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SUMMARY

Horka®, a dominant negative mutation Bfosophila melanogastewas found out to (1) bring
about female sterility through the induction of@mosome tangling during both oogenesis and
the commencement of embryogenesisHa)ka" induces nondisjunction during
spermatogenesis and - through dominant paterredtefrenders the chromosomes unstable
such that they tend to be lost in the descendingrgos leading to the formation of diplo//haplo
mosaics, including th¥X//X0 mosaics, the gynandromorphs. The mutant phenstypgested
involvement of théHorka" identified gene of Drosophila in chromosome orgation and/or
segregation and initiated molecular analysis ofHbeka® identified gene.

The aim of my Ph.D. work was an understandinthefrole of theHorkal identified gene. In
order to achieve the goals, we first mappedHheka® mutation and confirmed its dominant
negative nature. We induced, through P-elementgentsis oforka’, phenotypic revertant
horkd” alleles. Thenorkd" alleles were used to (i) precisely locate the ified gene, (i) to
determine the mutant phenotype and (iii) moleculelbne the gene. The genetic and molecular
analyses clearly showed thaorka® and its revertant alleles identify tleelestar(lds) gene.
Combined genetic, molecular and cell biology efadvealed that the encoded Lodestar (LDS)
protein, which is one of the helicase-related tygpiethe proteins, opens the compacted
chromatin during the metaphase/anaphase trangitmnding thus appropriate condition to
remove, by a phosphatase, to the phosphate gronpHistone-3-Ser10 allowing thus the
decongestion of the chromatin upon the onset gblsense. It appears that LDS action also
establishes accessibility for the reparation enzsytoghe DNA. It appears that the LDS protein
is a component of the Checkpoint-kinase-2 pathwayensures the elimination of the nuclei
with damaged DNA, and thus LDS is a component efslystem that is engaged in the
maintenance of chromosome stability and genomalisgab

We also determined the nature of Haka® allele and learnt that a single base pair exchange
type mutation leads to the formation of therka” encoded A777T-LDS molecules. The slight
stickiness of the A777T-LDS molecules to the DNAds to all thaHorka® related defects.
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INTRODUCTION

Most of the factors required during early embryaggs are maternally provided in the animal
kingdom and there is very little if any zygotic geexpression during the onset of embryogenesis
(DERENZO and &YDoux 2004; TADROS and LiPSHITZ 2005). To genetically dissect the
commencement of embryogenesiPimsophila melanogastethere were a number of

dominant female sterild-§) mutations induced and isolated in the "Szabadrktbry” (ERDELY!I

and SABAD 1989; SABAD et al.1989). It was assumed that at least some dfsmeutations

that terminate embryogenesis at or shortly aftéilif&tion identify genes with important

functions during the commencement of embryogenklsiderstanding their molecular functions
well may reveal important features of the beginrohg new life.

Horka” is one of the early-defect-causiRgmutations (BRDELYI and $ABAD 1989; SABAD
et al. 1989). MoreoverHorka® brings about nondisjunction during spermatogerasisrenders
the chromosomes (all but the Y) unstable. The bhstzhromosomes tend to be lost in the
descending zygotes and thus there is a dominaetraeffect associated withorka® (Szabad
et al. 1995). Loss of the unstable chromosomes|aathe formation of diplo//haplo mosaics,
including theXX//X0 female//male mosaics, the gynandromorphs (Fi§zABAD et al. 1995).

(X stands for an X chromosome labeled with recessieen mutation(s), X for thilorka
derived X chromosome and 0 for lack of the X chreome.) In factHorka” has been used as a
“tool” to generate genetic mosaiczf8AD and NOTHIGER 1992{Zallen, 2004 #8; MLANYI et

al. 2008).

Horkd& has been reported to be a gain-of-function mutgto the following reasons. (1)
Following mitotic recombination induced in thiorka’/+ female germ line cells, perdurance of
the HorkaP-encoded mutant gene product prevents the martifestf theHorka’-free status of
the forming +/+ daughter cells RBELYI and ABAD 1989). (+ stands for the normal allele.) (2)
Horka® can be reverted to loss-of-functiborkd revertant alleles (&bELyl and $ABAD 1989).

To understand the function of tHerka’ identified gene, we mappétbrkal by duplications
and not only established its approximate locatiohabso learnt thatiorka® does indeed belong
to the dominant negative (antimorph) class of thie@-@f-function mutations. The dominant
negative nature dfiorka® shows that products of tiéorka® and the normal gene participate in
the same process and implies that the normal gexeigt fulfills essential function during early

Drosophila embryogenesis.
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Figure 1. Picture of aHorkaP-generated gynandromorph (A) and a haplo-4 mo&ic (
Drosophila. (A) The left part of the gynandromoipliemale XX) and does not show the
mutant phenotyges associated with the recessivkemianutations on th¥ chromosome. Upon
loss of theHorka™-derived X chromosome during early embryogenesisnptypes of thx-
linked recessive maker mutationg (vhite eyes ang, yellowbody appear in th¥0 male
regions of the gynandromorph (see also Nature @88, 613, 2006). Note that the line
separating th&X female and th&0 male regions runs randomly in the different
gynandromorphs. (B) While the bristles are nornmathe left side of the head and the thorax,
they are short and thin on the right side. Cellshenleft side carry two of thé"£hromosomes
each, and are normal. Cells on the right side aamty one 4' chromosome and show the mutant
phenotype of a haplo-insufficieMinute mutation.

To elucidate the molecular function of tHerka® identified gene we revertédorka® by P-
element mutagenesis and generdtedkd” revertant alleles, one of whichdrkd™) is a
functionally null allele. Making use of therkd" alleles we determined the position of the
locus, characterized the loss-of-function mutargrutype and cloned théorka -identified
gene. It has turned out - and was confirmed thraoghplementation analysis - tHdorka” and
its horkd revertant alleles identify tHedestar(lds) gene, a member of the Snf2 family of the
helicase-related genes.@vs et al.2006; GRDHAM and GOVER 1991; L et al. 1998).

Hork& originated through a single base pair exchangetiont G***>A. The consequent
replacement of A" by Tre altered the DNA-interacting protrusion sticat the A777T-LDS
molecules tend to disturb chromatin organizatitmpmosome segregation and render the

chromosomes unstable.
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It appears that the LDS protein is involved &l cycle progression from meta- to anaphase for
the following reasons. (1) Both the LDS and the AV-LDS protein is present on the meta-,
ana- and telophase chromosomes. (2) The mitotastaphe features associated with the
Horka® and thehorkd mutations are practically identical to those diéesat for the checkpoint
kinase mutants (BoDsKY et al.2004; LARocQuEet al.2007; TaAkADA et al.2003; WICHMANN
et al.2006). (3) The defects are restricted to the derenand to the cleavage divisions, as have
been reported for several genes engaged in cetlalaage surveillance, repair and the spindle
checkpoint mutants (MsAccHIO and S1LMON 2007). It appears thus that the LDS protein is one
of the several components that are engaged in #et@mance of genome integrity. Instability of
theHorka® exposed chromosomes may perhaps shed light aeltt®nship between
chromosome instability and the origin of solid tushas was proposed recentlyHGvpPsoNnand
ComPTON 2008).

MATERIALS AND METHODS

Horka®, the horka" and the Horka™ alleles

Horka® was induced by EMS on &&hromosome labeled with thewhand thee recessive
marker mutations (BDELYI and SABAD 1989). For explanation of the genetic symbolstkee
FlyBase at http:/flybase.bio.indiana.edu. Tioekd revertant alleles were generated through
second mutagenesis ldbrka’: thehorkd® allele by EMS (BDELYI and $ABAD 1989), the
horkd" alleles through P-element mutagenesis. For thectimh of thehorkd" alleles, dysgenic
Horka®/TM3, Sb Semales (in which the P-elements were hopping andhtitigve become
inserted into thélorka® allele) were mated witiM3, SefTM1, Mevirgin females. (The
dysgenicHorka®/TM3, Sb Semales were generated by crossingytotypeTM3, Sb SéTM65,
Tb females withP cytotypeHorka®/TM3, Sb Semales. These males descended from a cross
betweerP cytotypeCxD/ITM3, Sb Sefemales andHorka®/TM3, Sb Semales.) Since theM3,
Sb SefTM3, Serand theTM3, Sb SéTM1, Mecombinations are lethal, only thiorka®/ TM3,
Serand theHorka®/TM1, Meoffspring survive. The descending females wereethatith their
sibling males and screened for offspring product®nly thehorkd”/TM3, Serand the
horkd”/TM1, Mefemales give rise to progeny allowing thus a disstéection of thénorkd"”
mutant alleles. (To avoid the isolation of clustef&orkd" alleles, groups of ten dysgenic males
were mated witifM3, SefTM1, Mefemales and the descendants from the parallelesassre

screened separately.)
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Thehorkd" alleles are kept in balanced stocks. The P-eleineattion sites in theorkd"”
alleles were determined by a standarditu hybridization technique on salivary gland
chromosomes using DIG-labeled P-element DNA probe.

To remobilize the P-elements in therkd" alleles, we constructdwbrkd”/TM3, 42-3females
and males.{2-3 ensures constitutive production of transposadee)sb-calledHorka " alleles
(revertant alleles of thieorkd" revertants) originated most likely through preaseision of the
P-element from thorkd" allele. TheHorka™® alleles, which behaved &forka®, were used in
in situ hybridization studies on salivary gland chromosames

The chromosome destabilizing effecttdrka® and its revertartiorkd alleles was analyzed
in outcrosses witly v f malfemales and the extent of chromosome instabildg measured
through the frequency ofX//X0, female//male mosaics (gynandromorphs) among the
descendingXX zygotes (cf. (3ABAD et al.1995).

The Drosophila cultures were kept on 25°C.

The Horka®/+/Dp combinations

To decide about the naturetdbrka®, i.e. whether it is dominant negative (antimorph)
neomorph and about its approximate location, westtaotedHorka’/+/Dp females and males
by crossindDp(3;3YTM3 females withHorka”/TM3, Sb Semales.Dp(3;3) stands for 18
tandem duplications, which cover - bit by bit - tight arm of the § chromosome. The
descendinddorka®/+/Dp females were mated with wild type males and fatineir descending
embryos was monitored, the males were mated ywth malfemales and the subsequent
generation was screened ¥X//X0 mosaics.

Mapping the horka' alleles and complementation analyses

To locate théhorkd alleles and to determine the loss-of-function mugienotype, we
combined thédorkd alleles (and alsblorka®) with Df(3R)deficiencies and analyzed the
horkd/— (and also thelorka®/-) flies. (The- symbol stands for any of the deficiencies that
remove theHorka’ identified gene.) Thelorka®/- and thehorkd/- hemizygotes were produced
by crossingf(3R)dsx”/TM68, Thfemales witthorkd/TM68, Thor with Horka®/TM68, Tb
males. To decide whether therkd alleles identify a gene with already existing nmutalleles,

we carried out complementation analyses betvieekd and mutant alleles of the nearby genes.



Tamas Szalontai's Ph.D. dissertation 8

Immunostaining
To describe thélorka® and thehorkd associated mutant phenotypes, ovaries, testes and
eggs/embryos dflorka’/+; Horka®/— andhorkd™?/— females and males were dissected and fixed
according to Gonzalez and Gloverdf&zALEZ and G.OVER 1993). The stage 14 oocytes were
immunostained according to Tavosanis et ahv@sANIs et al. 1997). The eggs and the embryos
were prepared as follows. The chorion was remoye@lbrox. The dechorionated embryos
were fixed in a mixture of 1:1 4% paraformaldehydeptane or in a 1:1 mixture of methanol :
heptane. The vitelline membrane was removed suksdgby agitation in a mixture of heptane
and methanol. To block nonspecific staining, thédsms were incubated in 1% BSA (Sigma) in
PBST for 90 minutes at room temperature.

For immunological detection of the microtubuldege DM1A monoclonal anti-tubulin
antibody was used (1:1000, overnight at 4°C; T6B@ma). The LDS protein was detected by
polyclonal anti-LDS rabbit antibody raised agaitig& almost complete LDS protein, a generous
gift from David Glover’s laboratory (EbHAM and GOVER 1991). The anti-LDS antibody was
present in the serum from which the non-specifimgonents were depleted through
preincubation of the serum in dechorionated andameppermeabilized eggs lbrkd"?/—
females, which do not contain LDS protein. The-aliE antibody was applied at a 1:200
dilution in 1% BSA in PBST. Centrosomin, a centmogoprotein, was detected by the anti-CNN
antibody (HEUER et al. 1995), the RNA-plymerase by an anti-RNA-polymerasgbody and
Histone-3-Ser10P, a marker for the compacted chiiopiay anti-Histone-3-Ser10P antibody.

For immunological detection of the above pragthe embryos were incubated in secondary
antibodies, after treatment with the primary ardiles, for 3 hours at room temperature or
overnight at 4°C. The following secondary antibaedieere either anti-mouse or anti-rabbit IgG
(Sigma) and were labeled with FITC, Texas-Red @xAlFlour-633. To detect DNA, the
embryos were stained with DAPI following incubatiith the secondary antibody. Following
several rinses in PBST, the embryos and the testes mounted in Aqua PolyMount
(Polysciences Inc). The immunostained preparaticere analyzed either in an OlymaX3'1
fluorescent microscope with a cooled CCD cametthraugh optical sections collected in an
Olympus FV1000 confocal microscope.

We also prepared and analyzed cuticles of thd éenbryos as described in Wieschaus and

Nussleinvolhard (WESCHAUS 1989).

Cytoplasm injections
To decide about the naturetdbrka®, we injected about 300 picoliters of cytoplasm%-6f the

total egg volume) from eggs of wild-type (as thateol) and also from eggs eforkal/+
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females into the posterior region of embryos inchitthe microtubules were highlighted by
Jupiter-GFP and the nuclei by histone-RFRKKOVA et al.2006; £HUH et al.2007). The

donor embryos were at the most 30 minutes old aadhjected embryos were in thB-@1"
cleavage cycle of embryogenesis. Effect of theciejg cytoplasm was followed in time through
series of optical sections generated in an Olynif000 confocal microscope. The injections

were carried out on 25°C.

Germ line chimeras

To test whether thelorka® and thehorkd™?/- related defects originate from altered function of
the germ line and/or the soma, we constructedréifitetypes of germ line chimeras through the
transplantation of pole cells, embryonic precursis of the future germ line. The crosses from
which the donor and the host embryos originatedisted in the headings of Table 4. Pole cells
were collected from single blastoderm-stage dondsrgos and transplanted into two to three
host embryos, which were in the same stage. While gells do not develop in the embryos of
the tropomyosin-If* (tml19) homozygougemales, the somatic cells function normallREELY!

et al. 1995). Fs(1)K1237(also known asvd™) is an X-linked dominant female-sterile mutation
(KomiTopouLou et al. 1983; ERRIMON 1984). Although th&s(1)K1237+ host females do not
produce eggs of their own, their soma provides abenvironment for development of the
received female pole cells. We also transplantée pells ofy v f malembryos intdHorka’/+
andhorkd"%- hosts and analyzed the developing adults for tesgmce of the implantsdy f

mal germ line cells. The flies that developed follog/pole cell transplantation were mated with

appropriate partners (as described in Table 4}ested for germ line chimerism.

Inverse PCR

To clone the gene identified ijorka” and its revertartiorkd" alleles, we made use of the
inverse PCR technique and amplified DNA sequeneekihg the P-elements in three of the
horkd" alleles. Briefly, we isolated DNA fromorkd" carrying males, digested the DNA with
HinPI or withMspl. The digested genomic DNA was ligated overnight°’&, ethanol

precipitated and resuspended in distilled wateeré&hvere two PCR reactions conducted next.
In the first one, the outward primers were desigoaskd on the terminal sequences of the P-
element adjacent to the cut site. (The primersanmemarized in the Table 1.) Since the first PCR
did not usually yield sufficient amounts of DNA feequencing, a second so-called nested PCR
reaction was conducted using primers complememdesiightly more interior sequences in the

P-element (as described in the Appendix). Produets the second PCR reactions were
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isolated, purified and sequenced. In the sequeneiactions, we used the primers underlined in
the Table 1. Sequencing was carried out by theodiglenethod in an IBI automated sequenator
on both strands. Site of the sequences in the gengre determined based on the Drosophila

genome sequence PAMS et al.2000).

Table 1.Primers used in the inverse-PCR reactions

Nature

2 First PCR reaction Second PCR reaction
g | ofthe
& | primer
L
FOIWard| 5 ACTGTGCGTTAGGTCCTGTTCATTGTTS| 5'GATACTGAAGAATGGTGGACAAAGAGS
=3
2 | Reverse| 5 cACCCAAGGCTCTGCTCCCACAATS | 5CTCCAGTCACAGCTTTGCAGCAS!
Forward | g ATACTATTCCTTTCACTCGCACS' 5'GCATACGTTAAGTGGATGTCTC3
2R
E | oter | STGTCGTATTGAGTCTGAGTGAGS’ 5 TGATTAACCCTTAGCATGTCCG3'

Note: the underlined primers were used to sequiérecBCR products.

Molecular cloning and the sequencing offorka®

DNA of Horka®/— andmwh e(as the control) males served as template in afSER reactions
to produce DNA fragments for sequencing. The PGRgns were designed based onlthe
gene sequence available in the EMBL nucleotide esecpidatabase under the accession no.
X62629. Sequencing of the PCR products was caotikdby the dideoxy method in an IBI

automated sequenator on both strands.

Constructing the Horka" (TG") and theHorka® (TG"P) transgenes

To characterize thidorka® identified gene, we generatedHarka' transgeneTG') in which a
5.1 kb genomic segment included both the reguladad/the structural parts of this gene (see
Fig. 8). The appropriate 5107 bp genomic sequerasealoned into th€aSpeRrector with the
mini-whitemarker gene and a germ line transformant transdiere was generated ovt*'®
background by standard procedures. T transgene become inserted into tA 2
chromosome and is inherited as a single Mendelan TheTG' transgene was combined - in
appropriate genetic crosses - witbrka® (theTG'; Horka’/+ flies), with thehorkd (the TG';
horkd/- flies) and with théds mutant alleles to determine whether T@&" transgene can

overcome the mutant phenotypes associated withidnea® and with thehorkd alleles.
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To generate transgenes that citoyka” (TG™ transgenes), we PCR amplified a 5107 and a
5499 bp genomic segment that included the pronestéralso the structural parts of tHerka’
allele (see Fig. 8). The two transgene types cpomd to the twdds mRNAs that differ by
about 500 nucleotides in their 3' UTR ({®HAM and G.OVER 1991). The DNA was isolated
from Horka®/Df(3R)dsx° males. Stable germ line transformant lines wereegeed through

standard procedures. TR&™ lines are kept as the dominant female-sterile timuts.

Constructing transgenes that encode CFP- or RFP-tggd LDS or A777T-LDS

To make the LDS and thgorka® encoded A777T-LDS protein visible in confocal optic
sections, we generated - using standard techniqi@s™ P> TG FHP TG PSRFPTGHP-RFP
transgenes, which encode the formation of CFP (fyanescent protein) or RFP (red
fluorescent protein) tagged LDS or A777T-LDS chimenolecules. The CFP-tags are fused the
N, the RFP to the C terminus of the LDS and A77 DOSLchimeric molecules (see Table 5).

RESULTS

Horka® is a dominant negative mutation. Its mutant phengtpe suggests involvement of the
normal gene product in chromosome organization, stality and/or segregation

Although theHorkal/+ females deposit normal numbers of normal lookiggs (that are
fertilized as in wild type) the cleavage divisiais not commence inside over 90% of their eggs,
and when they do at the most a dozen or so scditbremosomes appear along with unusual
microtubule bundles (Fig. 2). Cuticle fragmentserdiorm inside the eggs of thorka’/+
females (Table 2). Abnormal segregation of the ctusomes is apparent already during both
the first and the second meiotic divisions, asalized in every of the egg primordia and in the
freshly deposited eggs of thiorka’/+ females (Fig. 2). In "weak” conditions, wheterka® is
present in a transgene, tHerka® encoded and RFP-tagged mutant protein molecudgidnt

all the chromosomes and also the chromatin brittgggsnterconnect the interphase nuclei (Fig.
3). The mutant phenotype suggests an involvemethieddorka” identified normal gene product

in chromosome organization, stability and/or segtieg.
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Horka®/+ horke™4/—

wild type

First meotic
division

Second meioti
division

Cleavage
divisions

Figure 2. Meiotic and cleavage divisions in the wild typtgrka®/+ andhorkd”%/— females. In

the optical sections the microtubules appear iemgréhe centrosomes and the spindle pole
bodies in red and the DNA in blue. Detachment & ohthe spindles (encircled) is a typical
feature of the second meiotic division in therka®/+ females. Although the meiotic divisions
proceed in most cases as in wild type, abnormabticespindles develop in a few percentages of
the egg primordia of thieorkd"%/— females. Note that most centrosomes can noeatehstral
microtubules and the spindles are abnormal in easbof thehorkd™?/— females. Scale bars =

10 um.

Horka® has been reported to be a gain-of-function mutg®DpeLYI and SABAD 1989), that
was confirmed in the following experiment. When #rogtoplasm samples were taken from
newly deposited eggs of thorka®/+ females and injected into embryos in which the
chromosomes were highlighted by RFP-tagged hishtodethe microtubules by GFP-tagged
tubulins, the injected cytoplasm induced chromostangling during ana- and telophase, the
formation of chromatin bridges, abnormally shaped positioned nuclei (which usually drop
inside the egg cytoplasm during the upcoming clgavaitosis) and free centrosomes (Fig. 4).
When injected into the vicinity of meta-, ana- @lophase cleavage nuclei, tHerka’/+ derived
egg cytoplasm exerted its effects instantaneousphhiing that the chromosome tangling was

induced by thédorka® encoded mutant protein. Toxicity of thierka® encoded mutant protein
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is best shown by the fact that not a single emlemgr hatched following the injection of the
Horka®/+ derived egg cytoplasm. (Injection of wild typggecytoplasm into the histone-GFP
embryos did not alter progression of the cleavagées and larvae hatched from almost every of
the injected embryos.) The present findings aloith & formerly reported feature blorka’,

l.e. it induces nondisjunction and renders the mlms®omes unstable during spermatogenesis
(SzaBAD et al. 1995), initiated the molecular analysis of therka’ identified gene.

Early interphase

Metaphase Anaphase B Telophase

Figure 3. Abnormal metaphase plates, tangling chromosomesfanodnatin bridges appear in

all the cleavage embryos of the females that afi@ > """ transgene besides to the two
normal alleles. Th@ G™> R P transgene contains th#orka® mutation and encodes the formation
of A777T-LDS-RFP molecules. Fate of four encircletetaphase” nuclei are shown in four
successive time lapse optical sections taken foerséame live embryo. Arrows point to some of
the tangling chromosomes and the chromatin bridgesomosome or chromatin abnormalities
never appear in embryos of the females that caconérol TG-°> R Ptransgene, which encodes
the formation of LDS-RFP molecules. Note that thelei, which are interconnected with the
chromatin bridges are usually blurred. Scale ba® fm.
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Table 2.Features of thelorka® and thehorkd carrying females and males

Genotype Females Males
Tested Test Dead Offspring Rate of XX XX//X0 mosaic
period | embryos offspring
with cuticle production Total %
(%)
Horka’/+ 851 16.3 0 0 - 4304 432 9.1
Horka’/Dp(3;3) 1704 8.8 0 0 - - - 2.1-28.8
Horka’/Dp(3;3)Antp"® 261 18.0 100 3 6.4 x 10" 116 20 14.7
Horka”/Df(3R)dsx" 161 19.5 0 0 - 178 14 7.3
Horka’/lds™®* 310 20.7 0 0 - 276 2 0.7
TG"; Horka’/+ 258 19.2 93 0 - 363 14 3.7
++ TG4 147 16.7 28 0 - 167 13 7.2
++ TG 188 15.5 25 0 - 246 8 3.2

horkd/Df(3R)dsx" Semi-sterile combinations 1233 0 -
horkd"%/Df(3R)dsx" 180 15.2 20.6 - - 194 0 -
TG"; horkd"*/Df(3R)dsx’ 5 7.0 11 1087 31.1 - - -
horkd/lds™* Semi-sterile combinations 2313 0 -
horkd"/lds’®* 85 12.3 21.0 - - 298 0 -
TG': horkd™/Ids™* 7 7.0 8 1649 33.7 - - -

& Average test period per female (days).

b Offspring/(female x day).

°The XY; Horkal carrying males were mated wighy f malfemales XX) and thexX offspring flies were screened fiX//X0 mosaics

4 Pooled data from seventeBp(3;3) tandem duplications excepp(3;3)Antp*

Notes

- 1ds®is alodestarnull allele (GRDHAM and G.OVER 1991)
- horkd represents pooled data for the following reversdieieshorkd™, horkd™, horkd™*, horkd™*, horkd”’ andhorkd"®.
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Source of the injected egg cytoplasm
Wild type Horka®/+

Anaphase Metaphase Prophase Interphase

Telophase

Figure 4. Effect of the injectedHorka”/+ derived egg cytoplasm on the cleavage divisions.
While injection of wild type egg cytoplasm did radter progression of the cleavage divisions,
the injection oHorka®/+ derived egg cytoplasm induced chromosome tangfirga- and in
telophase, abnormal arrangement of the nuclei (ofoshich drop back inside the egg during
the upcoming division, as shown an encircled nuctauthe right side blown up picture),
chromatin bridges (arrows) and free centrosomedr(@ed with dashed line). The injections
were administered at the * sites. The chromosones Wghlighted by histone-RFP and the
microtubules by tubulin-GFP. The pictures are tlapse optical sections on live embryos. The
two pictures on the right side show higher magatfans of the cleavage nuclei. Scale bar =
10um.
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Horka® resides between 84D5-8 and 85F5-8

Horka® has been mapped to the right arm of tHeBromosome (BoeLY! and $ABAD 1989).
To more accurately locatéorka®, we generated a serieshtbrka®/+/Dp(3;3)flies and (1)
analyzed the embryos of the females and (2) seaifcheX//X0 mosaics among the offspring
of the males. Some of the duplications (labé&kd) might have included a normal (+) copy of
theHorka’ identified gene. Shouldorka® be a dominant negative mutation (i) less severe
mutant phenotype was expected to develop inside ebineHorka’/+/Dp* females (as
compared to thelorka”/+ control) and (i) reduced frequency of t%//X0 mosaics was
expected to appear in the offspring of therka®/+/Dp* males. There were eighteBp(3;3)
tandem duplications used that covered - bit by thie entire right arm of thé*chromosome.
Of theDp(3;3) duplicationsDp(3;3)Antp*® eased thélorka® imposed defect. Embryogenesis
proceeded well beyond the initial steps of embryeges inside eggs of the
HorkaP/+/Dp(3;3)Antp"® females and not only cuticle fragments formed0dA% of the eggs but
a few offspring descend (Table 2). Results of thaysis locatedHorka® within the 84D5-8 and
85F5-8 cytological interval (Fig. 5) and confirmeae@ dominant negative naturetdbrka’
implying that theHorkaP-encoded and the normal gene products participateei same process

such that the mutant gene product impedes fundfidime normal counterpart.

Left 84 85 Right Effect on

break break Horka®

oont |AIBICIDIEIF|AIBICIDIEIF] o
DUPLICATION
Dp(3;3)Antg*® 84D5-8 85F5-8 Yes

Effect on

DEFICIENCY horkd"
Df(3R)p-XT103 85A2 — 85C1-2 None
Df(3R)dsx" 84D11 ~—m——— 84F16 Yes
Df(3R)dsX® 84D11 84E8 Yes
Df(3R)Antg’ 84A5 - 84D14 None
Df(3R)dsR 84E1 84F11-12 Yes
Df(3R)CAL 84E12-13 85A6-11 None

Figure 5. Duplication and deficiency mapping of thierka® and thenorkd mutations. Thick
bar represents tHap(3;3)Antp*® tandem duplication. Missing sections in D&3R)
deficiencies illustrate the eliminated chromosomgnsents. The deficiencies located fioekd
identified locus between 84E1 and 84ES.
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Whether thédorkaP related dominant paternal effect is also of domimeegative nature could
not be determined since the frequency ofXXKé& X0 mosaics varied between 2.1 and 28.8% in
the XX offspring of theHorka®/Dp(3;3) males (Table 2). The variation in th&//X0 mosaic
frequencies is most likely related to the differganetic backgrounds of the malegASaD et
al. 1995).

The horka™®®™®™ (horka') alleles

Attempts to isolate X-ray-induced revertantHairka’ failed. When exposed to 4000 Rad of X-
rays, a dose that effectively reverts the domifamiale-sterile mutations @DELYI and SABAD
1989) theHorka/TM3, Sb Semales are sterile. This observation reveals thayer perhaps
mutagen-sensitivity dflorka®, a feature waits for detailed analysis.

To understand the molecular function of Haka’ identified gene, we inducdubrkd”
phenotypic revertant alleles through P-element genasis offorka”. Any allele that allowed
some fertility was classified as revertant. Amoing 15,600 females tested nine were fertile and
gave rise to aorkd" revertant allele each. The nine females appeardifferent sub-lines of
the screen and thus therkd" alleles originated independently. The previoudi§&Einduced
horkd™ (ERDELYI and $ABAD 1989) and the P-element indudeatkd” alleles are lethal both
in homo- and in trans-heterozygous combinationst ilady due to second site lethal
mutation(s). There were about three such mutatimhsced on an EMS-mutagenized
chromosome along EMS-induction of the dominant ferséerile mutations (RDELYI and
SzaBAD 1989).

To characterize theorkd" alleles,horkd”/TM3, Sb Semales were crossed from each of the
horkd" lines withy v f malfemales and the offspring were analyzedX®/X0 mosaics.

Mosaics appeared (though with very low frequenc@sdng the offspring of three of the
horkd” revertantst{orkd™>, horkd™ andhorkd™®) suggesting that they are partial revertant
alleles that kept some featurettdrka®. Their partial revertant nature is also shownhsgy t
strongly reduced fertility of e.g. therkd">/+ females. Mosaics did not appear in the offspring
of the males that were heterozygous for the eithéne six othehorkd" alleles and larvae
hatched from the vast majority of the eggs depdditee.g. thénorkd"%/+ females indicating the
loss-of-function nature of six of therkd” mutations. The concurrent loss of dominant female
sterility and dominant paternal effect in six oé thinehorkd" alleles shows that theorka®
related dominant mutant phenotypes are consequeht®s same mutation.
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The horka’ mutations reside within the 84E1-84E8 cytologicahterval

Thehorkd alleles (and alsblorka®) were combined with deficiencies that remove wefined
parts of the 84D-F cytological region (Fig. 5). Thwrkd/— hemizygous combinations are viable
and thehorkd/—flies develop with the expected frequencies. (Tlsgmbol stands for either of
the deficiencies, remove therkd-identified locus; Fig. 5.) Thieorkd/—females are either
completely sterilelorkd™/-) or possess reduced fertility and progeny devetdp from 4-21%
of the zygotes (Table 2). The deficiencies locabethorkd-identified locus within the 84E1-E8
cytological region.

Fertility of thehorkd”%/— males is very strongly reduced (Table 3): crogseghich several
hundrechorkd™?/— males were mated with several hundyadf malfemales yielded only few
offspring, none of which waX¥X/X0 mosaic (Table 2).

TheHorkaP/- flies are also viable and emerge with the expeftegfliencies. Thiemales
deposit normal numbers of normal looking eggs imctvhalthough normally fertilized,
embryogenesis never commence. Fertility oftloeka®/— males is also strongly reduced (Table
3). However, a few offspring derived from a crossaeen several hundrétbrka®/— males and
y v f malfemales and 6.7% (14/192) of thk¥ offspring flies werexXX//X0 mosaics (Table 2).

It appears that reduced fertility of tHerka® carrying males is also of dominant negative
nature since when sired biorka®/—, Horka®/+ or byHorkal/+/ Dp(3;3)Antp*® males 92, 71
and 59% of the embryos perished during embryogsri€able 3). Since there was no sperm
inside in practically 100% of the eggs in which eytgenesis did not commence, the reduced
fertility of the Horka® carrying males is most likely the consequencebabamal
spermatogenesis. Remarkably, the egg productierofdhe partney v f malfemales was not
significantly different from the control (Table &hd thusHorka” does not seem to affect other
fertility related features than sperm productioggesting thaHorka® has little if any effect on
the somatic cells (L and KusLI 2003).

The differenhorkd/— and theHorka®/— combinations not only located the identified gen
within the 84E1-E8 cytological region but confirmiése dominant negative naturetddrka®
whereby the most severe defects appear itt&a’/— hemizygous condition and decrease
along with the increase of the number of the wylaet (+) copies. It may be suggested
furthermore, since thieorkd"%— combination is viable but seriously affects femee male
fertility, that function of the identified genemgeded during oo-, spermato- and embryogenesis.
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Table 3.Hatching rate of the embryos froymv f malfemales that were mated with different
types of males

Type of Genotype Male fertility
experiment Eggs/da§ | Addle eggs| n
(%)
mwh émwh e 3411 13+ 4 10
S mwh éDp(3;3)Antp*® 32+13 19+ 5 13
g mwh éDf(3R)ds%® 30+ 4 | 23+ 9 9
© TG': mwh é+ 34+11 9+ 4 15
TG'; mwh ¢Df(3R)dsX’ 31+10 13+ 6 14
Horka®/mwh e 28 + 10 60 + 16 10
o Horka®/Dp(3;3)Antp*® 31+ 9 71+12 11
5 Horka®/Df(3R)dsx’ 29+ 8 92 +13 10
- TG'; Horka’/+ 31+10 67 +12 14
TG'; Horka’/Df(3R)dsx> | 30+ 7 75+ 20 15
o ++, TGP 30+ 9 49 + 13 18
= +/+; TGP 34+ 10 48 + 14 13
horkd”/mwh e 35+12 15+ 7 12
% horkd"%/Dp(3;3)Antp"® 39+11 12+ 6 15
S horkd"%/Df(3R)dsx’ 30+ 9 96 + 10 17
TG'; horkd"¥/Df(3R)dsX®> | 34+ 10 16+ 7 15

2 Singley v f malfemales were mated with single males. Egg prodnctind the hatching rates
were determined throughout one week. (Average rdstal deviation.)

Notes

- Horka® was induced (by EMS) on a chromosome labeled thigimwhand thee recessive
marker mutations.

- TG' stands for a transgene (inserted int§%cBromosome) with a normkls gene inside.

The loss-of-function mutant phenotype
Of thehorkd/— combinationshorkd"%/—is the strongest. Cytological analysis revealedabal
chromosome segregation already during the firsotizedivision in some of thorkd"™?/— egg
primordia (Fig. 2). However, most meiotic divisiomgpear normal, at least on the cytological
level. Similarly, although several of the secondane divisions appear normal, abnormal
chromosome segregation and unusual spindles ardératgient (Fig. 2).

All the eggs of th@orkd"?/— females appear normal and are fertilized as in tyjtet, and

although cleavage divisions commence inside ab@ut 6f the eggs larvae never hatch. Once
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started, the cleavage divisions proceed more errlesmally and cells form sometimes over
relatively large areas and differentiate as indiddty the cuticle fragments which form inside
about 21% of the eggs (Table 2). Although the teifiagments are usually poorly
differentiated, however every larval cuticle landknamerges though in different embryos.
Detailed analysis of the cleavage divisions ade@ that although the daughter centrosomes
separate appropriately, several of them lose thigyalo nucleate microtubules. The centrosome
defects lead to the formation abnormal spindleschvthen bring about distorted arrangement of

the chromosomes, a defect resembling “mitotic ¢tadpbe” (Figures 2 and 63E®DN et al. 2000;

TAKADA et al.2003; WCHMANN et al.2006) While the nuclei close to the abnormal

- horke™?/_ centrosomes drop from the egg cortex inside the egg

cytoplasm, the centrosomes remain at their original
place. Several of the free centrosomes nucleate
microtubules during the oncoming cleavage cycles
and bring about further disturbances through
interfering with the formation of the nearby clegea
spindles. The impaired centrosome function may be
related to one or more of the following problems:
DNA damage, incomplete replication of the DNA,

Late interphase Early interphase

abnormal chromatin condensation and/or
chromosome segregation and thus the loss-of-fumctio
mutant phenotype suggests involvement of the
horkd"? identified gene in the maintenance of

Metaphase

genomic integrity.

Figure 6. Impaired centrosome function develops in
late cleavage embryos of therkd"%/— females. Time
lapse optical sections were collected from embryos
that derived from +/— (control) and fromorkd"%/—
females. The chromosomes appear in red (were
labeled by histone-RFP), the microtubules and the
centrosomes in cyan (highlighted by Jupiter-GFP).
Nuclei associated with abnormal centrosomes are
encircled. Note that while the nuclei drop into the
interior of the embryo the free centrosomes renmain
the egg cortex. Scale bar = [10.

Telophase

Early interphase
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Figure 7. Onion stage
spermatid and sperm
bundles in wild type,
Horka®/— andhorkd"%/—
males. White arrows
point to nuclei with
higher (thick) and fewer
than normal (narrow)
chromosomes, indicators
of nondisjunction (cf.
(GONzALEZ et al.1989).

In the sperm bundles the
nuclei appear red, the
sperm tail tubulin green
and the LDS protein blue
in the acrosomes. Scale
bar = 10 um.

Three characteristic types of defects appeangspermatogenesis in thiorka®/— males. (1)
Because of nondisjunction, larger-, and smallentharmal onion stage spermatid nuclei appear
side by side (Fig. 7;8BAD et al.1995). (2) Several of the sperm nuclei are diguadcom their
sperm tip position and in fact, a good number @frsptail bears no nucleus (Fig. ZABAD et
al. 1995). (3) The anti-lodestar serum identified ltteeka” encoded mutant protein in the
acrosomes of every of the sperm of Hwrka®/— males, even in those sperm that bear no nucleus
or the sperm nucleus has been displaced along#rendail (Fig. 7). This signal must be
Horka specific as it is missing from sperm of the wijp¢ and from th@orkd"%/— males.

Although the onion stage spermatid nuclei appetirehorkd”%/— males as in wild type, the
sperm bundles are far from normal: individualizatad the sperm is incomplete, a few of the
sperm heads are dislocated and the sperm headssirom several sperm tails (Fig. 7). Yet
some of the sperm are functional sinceltbekd"%/— males are not completely sterile (Table 3).
Germ line chimeras revealed altered germ line funéon in Horka®/+ and in horka™%/—

Viability and sterility of theHorka®/+ and thenorkd"%/- females and reduced fertility of the
males suggest requirement of therka" identified gene only in the gonads. To find outetiter
function of the gene is required in the germ linenathe somatic components of the gonads, we
constructed germ line chimeras through the tranggli@mn of pole cells. First, pole cells of
Horka®/+ embryos were transplanted into host embryosdisanot have pole cells on their own

and yet provided normal environment for developnast function of the received pole cells
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(Table 4A). Three of the female germ line chimgrasiuced eggs and fate of the embryos
inside these eggs was essentially identical teetli@scribed for the embryos of tHerka®/+
females. There were three sibling male germ linmehas recovered. They were mated with

f malfemales. On the average, 3.1% of théfrzygotes developed a6<// X0 mosaics (Table
4A). Features of the former chimeras clearly shoat theHorkaP related defects originate from
altered function of the germ line cells. We alsedidorka’/+ females and males as host for
normal germ line cells. Apparently fully functionggrm cells developed form the transplanted
pole cells in thedorka®/+ environment and offspring derived from the chiasethat carried
normal germ line cells (besides their own) &tatka®/+ soma (Table 4A). Features of the latter
types of germ line chimeras not only revealed #®rgline autonomous nature effect-grka’

but also the normal function of thorka/+ gonadal soma.

Table 4A. Features of thelorka®/+ germ line chimeras

Cross to produce the donor embryos Stock to produce the donor embryos
mwh émwh e 29 x Horka®>/TM3 433 y v fmal
I !
Cross to produce host embryos Cross to produce host embryos
tmIPYmI® Q29 x tmIFYTM6 343 mwh émwh e 29 x Horka®/TM3 343

Genotype of the Germ-line chimera| Genotype of the | Germ-line chimera
transplanted pole cell Femalé | Male® host embryos Femalé | Male®
mwh éHorka’ 3 3 mwh éHorka’ 4 2
mwh éTM3 8 4 mwh éTM3 5 2

 The females were mated withwh émwh emales.

® The males were mated wiyhv f malfemales.

¢ Mated withy v f malpartner

d Many more offspring originated from tlyev f malthan from their ownHorka’/+ germ line
cells.

In the second set of experiments, pole celtsookd” %/~ embryos were transplanted into
Fs(1)K1237+ host embryos. Of the developing chimeras theggexihorkd”%/- germ line cells
(Table 4B). They deposited normal looking eggs frehich larvae never hatched. Cuticle
fragments were present in 21% of the eggs, asdreigs of th@orkd" /- females. (See
below.) We also transplanted normal pole cells iitkd”%/— host embryos and analyzed the
developing female and male germ line chimeras.hikd"%/~ flies produced offspring from
the implanted germ line cells (and only from thaurse) showing that theorkd"%/— soma
provides full support for the normal germ line sdlTable 4B). It appears thus that function of
thehorkd" identifiedgene is primarily required in the germ line. Howewke germ line
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chimera results do not exclude function of the gartee soma under special circumstances. It
can furthermore be concluded that the maternatlyiged normal gene products present in the

cytoplasm of thénorkd"%/+ females make life of tHeorkd" %/~ zygotes possible.

Table 4B.Features of theorkd"%/— germ line chimeras

Cross to produce donor embryos Stock to produce donor embryos
horkd”4TM68 2 @ x Df(3R)dsx/TM3 43 y v fmal
l l

Cross to produce host embryos Cross to produce host embryos

Wi @ x Fs(1)K1237Y 43 horkd”4TM68 2 @ x Df(3R)dsX/TM3 43
Genotype of the Germ line chimera| Genotype of the host | Germ line chimera
transplanted pole cells embryos Femalé | Male®
horkd™*/TM3 8 horkd ™*/TM3 2 2
Df(3R)dsx’/TM6p3 5 Df(3R)dsx”/TM6p3 3 4
TM3TM65 1 TM3TM65 1 2
horkd" ?/Df(3R)dsx> 3 horkd" ?/Df(3R)dsx> 1 1

& The chimeras producgadv f maloffspring following test crosses withv f malpartners.

Notes

- Arrows symbolize the direction of pole cell tratentations.

- The chromosome labeled with thmvhand thee recessive marker mutations is isogenic.
Horka® was induced on amwhande labeled chromosome by EMSKEELYI and SABAD
1989).

In situ hybridizations confirm that the Horka® identified gene resides in 84E
To precisely locate theorka® identified gene, we carried oint situ hybridizations in which
labeled P-element DNA probe highlighted the P-eles&n the salivary gland giant
chromosomes in each of the nimarkd” revertants. There were three to six P-elementtinss
in the right arm of the"3chromosome in the differehbrkd® alleles. The only common P-
element insertion site appeared in 84E suggedtimtheHorka® identified gene resides in 84E.
That theHorka" identified gene does indeed reside in 84E is supgdy results of the so-
calledHorka R experiment. Some of the P-elements were succhssfahobilized in the
horkd™” and thehorkd"™® alleles. As the outcome of P-element remobilizattovo so-called
Horka™® alleles (evertant alleles of theorkd” mutations) emerged among the altogether 135
tested chromosomes. Thierka" alleles behaved asorka’: theHorka™¥+ females were
sterile and embryos perished inside their eggsnéatig as described for thdorka®/+ females.
Among progeny of thelorka™¥+ males ang v f malfemales 13.9% (14/85) and 13.0%
(25/164) of theXX zygotes developed a6X//X0 mosaics in the twblorka™" alleles. More
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importantly, the P-element insertions in 84E wesepresent in thelorka™ " alleles making it
very likely that theHorka® identified gene does indeed reside in 84E. Exéstari theHorka™"

alleles underline the common origin of tHerka® related dominant defects.

Horka® and its revertant alleles identify thelodestar gene
To molecularly clone the gene identified Hgrka® and itshorkd alleles, we made use of the P-
elements irhorkd™?, horkd™ andhorkd"™® (that each carry as few as three P-elements @tsert
into 3R) and the inverse-PCR technique. Startiomfthe P-element sequences we PCR
amplified sequences adjacent to the P-elementsée bf thehorkd” alleles. The PCR products
were sequenced and only those were further anathz¢ariginated from 84E. Apparently, a P-
element is present in the same position in thegleselquence coding region of tbhdestar(lds)
gene inhorkd™ and inhorkd"™® (Figures 7 and 8). lhorkd"™?, the P-element is inserted into the
open-reading-frame-coding region of {de gene (Figures 8 and 9). The P-elemerftarkd"?
brought about a frame-shift mutation that leaddhé&formation of a four amino acid long
nonfunctional product and thterkd™?is a null allele. Positions of the P-elements imttrkd”
alleles suggest thatorka® and itshorkd revertant alleles identify tHedestar(lds) gene
(GIRDHAM and G.OVER 1991). Indeed, thkeorkd and thdds alleles do not complement (Table
2) and thutorka’ is a dominant negativiedestarallele. Thehorkd"%/I1ds*®* and the
horkd"%/1ds**®® combinations are female-sterile and as strortypesd”%/—. Thelds’®*and the
lds?*®8alleles have been reported to be complete lossruftion alleles; there is no lodestar
protein (LDS) in ovaries of thiels’®*/- and of thdds?**%- hemizygous females (€oHam and
GLOVER 1991). The LDS protein is also missing from ovaudé the likehorkd" %/~ females.
(Data not shown.) Although embryogenesis proceeglsrd the blastoderm stage inside about
60% of the eggs of theorkd"%/—, thehorkd"%/Ids*®* and thehorkd"/1ds**®#females and
fragments of cuticles appear in about 21% of teggs larvae never hatch. The females are
semi-sterile in all the furthérorkd/Ids combinations (Table 2).

We crossed several hunditeatkd"%1ds*®! males (that are almost completely sterile) with
several hundreg v f malfemales and none of the recovered X¥Boffspring wasxX//X0
mosaic (Table 2). HowevexX//X0 mosaics appeared among offspring oftioeka’/lds*®*

males (Table 2).
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Figure 8. Organization of the region around fbeestargene in the 84E5 cytological region.
Thelds gene encodes the formation of two mRNAs that difighe last about 500 nucleotides.
Dotted boxes correspond to sequences that encede #md the 3’ untranslated regions of the
lds MRNAs, open and dark boxes represent introns ®owise respectively. The P-element
insertion sites imorkd"™® and inhorkd"™? are labeled and the position of tHerka® mutation
(%). The grey lines represent the different typetheftransgenes.

horkd™® andhorkd™
Stari
5'AATA CCTATAG CATGATGAAATAACA]&%TTATGTTATTTCATCATGCTATAGCAAA@BTCCA3'

3TTAT GGATATCGTACTACTTTATTGTAT GAATACAATAAAGTAGTEIATATCATITTTTACAGGTY
Target site < > Target site
duplication duplication

P-element sequence

horkd"™
Stari Stop

ATGAAATAACARS /gtTTATGTTATTTCATCATGTCCAGT&AAACAGC3’

I'GATTTTTACAGGTCAGTACTACTTTATTGTATTC GAATACAATAAAGTAGTAGGTCACTTTGTCGS’

Target site< ool h > Target site
duplication -element sequence duplication

Figure 9. The molecular nature of thréerkd" alleles. The inserted P-element is bordered by
the target site duplications (OXRE and RuBIN 1983). The ATG start code is enboxed. Parts of
the inverted repeat sequences of the P-elemeninaezlined (BALL and Ro 1997). In the
independently induceldorkd™ andhorkd"® alleles, the P-element is inserted in the promoter
region. Inhorkd"?, the ATG start site is shortly followed by a TGtds code.

The TG" transgene rescues this mutant phenotype

To show thatiorka® and thehorkd alleles do indeed identify thds gene, we generated a stable
transgenic line TG, inserted into a” chromosome) that covers a 5.1 kb genomic sequaerte
includes the normatls gene (except the last 500 bps; Fig. 8). TBa; Horka"/+ females are
sterile and although fragments of cuticle devetepde 93% of their eggs larvae never hatch
(Table 2). TheTG' transgene overcomes sterility of tharkd"%/—, thehorkd"%/Ids and the

ldg/lds females: in the presence B’ the females are fertile, larva hatch from moshefr eggs
and develop to adulthood (Table 2). In the presendss’, fertility of thehorkd™%/~ and the
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horkd"?/1ds’®* males is essentially as in wild type (Table 3)idewntly, Horka” and itshorkd
alleles identify thdodestargene.

Horka® originated through a transition

To decide about the molecular naturéHofka®, we sequenced the mutant allele and also the
wild typelds gene in thanwhe labeled founder chromosome. Comparison of theesemps
revealed a single nucleotide exchange in positit#2i2vhere the G was replaced by an A. The
G***45 A transition results in the replacement of Alay Tre in theHorka® encoded mutant
A777T-LDS molecules (Fig. 8).

To prove thaHorka® did indeed originate through thé&'-A transition we generated two
types of TGP transgenestG"?>* andTG™'°>° (Fig. 8). TheTG™ transgenes render ti&™°
carrying females sterile. Although cuticle fragnmseappear inside 25-28% of their eggs, larvae
never hatch (Table 2). Crosses betwgerf malfemales and +/+TG™° males yieldedX//X0
mosaics among théX offspring (Table 2). Features of thi&"™° transgenes prove thisbrka®
is a dominantodestarmutant allele and that th¢orka® related mutant phenotypes originated

from the same mutation.

The TGCFP—LDS TGCFP—HD TGLDSRFP TGHD—RFP transgenes

To visualize the LDS and th¢orka® encoded A777T-LDS molecules, in confocal optical
sections prepared from live embryos, we generdiedallowing types of transgenes. The
TGPP3 and theTG-"S R Ptransgenes, which encode the formation of CFPtH{erN
terminus) or RFP- (on the C terminus) tagged LD$emdes (Table 5). TheG-"" P and the
TGP R transgenes code for the formation of CFP- (orNtherminus) or RFP-tagged (on the
C terminus) A777T-LDS molecules (Table 5). The C&Rd the RFP-tagged molecules are
functional since (1) the CFP-LDS and the LDS-RFRetues (i) overcome sterility of the
horkd"%/— females and (ii) increase immensely the fertibitghehorkd"%/— males (Table 5). (2)
The CFP-A777T-LDS and the A777T-LDS-RFP molecultsaa weakdorka® mutations as

they (i) bring about strong reduction in femaldifity and (ii) once in the males, they induce the
formation of gynandromorphs (Table 5).

The TGEFPPS TGEFPHP 7GRS RFPTEPRFP transgenes contain the yeast UAS (upstream
activation sequence) and allow thus “driving” txpmression of the transgenes in desired organs
with the Gal4/UAS system ¢(B\ND and BERRIMON 1993); (DuFFY 2002). Once expression of the
TGCFP-HD

was ensured by thel Tub-Gal4 an all-over type of the Gal4 drivers, the females

become practically sterile showing that the CFP-AIZLDS molecules are functional (Table 5).



Table 5.Features of the G=™" P TG"""HP TGPSRFP TGP RFP transgenes that encode the formation of CFP- -REged LDS or A777T-LDS molecules
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Transgene | Female genotype and Fertility of the transgene carrying méles Percentage of th&X//X0 mosaics in the
£ | percentage of addle eggs amo offspring of theTG* " or theTG™'PRFP
® | the eggs deposited by the transgene carrying males following mating with
g transgene carrying females y v f malfemales
_g Average * SD (n)
o ++, TG horkd"?/—; TG ++, TG horkd"?/—; TG
e P2 .
9 TG horkd™/= TG Eggs/day Addé(oa/ot)aggs Eggs/day Addé(oa/ot)aggs XX XXIIX0 | % XX | XX/[X0 | %
None - 8+ 3 (16) | 100 (180)| 34+11 13+ 4 (10) 30+ 9 96+10 (17)| N.d. N.d.
TG 29 | 15+ 8 (18) 26+12 (16) 34+11 9+ 4 (15 30+ 16+ 7 (15) | N.d. 194 0] -
150 [ 22410 (9) 47+17 (10) | 28+8 20+ 9 (12 30+1 | 41+11 (12)
TGEFPLPS 15T 120411 (9) 47+15 (13) | N.d. N.d. N.d.
39 117+ 9 (11) | N.d. N.d.
ond | 52t14 (14) [ 82t 8 (15) | 3010 41+11 (10) [ 29 #11 47+14 (7)) 357 2 [0.6 |398 54 13.6
90+ 5 (10) 604 0 |-
TGCFP-HD ond 76+t 8 (14) 84111 (11) N.d. 244 11 4.3 87 15 14.6
99+ 1 (16) 732 1 0.1
31 36122 (16) | N.d. N.d. 212 6 2.7 N.d
87+ 6 (10) 335 0 - o
15T [ 18+8 (13) 50+20 (4) 33+11 | 22410 (7) 23+ | 36x14 (8)
TGPSRP 10 120+ 8 (12) 38+12 (5) | N.d. N.d. N.d.
217+ 5 (10) 47+14 (13) | N.d.
TGPFP 1 39 | 48+11 (19) | 39+#15 (7) | 30+10 27410 (15) 29+#11 | 39+15 (10)3650 | 1 ]0.06] 513] 1 | 0.2

& Single males were mated with single f malfemales and the egg production rate ofythvef malfemales was followed for one week; average +

standard deviation (n)
N.d. = not determined

Notes:
- The — symbol stands f@f(3R)dsx°, a deficiency that removes ths and some of the adjacent loci.
- Data inltalic refer to experiments in which tlad Tub-Gal4driver ensured all-over type of expression oftthesgene
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LDS localizes to mainly to the meta- and the anapls@ chromosomes

To reveal the position of the LDS protein throughitie cleavage cycles, we analyzed embryos
of the females with carried two transgenes: oneéad the formation of CFP-LDS, the other
ensured the production of GFP-taggdsdtubulin (GRIEDER et al.2000). As Figure 10 shows, the
CFP-LDS molecules enter the nucleus during pronmetsg and highlight the entire chromoso-
mes throughout meta- and anaphase. The telophemaatomes are still highlighted by CFP-
LDS, though at a reduced level. There is no CFP-itDie nuclei by the end of mitosis.

To more precisely describe the localizationhaf CFP-LDS molecules throughout mitosis, we
fixed CFP-LDS containing embryos, stained their Dal#l made the CFP visible by making use
of an anti-GFP antibody (Sigma-Aldrich) that alscognizes CFP, a mutant version of GFP
(Fig. 11). As stated above, the LDS protein is pigsmic throughout the interphase, localizes
over the entire length of the chromosomes durintarand anaphase and almost completely
leaves the chromosomes by telophase (Fig. 11). Railg, there is hardly any LDS protein
along the spindle apparatus. This observation t®mnirast to the results of Girdham and Glover
(1991), who - by making use of a polyclonal seramsed against the nearly full length LDS
protein - detected a strong LDS signal over thaedipiapparatus.

The localization of the LDS protein on the matet the anaphase chromosomes suggest a
chromosome-associated function of the LDS proteiing meta and anaphase and raises the
possibility of LDS participating in progressiontbe cell cycle from G2 through mitosis,

possibly from metaphase to anaphase.

The possible function of LDS protein

The LDS protein was proposed to be TTF2, trangonipgiermination factor 2, which removes
RNA-polymerase form the chromatin upon the onsebibdsis (MARSHALL and RRICE 1995),
(XIE and RRICE 1996), (XE and RRICE 1997), (XE and RRICE 1998), (Lu et al.1998), (IANG

and RRICE 2004). Should this assumption be correct, the RidAmmerase molecules would
remain on the chromosomes in absence of the LD®ipra.e. in embryos of theorkd"%/—
females. (Note that expression of the zygotic geinetiding those which encode the formation
of the RNA-polymerase subunits, commences onlgrathortly before the blastoderm stage
(TADROS and LPSHITZ 2005). To determine whether this proposed funabioinDS is correct,
we analyzed the DNA and the RNA-polymerase paiteembryos that derived from wild type
or fromhorkd"?/— females (Fig. 12). Since there is no differeincine DNA and the RNA-
polymerase related signals in the two types of go®yrit is rather unlikely that LDS functions
as TTF2.
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Figure 10.The appearance and the localization of the CFP-pi&in in the nuclei of cleavage
Drosophila embryo. Thel-tubulin molecules were highlighted by GFP andediatted signal
appears red (after computer-aided coloration foweaient illustration). Prometaphase begins
with nuclear envelope breakdown (that is partiddmsophila) and formation of the spindle
envelope Kok et al. 1993). Prometaphase is marked by the uniformildigton of theal-
tubulin-GFP molecules over the studied region. TR&®-LDS molecules enter the nucleus upon
breakdown of the nuclear envelope and highlighctiremosomes over their entire length.
Formation of the spindle apparatus is a hallmankefaphase. The mitotic wave offers a
convenient analysis of the nuclei in the differstaiges of the cleavage mitoses. Scale bar = 10
pm.
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Figure 11.Localization of the LDS protein throughout a clege@ycle. The DNA was
highlighted by Hoechst 33342, and the emitted Bhrescence appears yellow in the upper
panel. LDS, as part of the CFP-LDS chimeric prqteias visualized through an anti-GFP
primary and a fluorescent secondary antibody apeans purple in the lower panel. Scale bar =
10 um. The metaphase inlets represent a 3.3-fotghiin@ation of the metaphase figures.

Embryo from wild type female ~ Embryo fromhorkd™?/— female
DNA  RNA-Polymerase Merged DNA  RNA-Polymerase Merged

Figure 12.Localization of the DNA and the RNA-polymerase leavage and blastoderm stage
embryos of wild type antorkd"%— females. The DNA was highlighted by Hoechst 238ad

the emitted blue florescence appears yellow irstheked optical sections. RNA-polymerase
was identified by an anti-RNA-polymerase primaryilaody. The fluorescence emitted by the
secondary antibody appears purple. Co-localizaifdhe DNA and the RNA-polymerase

related signals appear pink (shown by arrows). Kwdéethe overall signal patterns do not appear
different in the two types of embryos making itwenlikely that LDS functions as TTF2. Scale
bar = 10 um.
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The LDS protein well may be engaged in cell cyclepgression control

The (i) localization of the LDS protein over thetareand the anaphase chromosomes and (ii)
the mitotic catastrophe phenotype in embryos ofhthréd”%/- females suggested involvement
of the LDS protein in cell cycle progression cohtt@rgely identical defects were described for
the checkpoint kinase fapes grp), the checkpoint kinase bk or maternal nuclear kinase
mnK and the Ataxia telangiectasia relatedi-41mutant alleles (Bobsky et al.2004;
LARocQuUEet al.2007; MASROUHA et al.2003; Poyou et al.2005; TAKADA et al.2003;

TAKADA et al.2007; WCHMANN et al.2006). For example, in embryos of thekKmnkfemales,
I.e. in the absence of checkpoint kinase 2, andaalby under genotoxic stress, abnormal
chromosomes escape the checkpoint kinase 2 impost| (LAROCQUEet al.2007; $BON et
al. 2000), (TakADA et al.2007). To confirm the present hypothesis, we iai@dihorkd"%/—

(and as control +/- larvae) with 2000 Rad of X-réd/s0 kV; 0.5 mm Al filter and 500
Rad/min), fixed the imaginal discs 100 minutesdaiing irradiation and stained with the anti-
H3S10P antibody, which specifically reacts withgtdistone-3 molecules in which 8es
phosphorylated. H3S10P has been regarded as amoétke mitotic chromatin (RGENT and
DimiTrROV 2003). While there was no indication of mitotica@mosomes in the wild type
imaginal discs, the presence of mitotic chromosowees apparent in the imaginal discs of the
horkd"%/- larvae (Fig. 13). It appears thus that the cheitk control mechanism, which is
expected to prevents the progression through msitefshe damaged DNA before complete
reparation, is absent in therkd"?/- larvae, suggesting the involvement of the LD&gin in
checkpoint control.

This assumption is further supported by theofelhg observation.

DNA Anti-H3S10P Merged Figure 13.Mitotic
chromosomes escape cell

cycle progression control
indicating involvement of
the LDS protein in the
process. Control (+/-) and
horkd"%/- larvae were
irradiated by 2000 Rad of
X-rays, dissected after 100
minutes, fixed and stained
with both Hoechst 33342

| and an anti-H3S10P
primary and a fluorescent
secondary antibody to
detect mitotic chromatin.
Nuclei that escaped control
are shown by arrows. Scale
bar = 100 um.
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To further elaborate on the “mitosis escaper” piegeon, we X-irradiated in tHeorkd"%/—
(and, as control, +/-) late third instar larvae200 Rad, dissected their ventral ganglia 100 min
following irradiation and stained for DNA (with Holest 33342) and an anti-H3S10P antibody to
detect mitotic chromatin. As expected, anaphasedgwere not present in the neuroblast cells,
due to the cell cycle progression control mechartshensures the reparation of the damaged
DNA before allowing progression in the cell cydked. 14). There were not only anaphase
figures in thehorkd™?/- neuroblasts but the escaper chromosomes wehédtited by the anti-
H3S10P antibody (Fig. 14). This observation cleaHgws that the phosphate group is not
removed in absence of the LDS protein, and hereantlphase chromatin remains compacted,
implying that the LDS protein is not only engagedell cycle progression control but also in
removal of the phosphate group from H3-S10 and lininging the chromatin into a less

compacted state as during metaphase.

+/— horkd™"/—

Figure 14. Neuroblasts in control (+/-) larva with one copytiuélds gene and imorkd"™?/-

larva withoutlds gene. The larvae were X- irradiated by 2000 Raeir tventral ganglia were
dissected 100 minutes after irradiations, fixed stathed with Hoechst 33342 to label DNA and
with an anti-H3S10P antibody to detect mitotic chadin. The DNA and the anti-H3S10P

related signals appear in blue and in red in thealpsections. Note the absence of the anaphase
plates in the control neuroblasts and the (i) pres®f anaphase figures that (i) contain highly
compacted, H-3S10P containing chromatin (encircl&bale bar = 25 um.
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DISCUSSION

Along genetic dissection of the commencement ofrgodenesis in Drosophila, the Szabad
laboratory isolated severgs mutations, which although allow the formation dedilization of
seemingly normal eggs, yet embryogenesis eithes doecommence inside the eggs or comes
to an end during the initial steps. When BEsamutation is dominant negative, the corresponding
normal gene well may have important function dutimg commencement and/or the progression
of embryogenesiddorka® is one of thé=s mutations (EDELYI and $ABAD 1989). Abnormal
chromosome organization and/or segregation duhiagrteiotic divisions and in the embryos of
theHorkaP/+ females suggest an involvement of the normaégenduct in establishing proper
chromosome structure and/or segregation, ességditaires in the maintenance of genome
integrity (ALLARD et al.2004; MusAccHIO and S1LMON 2007; TaKADA et al.2003). This
assumption is supported by the finding that duspgrmatogenestdorka® induces
nondisjunction and renders the chromosomes unstablethat they tend to be lost in the
descending embryos leading to the formation ofadipaplo mosaics, including the
gynandromorphs @BAD et al.1995; SABAD and NOTHIGER 1992; MLLANY!I et al.2008;

ZALLEN and WESCHAUS 2004).

Nature of the Horka® encoded A777T-LDS protein

As described in (BsLONTAI et al.2008),Horka" is a dominant negative mutation and thus the
HorkaP identified gene, based on the mutant phenotypesspected to be engaged in chromatin
surveillance and/or chromosome segregation. s @escribed in (B\LONTAI et al.2008) that
Horka® and itshorkd revertant alleles identify tHedestargene, which has been known to
encode the formation of a 155 kD LDS protein conggaisom 1061 amino acids @HAM and
GLOVER 1991). LDS is a member of the Snf2 family of tledidase-related proteins, which have
been known to be involved in transcription regaliatiDNA repair, recombination and
chromatin unwinding. (EAUS et al.2006) grouped 1306 proteins of the Snf2 familyp b4
subfamilies, one of which is lodestar (Fig. 15)lietesse motifs and several further conserved
domains, all with characteristic functions, contitdto distinctive features of the Snf2 family
proteins (Fig. 15). In Rad54, the only member Watlown structure in the Snf2 family, two of
the alpha helicesul 7 anda18) plus the short interconnecting region form psion 2, the DNA
interacting part of the protein ((kus et al.2006; THOMA et al.2005); Fig. 16).
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Figure 15. Features of the Snf2 family of the helicase-relggmteins. (A) Schematic diagram
illustrating hierarchical classification of the ivalse superfamilies and members of the SF2
families. (B) Unrooted radial neighbor-joining trsem a multiple alignment of the helicase-like
region sequences of the Snf2 family members oh#iiease-related proteins. (C) Schematic
diagram showing location of structural elements laglitase motifs in the Snf2 family members.
The nucleotide triphosphate binding so-called laskicmotifs appear as | through VI. The
conserved domains of the Snf2 family proteins ams from A through N. (D) Protrusion 2
interacts with the DNA. After (FAus et al.2006; THOMA et al.2005) and (Eaus et al.2006).

Presence of thel7 and thex18 alpha helices is apparent in the LDS proteinvéieer, the
interconnecting region is longer than in Rad54 emntains an alpha helix (Fig. 15jorka”
originated through the transition oft*to A, which brought about the replacement of Ally
Tre in the aforementioned interconnecting regibappears that the AIl4—Tre replacement
expanded the alpha helix by two amino acids andewst théHorka” encoded A777T-LDS
molecules slightly sticky. Stickiness of the A77ZIDS protein well may account for abnormal
chromatin organization, chromosome tangling anthbibty, the formation of chromatin bridges
and diplo//haplo mosaics and the eventual deatheoémbryos derived from thorka®
carrying femalesHorka" is thus an example of the dominant negative maratiwhich
originated through a single base pair exchangetioatand have a dramatic impact on genome
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integrity. The present finding has special impoctam the lights of the relationship between
chromosome instability and the origin of most @& Holid tumors (MsAccHIO and SLMON
2007; YUEN and DesAI 2008).
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Figure 16. Domain organization of the Rad54, parts of the 1dD8 the A777T-LDS proteins.

(A) The nucleotide triphosphate binding so-calletidase motifs (I-VI) appear in shaded, the E-
N conserved domains, with well-specified functiansppen boxes in the zebrafish Rad54A, a
typical member of the Snf2 family of the helicastated proteins (fAus et al.2006). (NLS
stands for a putative nuclear localization sign@))The region, including the J and the C boxes
forms protrusion 2 that is composed from &i€ and thei18 helices and an interconnecting
short stretch of amino acids. Protrusion 2 was @sed to interact with the DNA (&uUs et al.
2006; THOMA et al.2005); see the framed inlet and the web site atvwanger.ac.uk/cgi-
bin/Pfam/swisspfamget.pl?name=P34739). Presenttee @, the J and the C boxes anddh@
and then18 helices are apparent in the LDS protein. Theafdkno acids, near the C box, have
been implemented in protein-DNA interactioHOMA et al.2005). In the LDS protein, more
amino acids compose the sequence that conneaid Thend thex18 helices as in Rad54.
Presence of an alpha helix is predicted insideititdsconnecting region and this alpha helix
became longer by two amino acids in Herka® encoded A777T-LDS protein as compared to
LDS. The grey scale at the bottom right of the fegllustrates the likelihood (as determined by
the PSIPRED - http://bioinf.cs.ucl.ac.uk/psipreaftware) that any amino acid is part of@&n
helix.
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Possible function of the LDS protein

The LDS protein is cytoplasmic during interphaskthe cleavage mitoses, enters the nucleus
during prometaphase and is associated with theratsomes throughout mitosis, suggesting an
involvement of the LDS protein in chromatin/chrormooeg surveillance during mitosis

(GIRDHAM and G.OVER 1991). This assumption is supported by the coraptets-of function
mutant phenotype in embryos of therkd"%- females: abnormal assembly of the chromosomes
during meiosis and mitosis, formation of anastesdttosomes and abnormal spindle apparatus,
failures of the cleavage mitoses, fall out of tbe@mal cleavage nuclei and the eventual death
of the embryos. Practically identical types of d¢efehave been reported for embryos of the
females that are defective in (i) spindle asserohBckpoint functions or (ii) in the so-called
mitotic catastrophe mechanisma&EeDo et al.2004; MusaccHIo and S.LMON 2007,
VAKIFAHMETOGLU et al.2008; YUEN and DEsAI 2008). The latter mechanism operates trough
the activation of checkpoint kinase 2 (Chk2): daathgr incompletely replicated DNA lead to
activation of Chk2 and the consequential inactoratf the centrosomes and the spindles, which
then result in blocked chromosome segregation duiraphase and the eventual elimination of
those nuclei from the embryonic precursor pool #rataneuploid or carry damaged DNA (Fig.
17). In absence of Chk2, the damaged chromosorekimscape the Chk2imposed block and
proceed along mitosis leading to the formation obadition known as genetic imbalance. The
Chk2-based mechanism is especially important imtastenance of genomic stability during
genotoxic stress (@DsKY et al.2004; LARocQuEet al.2007; MASROUHA et al.2003; TAKADA

et al.2003; WCHMANN et al.2006). Defects in the Chk2 based mechanism arekias the

mitotic catastrophe traits AKIFAHMETOGLU et al.2008).

Cortical membrane Figure 17.Two-step model for the
¢ Chk2-mediated response to DNA

— damage during mitosis. When

=, N LW L DNA lesions are induced during
? ' ,*/ i ? \“’ interphase #) and persist into
mitosis, Chk2 is activated,
Chk2 Chk2 \_/ localizes to the centrosomes, and
4 disrupts centrosome function. This

leads to anastral spindle assembly

and anaphase chromosome

segregation failures. After failed
mitotic division, Chk2 mediates a second DNA damiagponse that disrupts the link between
centrosomes and nuclei, or prevents reestablishafehis link. As a result, the defective
products of division failure drop into the interiofrthe embryo and are not incorporated into
cells when the blastoderm forms. This two-stepaasp to DNA damage thus blocks
propagation of defective nuclei and prevents tlramsmission to the embryonic precursor pool.
After (TAKADA et al.2003).
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In principle, the LDS protein could also be egerin the spindle assembly checkpoint (SAC)

machinery (see Fig. 18), since similar mutant phgres emerge upon the loss of SAC (e.g.

instability and loss of the chromosomes;udAccHio and 3L.MON 2007) as was described for

thelds homozygous mutant condition i€@HAM and G.OVER 1991); (ZALONTAI et al.2008).
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Figure 18. The relationship of
spindle assembly checkpoint
(SAC) with the cell-cycle
machineryMitosis is subdivided
into five consecutive phases:
prophase, prometaphase,
metaphase, anaphase and
telophase. To enter mitosis, the
cell requires the activity of the
master mitotic kinase, cyclin-
dependent kinase-1 (CDK1),
which depends strictly on the
binding of cyclin B to CDK1.
Separase is a protease. Its activity
is required to remove sister-
chromatid cohesion at the
metaphase-to-anaphase
transition (cohesin is indicated in
yellow on the expanded view of
the chromosome). Prior to
anaphase, separase is kept
inactive by the binding of a
protein known as securin (SEC).
Unattached kinetochores (red
hemi-circles) contribute to the
creation of the mitotic checkpoint
complex (MCC), which inhibits

the ability of CDC20 to activate the anaphase-primyccomplex/cyclosome (APC/C). The
attachment of all sister-kinetochore pairs to kisbbre microtubules, and their bi-orientation —
which produces congression to the spindle equategatively regulates the SAC signal. This
releases CDC20, which can now activate the APCH fesults in the polyubiquitylation of
anaphase substrates such as cyclin B and secndnheair subsequent proteolytic destruction by
the proteasome. The degradation of SEC resultsimadtivation of separase, which targets the
cohesin ring that is holding the sister chromatodgether, thus causing the loss of sister-
chromatid cohesion and the separation of sistemgatids. The degradation of cyclin B at this
stage also inactivates the master mitotic kinas&GIayclin B, initiating cytokinesis and the
mitotic-exit programme. Attached kinetochores dreven in green. From: Musacchio and

Salmon (2007).

However, it is very unlikely that LDS functionstime spindle assembly checkpoint since, and

unlike the LDS and the Chk2, the spindle checkpproteins have been shown to bind to the

kinetochores (GLETT et al.2004; MusaccHIo and 3LMON 2007). The abnormalities that
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emerge in embryos of therkd"%/- females posses all the distinctive features itdtin
catastrophe. Largely identical defects were deedribr the checkpoint kinase drépes grp),
the checkpoint kinase Bk or maternal nuclear kinasennk and the Ataxia telangiectasia
relatedmei-41mutant alleles (BoDsky et al.2004; LARocQuEet al.2007; MASROUHA et al.
2003; Poyou et al.2005; TakaDA et al.2003; TakADA et al.2007; WCHMANN et al.2006).
Functions of the corresponding genes have beendatgtl in G2/M checkpoint by “assaying”
status of the DNA and/or the chromatin and the iekation of the inappropriate nuclei from the
pool that will serve as source of the blastodertis ¢ellowing the cleavage cycles AROCQUE
et al.2007; TakADA et al.2003). The LDS protein appears to be involvethengame pathway
as Chk2, because a few of the embryos that derverhnkmnk horkd"%/— females, which
lack both the Chk2 and the LDS proteins, developdwlthood (our unpublished result), an
event that never happens to embryos ohitréd”?/— females. However, the role of the LDS

protein in chromatin surveillance and cell cyclegression regulation has yet to be elaborated.

DNA damage Figure 19. Schematic illustration of
"'@'l:- piﬁ Mitotic the pathways leading from mitotic
inhibitors/defects catastrophe to cell death. Premature
J, o entry into mitosis as a consequence of
G2/M Mitotic exit abrogated G2/M arrest or adaptation in

) - (Multinucleated :
Abrogation/Adaptationy s tetraploid cellsy ~ the presence of DNA damage or direct

mitotic damage leads to arrest at the
No p53 metaphase—anaphase transition due to
spindle checkpoint and to catastrophic
mitosis. During mitotic arrest, cells
can die through caspase-dependent or
caspase-independent apoptosis. mitotic
nononucleated 53 catastrophe cells can undergo
polyploid cells) S-phase  endocycle and become polyploid.
o) l These cells can die by either necrosis
or apoptosis. Cells being arrested at
\ the metaphase-anaphase transition can
@ "y p '~ escape mitosis through mitotic
Y -% slippage and become tetraploid. Cells
: SR that cannot be arrested at the
Apoptosis Necrosis  metaphase-anaphase transition due to
defects in the spindle checkpoint also becomepketia These tetraploid cells either can arrest
at G1 and die through p53-dependent apoptosis aotarrest at G1 and enter S-phase
(endoreplication) and die through necrosis. Fromxk{NVAHMETOGLU et al.2008).
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p53/p73
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The requirement of lodestar in the germ line and in the soma

A remarkable, though not unusual, feature ofitliestargene is that its function is
indispensable in the germ line but not in the scaithough the flies develop normally in
absence of the LDS protein, the meiotic divisioresabnormal in th&ls/lds females and also
the cleavage mitoses in their embryosRffsiaAM and GOVER 1991). The defects, as analysis of
germ line chimeras revealed, are germ line autonsand in fact, thiels mutant soma is good
enough to support development of the normal gemmdells. Similar feature, i.e. complete or
almost complete maternal-effect lethality is a elateristic feature of the females that are
homozygous for mutant alleles of the genes engegége G2/M transition control. For
example, only about 20% of the embryos hatch frggsef the females that - being
homozygous for strongink(lok) mutant alleles - lack Chk2 g@DsKY et al.2004; MASROUHA

et al.2003; TAKADA et al.2003; XU and Du 2003; XU et al.2001). Thegrp homozygous
females, which lack checkpoint kinase 1, are stetiileir embryos suffer from abnormal cortical
nuclear divisions and do not cellularizeKlevic et al.2006; TakADA et al.2007; YU et al.
2000). Females homozygous for the Ataxia telangssa relateanei-41strong mutant alleles
are basically sterile ARocQuEet al.2007; LAURENCON et al.2003). Females homozygous for
mutant alleles of thBubl-related kinasgene - and hence are defective in spindle assembly
checkpoint control - are also sterilee@@zMOoONGIOVI et al.2005).

Sensitivity to genetoxic stress is a commonuieabf the above-mentioned mutants. In fact,
several of the mutagen-sensitive mutations brirauaaternal-effect lethality @ENDERSON
1999). Remarkablypdestaralso possesses X-ray sensitivity, a feature ad@itsirther
exploration.

The most feasible explanations in the above-ioeetl mutations for the disturbance of the
germ line and the cleavage divisions and leaviegsttma unaffected are as follows. (1) The
enormous “genetic requirement” in the female gema and - through maternal effect - during
the cleavage divisions as compared to the somell&: evhile function of 67-73% of the genes is
required in the germ line, this proportion is 08KL2% in the soma ¢3BAD et al.1989). (2)

The different types of proliferation control mecisams during the cleavage cycles and in the
imaginal cells well may involve - at least in padifferent sets of genes @ReNzO and

SEYDOUX 2004; TADROS and LiPsHITZ 2005). (3) Function of several, if not all of thieove
mentioned genes is also required in the soma. Henyvéwe requirement of the gene becomes
apparent only when the somatic cells are exposgériotoxic stress ARocQuEet al.2007;

V AKIFAHMETOGLU et al.2008; WCHMANN et al.2006). Unlike the cleavage nuclei that rely
largely on mitotic catastrophe and spindle assermlckpoint control mechanisms to eliminate
the nuclei with genetic imbalance, the cells angiggaed with means that ensure apoptosis or
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necrosis to achieve the maintenance of genetigritygVAKIFAHMETOGLU et al.2008). During
Drosophila development and under normal conditiong; few cells become aneuploid and/or
carry inappropriately replicated or damaged DNAe3dcells are removed through apoptosis or
necrosis from the populations of the diploid céiakIFAHMETOGLU et al.2008). The

eliminated cells are replaced through intercalageneration and thus the developing flies
appear normal. In mutant zygotes, which lack eltklCChk2 or ATR gene function, some of
the normally eliminated cells may survive, howelave little if any impact on development of
the soma. However, when exposed to genotoxic stred®¥eing mutagen sensitive, a significant
portion of the diploid cells with genetic imbalarex® removed such that the mutant larvae fall
to develop to adulthoodAdLEVIC et al.2006; LARoOCcQuUEet al.2007; XU et al.2001). Since

loss of the diploid cells in the mutant larvaeastricted to the diploid cells and the non-dividing
larval cells are not affected, the genotoxic stezssed death leads to death toward the end of
the larval and/or at the beginning of the pupa &hd is characteristic feature of the mutagen-
sensitive mutant larvae @NDERSON1999). That théodestargene does indeed belong to the
grp, mnkandmei-41genes is further supported by the finding thaheut lodestargene

function and upon genotoxic stress, intensive agpemerges among the diploid cells and the
larvae perish toward the end of the larval lifegublished result from the Szabad laboratory).
However, the latter feature of thas mutant needs further studies.
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