senesces faster over time. dDtieese fly antibacterial proteins
diptericin has been identified to be overly expeelsat around fly age of 28 days
(Zerofsky, Silverman et al. 2005) so innate immysgems to decline at this time.

| monitored flies after being injected with eithi&rcoli or S. aureus for their
ability to survive after 24, 48, and 72 hours. Tengerdtoporsflies appear to be less
immune to the bacteria than the wild type and loetggous flies, however there appeared
to be no age related rapid declinaioporsflies’ ability to survive the bacterial
infection. Also the wildtype flies injected with coli at 30 days of age survive better
than flies of 15 days of age. Since this resdfeds from that of previous work
(Zerofsky, Silverman et al. 2005), | think the sdengize of injected classes may have
been too small or unequal injection volumes of &aathave skewed this assay. No
evidence was apparent of age-related decreasaateitmmunity, but this assay should

be repeated with more proficient injection techeiqu
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dtopors: A Drosophila model for Progeroid disease?

Longevity, behavioral and motor function, and feditywall appear to rapidly age
when mutations initopors are present. dTopors is clearly necessary fortyykel nuclear
lamina formation and stability, which may be thépct of the aforementioned rapid
aging phenotypic anomalies. Preliminary resultsasthat innate immunity is not
affected but should be further investigated.

A correlation between rapid agingditopors male flies and laminopathies in
humans is possible. Rapid aging phenotypes in haméah HGPS are directly related to
disruption in the lamina composition. Despite fhet that hTopors has not been shown
to localize to the nuclear lamina, there are midtfpnctions for hTopors that are
mechanistically similar to dTopors. In humans, digpwvas shown to function as a
SUMO-1 E3 ligase for mSin3A and other chromatin ifyaglg proteins (Pungaliya,
Kulkarni, et al. 2007). Perhaps it is the effebtgors has on chromatin proteins that is
the key to the weakening of nuclear architectuit rsregulation of aging genes in
humans. Even though sumoylation activities for pidrs are not evident, perhaps
dTopors interacts with chromatin in a different manindtopors spermatocytes as well,
and the laminar localization of dTopors may playrole in the blebbing defects.
Laminopathies are still not well understood andiprieary results stated here are
encouraging thattopors mutant males may in at least some ways act as alrtwdtudy

nuclear lamina defects and corresponding rapidgaginenotypes.
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CHAPTER 11

CONSTRUCTION OF A DTOPORS/HTOPORS EXPRESSION VECTOR

Materials and Methods

Competent cells

The Scott-Simanis transformation protocol (M. Mendi, personal
communication) was used to prepare compdfendli cells. A frozen stock of DHbBE.
coli cells was streaked ond4, plate (Bacto-yeast extract, Bactotryptone, MgS@ .0,
pH 7.6, BactoAgar) and the plate incubated at 3&tmght. The following day a single
colony was picked and used to inoculate 3iml (Bacto-yeast extract; Bactotryptone,
MgSO*7H-0, pH 7.6) media and incubated overnight at 37°258trpm. On the third
day, the culture was transferred into 500m¥gfmedia and incubated at 37°C and 250
rpm for approximately two hrs until the @§greached 0.48. Cells were chilled on ice for
5 min and then centrifuged at 4°C and 6000 rpnbfonin. Cells were carefully
resuspended in 100ml of ice cold Tfbl (30mM potassacetate, 100mM Rb£110mM
CaCb * 2H,0, 50mM MnC}* 4H,0, 15% glycerol (v/v), pH 5.8) with pre-chilled
pipettes and placed on ice for 5 min. The celleevegyain centrifuged at 6000 rpm for 5
min at 4°C. The pellet was resuspended in 12.6fnde cold Tfbll (10mM MOPS,

75mM CaCl2*2H0, 10mM RbCJ, pH 6.5, 15% glycerol (v/v)) and placed on ice I6r
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min. 200 pl aliquots of the competent cells weoeesl in 2 ml Eppendorf tubes. The

aliquots were placed in liquid nitrogen before lgestored at -80°C.

Bacterial transformation

Tubes of 100 pl each of competent DH®IIs were thawed by hand and
immediately placed on ice. The expression pladdhNeé\ was placed in a tube of cells
and incubated on ice for 20 min. Cells were theatIshocked at 42°C for 2 min and
returned to ice. 100 pl of sterile Luria broth (LBacto-tryptone, Bacto-yeast extract,
10g NacCl, pH 7.0) was added to the tube and ineabfar 1hr at 37°C. Cells were then
plated on LB with Ampicillin plates (LB +AMP; Baciinyptone, Bacto-yeast extract,
NacCl, Bacto-agar, Ampicillin (final concentratiofi 200 pg/ml), pH 7.0) and incubated

overnight at 37°C.

Vector preparation

The bacterial artificial chromosome (BAC) attB-mj@an]-ApR-1245 (Venken,
He et al. 2006), henceforth referred tqopacman], is an eukaryotic expression vector
that expresses the ampicillin resistance gene anthinis a phiC31 phage attB site that
can be efficiently integrated by site-directed rabmation into the fly genome at a
specific attP sitep[acman] was obtained from the Drosophila Genome ResouecgeC
(DGRC). The frozen sample was used to inocula@ersOLB+AMP (100 mg/ml) +
BAC Autoinduction Copy Control Solution (CCS; Epiter, Madison, WI) and

incubated at 37°C overnight at 250 rpm. Cells weketed angb[acman] plasmid DNA
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was purified via QIAGEN plasmid maxi kit #12163 &Qen, Alameda, CA). Plasmid
DNA quantity estimated and DNA quality verified ar0.7% agarose gel. DNA was
guantified by a Nanodrop Spectrophotometer (TheBtientific) at an absorbance of

260 nm.

B
Rsrll Sfil Pacl AsiSI
893 bp 720bp | 3117 bp/
3135 bp
dTopors dTopors/
Promotor eGEP hTopors
l . MCS

13078 bp

Figure 9. attB-p[ acman] -ApR-1245 diagram. The subcloning scheme (A) and digest
specifics (B).

PCR amplification

DNA sequences corresponding to thi@pors promoter DNA, as predicted by
Berkeley Drosophila Genome Project (University afifornia, Berkeley, CA) was
amplified by PCR from a stock isogenic for chronmosed2. The Enhanced Green

Fluorescent ProteireGFP) cDNA was PCR amplified from pCasperhsGFPdToporsl-
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1038FL (Byungura, 2009), a modification of a comonaly available- pCasper plasmid
(Clontech, Mountain View, CA). Specific oligonuctate primers for both upstream and
downstream sequences were designed for each gdnesaa for amplification (Table 5).
PCR amplification cycling conditions were set atcy8les of denaturation at 95°C for 30
sec, annealing at varying temperatures (Tabler53@csec and elongation at 72°C for 30
sec. All primers were purchased from Eurofins M\W@@eron (Huntsville, AL). PCR
products were purified with a QIAquick PCR purifiice kit # 28106 (Qiagen, Alameda,
CA) and DNA quantity verified by agarose gel eleptroresis before and after

purification.

Gene cloning

eGFP cloning into the p[acman] vector

p[acman] purified plasmid DNA was digested wigil andPacl restriction
enzymes (Promega) respectively in two separate¢ioaaaunder standard conditions.
After each digestp[acman] was purified on an agarose gel to remove the uncut
molecules from the digest and purified with a Ql#xdugel extraction kit #28704
(Qiagen, Alameda, CA)eGFP DNA was digested with both enzymes as above but
purified using a QlAquick PCR purification kit. ffied products were quantified using
a Nanodrop spectrophotometer. Double diges@&P was ligated into the double
digestedo[acman] at the multiple cloning site (Figure 9A & B) usia@x ligase buffer
and T4 ligase (Promega, Madison, WI) overnightQ8t-125°C. Ligation products were
transformed into DH& competent cells and incubated on LB+AMP platesrugat at
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37°C. An individual colony was used to inoculateidLB+AMP media and incubated
overnight at 37°C at 250 rpm. Plasmid DNA was a&oted and purified according to the
mini-prep protocol (Del Sal, Manfioletti et al. 1®8with cetyl ammonium bromide
(CTab; 5 mg/ml) (Fisher, Hampton, NH) and lysozyieg/ml) (Sigma, St. Louis, MO)
and the DNA yield was quantified using a Nanodrnpgcsrophotometer. Successful
ligation was assayed by a diagnostic restrictiaryere digest withKpnl (Figure 9)and
separation of products by agarose gel electroplsoi@sest for the presence of tieFP
insert (Figure 10). The isolated mini-prep DNA vedso used as a template in a PCR
reaction with forward and reverse primersd@FP. An eGFP positive clone was
selected and used to inoculate 500 ml LB+AMP medamch incubated at 37°C overnight
at 250 rpm. The plasmid DNA was isolated and prdifising a QIAquick plasmid maxi
kit. The DNA yield was quantified using a Nanodsgectrophotometer and the plasmid

DNA sent to Eurofins MWG Operon for DNA sequencing.
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Table 6. Primer pairs and annealing temperatured isPCR amplification aftopors
promoter ancGFP.

Target
Sequence  |Restriction Site| Primer Name Primer Sequence (5' to 3")
dTopors
Promoter Rsril FdTopPro AACGGTCCGGGATCCAAATTATGACCA
72°C Sfil RdTopPro CTGGCCATTAAGGCCTCTGGCGACTATATAGCGGCT
eGFP Sfil eGFPF CTGGCCTTAATGGCCAAGCTTATGGTGAGCAAGGGCGAG
72°C Pacl eGFPR CATTAATTAACTTGTACAGCTCGTCCAT
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Figure 10.Diagnostic restriction enzyme digest of construgth Kpnl. Fragment
pattern shows successful ligatione®FP into p[acman] anddTopors promoter into
eGFP-p[acman] .

dTopors promoter cloning into the eGFP-p[acmaniaec

eGFP-p[acman| purified plasmid DNA was digested wiRsr Il and Sil
restriction enzymes (Promega) respectively in tejesate reactions under standard
conditions. After each digeg,acman] was purified on an agarose gel to remove the
uncut molecules from the digest and cleaned up avifiAquick gel extraction kit.
dTopors promoter cDNA was digested with both enzymes as@bait purified using a

QIAquick PCR purification kit. Purified productsewe quantified using a Nanodrop
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spectrophotometer. Double digestHapors promoter was ligated into the double
digestedo[acman] at the multiple cloning site (Figure 9A & B) usia@x ligase buffer
and T4 ligase (Promega) as above. Ligation predwete transformed into D5
competent cells and incubated on LB+AMP platesmigét at 37°C. An individual
colony was used to inoculate 4 ml LB +AMP media araibated overnight at 37°C at
250 rpm. Plasmid DNA was extracted and purifiecbading to the mini-prep protocol
(Del Sal, Manfioletti et al. 1988), and the DNA lgevas quantified using a Nanodrop
spectrophotometer. Successful ligation was assyeddiagnostic restriction enzyme
digest withKpnl and separation of products by agarose gel eleatregls to test for the
presence of théTopors promoter insert (Figure 10). The isolated miregpDNA was
also used as a template in a PCR reaction withaahand reverse primers fdfopors
promoter (Figure 11). ATopors promoter positive clone was selected and used to
inoculate 500 ml LB+AMP medium and incubated at@oVvernight at 250 rpm. The
plasmid DNA was isolated and purified using a Ql&#plasmid maxi kit. The DNA
yield was quantified using a Nanodrop spectrophetemand the plasmid DNA sent to

Eurofins MWG Operon for DNA sequencing.
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Figure 11. PCR reactions to test for ligation &f@rt into target location ip[acman] .

(A) Ligation of eGFP. (+) a positive control template, pCasperhsGFPoTsi 1038FL,
(-) a negative control emppfacman] vector and (clone) a positive clone. (B) Ligations
of dTopors promoter. (+) Positive control iso cn br genomic DNA, negative control (-)
is eGFP-p[acman] vector and (clone) a positive clone. The lowerdoaatated by the
red arrow is a product of non-specific binding.

Results

| have created a transgene that containe@#d® gene and the cDNA for the
predicted region of thdTopors promoter. Th&GFP gene lies downstream of the
dTopors promoter to ensure that transcription eGFP mirthiegpattern of endogenous
dToporsexpression. ThdTopors promotereGFP- p[acman] vector is prepared so
dtopors or htopors gene can be fused into the vector downstream gfrthioter to

produce d@opors-eGFP transgene.
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Discussion

Transgenes are useful tools because they can Heausdroduce foreign DNA
into organisms and compare differences with ottteashave the identical genetic
background save the transgene. Using transgeudegehicle controls, it can easily be
determined if the introduction of a wildtype germeescue phenotypes seen in mutants,
such as the aging effects seen here. Transgestealkdw expression in specific tissues
and developmental stages to determine where or vemeporally a protein is required
for wildtype function. Lastly, transgenes helpididy that phenotypes have occurred as a

result of a specific mutated gene and not in cactjon with another mutated gene.

A dtopors promoter-regulated expression construct

For future studies dbpors, | made progress in creating a construct that will
deliver a wildtype copy oditopors to dtopors mutant flies. By expressing a wildtype
copy ofdtoporsin adtopors mutant background, it can be determined whichifipec
age-related phenotypes can be rescued by a fuattiopy ofdtopors. By keeping the
genetic background identical, varying phenotypdwéen thedtopors mutant flies and
transgenidTopors flies can be stated with more confidence. Alsowactor is prepared
to have either a wildtype copy dfopors or htopors ligated internally downstream of the
dTopors promoter. Th&@GFP gene product can be used to study the localizatidne
wildtype copy of Topors in the mutatdpors background.

C. elegans germ line cells have been shown to regulate thgduity of life by
modulating pathways that regulate the ageing obtiganism (Hsin and Kenyon, 1999).
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Perhaps the somatic aging/germ cell defects segtopors males work in a similar
manner. The transgene will help answer some aquesstibout specific tissue/tissue
interactions since it can be used to express dEBapdatifferent tissues at different times.
By using regulate®rosophila promoters and other controlled gene expressionadsth
like the GAL4-UAS system (Brand and Perrimon, 1993¢ transgene can determine in
what specific cells and at what developmental ag@®pors required to rescue longevity
or any of the other rapid aging phenotypes.

As the phenotypes associated wdtbpors mutations are better understood,
Drosophila may serve as a model for better understandingemtiams between nuclear

structure and aging.
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