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Summary

Post-genomic approaches such as RNAI are nowadaaywtilized methods to
systematically analyze loss-of-function phenotypes functionally annotate novel
genes. Apart from homogeneous readouts such asgatipecific reporter assays,
high-content microscopy is increasingly recogniasdh powerful tool to analyze cell-

based perturbation phenotypes in a high-throughyautner.

We have conducted a genome-wide RNAI screen usitayraated microscopy
and image analysis to classify single cells int@ngtypic classes based on their
multidimensional morphological signatures. Usingogtimized metric of phenotype
similarity, we could associate previously unchaazed genes with known
functional modules. To validate our findings frolmetprimary screen and further
functionally characterize genes from a phenotypuster exhibiting strong viability
effects and cell-cycle arrest, | performed higletlghputin situ cytometry after
knockdown of gene products and looked for syntheffects after DNA-damage
inducing IR irradiation. To compare and identifytive conserved functions of our
candidate genes, | also analyzed fly cells aftptedimn of homologous genes for cell
cycle and viability phenotypes similar to their hmmhomolog.

Because of strong cell cycle effects observed messiRNA-depleted genes, | next
performed immunofluorescence microscopy to look dotivation of DNA damage

response following depletion of protein levels iombination with DNA damage

inducing agents. Interestingly, nuclei foci fornoaticould be observed in some of the
cells after only RNAI treatment, suggesting a raleregulating and monitoring

genomic integrity.

Finally, | performed localization studies @fonson, a candidate gene which was
found in one of our clusters with strong viabiliand cell cycle effects from the

primary screen. HA-tagge®onson was visible at the perinuclear region in two
distinct foci, reminiscent of centrioles localizati suggesting a previously
unanticipated mechanism of regulation and locabmabf Donson.

Quantitative automated analysis of perturbatiomphges on a genome-wide
scale provides means to annotate unknown genestbegarizing them into known
modules based on their phenotypic profile and witinificantly influence and

accelerate functional genetic studies as well ag discovery in the years to come.



1 Introduction

1.1 Analysis of cell morphology by RNAI

Cell shape is determined by a multitude of facadrsontributing to the final outcome
of a cellular phenotype. Depending on the cell eyallase and type and, most notably
on regulatory proteins of the actin cytoskeletod amicrotubules, cellular phenotypes
even within one cell population can vary dramalcalTo understand basic
morphogenetic events on a cellular level, cultucetls have been widely used to
characterize genes important for regulation ofdyteskeleton, protein secretion, cell-
cycle and cell motility (Scales 1997; Hartwell, B97eviewed in Raftopoulou and
Hall, 2003).

With the availability of whole genome sequencesgdted perturbation
technologies have facilitated the functional antiota of uncharacterized genes,
which in the time of the post-genomic era, is ohéhe current frontiers in biological
sciences. Arguably the most promising reverse geagproach which has emerged
in recent years is RNA interference (RNAIi). RNAI as post-transcriptional gene
silencing mechanism present in most eukaryotes freonms and flies to man
(Hannon, 2002). It was first described as a defensehanism in which double-
stranded (ds) RNA targets homologous mRNAs for aidgfion via an endogenous
degradation machinery (Fire, 1998). With the avmlity of genome-covering RNAI
libraries in various organisms it is now possildesystematically analyze loss-of-
function phenotypes on a genome-wide scale (Bou2@34; Berns, 2004).

Since the first discovery of RNAI in plants (varr dol, 1990; Napoli, 1990),
much effort has been put into the elucidation sfuhderlying mechanisms. Several
studies showed that introducing long dsRNA intdscétads to their cleavage into
short interfering RNAs (siRNAs) of approximately BRcleotides length, a process
which is mediated by th&NAselll endonuclease Dicer (Ketting et al., 2001;
Bernstein et al., 2001). Following the cleavageleRNA into siRNAs, siRNAs get
incorporated into the RNA-induced silencing comp(@ISC), which unwinds the
RNA duplex via its helicase-activity. The singleastded siRNA (also known as
‘guide’ strand) binds to its target mRNA in a RI&pendent manner which gets
cleaved by the RISBNaseH nuclease activity (see figure 1; Hammond et 8020



First RNAIi experiments were successfully performed the nematode
Caenorhabditis elegans (Fire et al.,, 1998) and uptake methods of dsRNAsew
subsequently improved. Initial experiments were eddny injecting long dsRNAs
(approximately 500 bp) into worms, later by feedbagteria expressing dsRNAs or
by soaking them directly in solution containing &R (reviewed in Hannon, 2002;
Timmons and Fire, 1998). IDrosophila melanogaster, similar methods were used,
either by injecting dsRNA into embryos or by staliifroducing dsRNA hairpins in
transgenic flies (Kennerdell and Carthew, 1998;@0tvernarakis et al., 2000).
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Figure RNAIi mechanism.see text for details.

Adapting the RNAI technology to the mammalian syst®as initially prevented by
the fact that introducing long dsRNA into mammalizeills triggers innate immune
pathways including interferon-regulated responskat tserve as an antiviral
mechanism. Additionally, the dsRNA-dependent protéhase (PKR) binds dsRNA
and catalyzes sequence-independent RNA degradmtidmgeneral proteins synthesis
inhibition (Williams, 1997). Increasing biochemicahderstanding of the RNAI
machinery lead to the realization that dsRNA shiottban 30 bp could induce the
sequence-specific RNAI pathway without the undesieffects of innate immune
responses (Elbashir et al., 2001). Apart from cleaityi synthesized siRNAs of 21 nt
length, generation of stemloop-containing shortrgiai RNAs (shRNAs) which
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mimic the endogenous counterpart of siRNAs - mitddR (miRNAS) - were
successfully designed and could be used to staipiress siRNA in cultured cells and
tissues (Paddison, 2002). Bishop and colleagueslaig»d another method of sSiRNA
production by in vitro-"dicing" long dsRNAs using.coli RNase Il enzyme to
generate endoribonuclease-prepared siRNAs (esiR\¥as)g et al., 2002).

Certain pitfalls in using the RNAI technology toatyre loss-of-function phenotypes
still remain today, probably the most importantnigeiso-called off-target effects
(OTEs). Sequence-independent and dependent OTE® warly recognized
phenomena, but the magnitude of these effects whs realized in recent years.
Reports which showed silencing of non-targeted gewgh only short perfect
matches, or matches of 3' untranslated region (UdfRjanscripts with seed regions
of siRNAs (position 2-7 and 2-8, respectively) aiBNAs functioning as miRNAs
through non-perfect matches questioned previousiylighed ‘hitlists’ of genome-
wide RNAI screens (Birmingham et al., 2006; Jacksoral., 2003; Doench et al.,
2003). Several guidelines based on a general censdrave been developed in order
to minimize misinterpretation of RNAI experimentsdato verify data obtained from
loss-of-function phenotypic readouts (Cullen, 20B6heverri and Perrimon, 2006).
Examples are the use of sequence-independent sifiN@ating the same transcript
and rescue experiments in which the RNAi-induce@noltype is countered by
expression of a functional version of the gene iha¢sistant to the siRNA (Echeverri
et al., 2006).

Through the availability of large-scale RNAI libies covering almost the
entire genome of various species includiDgosophila, C. elegans and man, it is
possible to screen for novel genes acting in aquaéar pathway or process using cell-
based reporter assays based on specific activatiariuciferase gene upon pathway
stimulation (Mueller et al., 2005; Bartscherer let 2006). Other phenotypic readouts
include detection of changes in cell viability biyedtly measuring the ATP level of a
given cell population (Boutros et al., 2004) andrphology screens based on

automated image acquisition (Kiger et al., 200X @&t al., 2007).



1.2 Image-based screening

In recent years, high-content screening based tomeated microscopy has emerged
as an important phenotypic readout method for lagde perturbation experiments
using RNAI or chemical compounds. This relativebyugg branch of high-throughput
screens owes its increasing use and popularityoniyt technological advances but
also improvements in computational analysis algorg which are important for any
post-acquisition step required to interpret langage datasets (reviewed in Wollman
and Stuurman, 2007). Compared to focused repossaya used to identify novel
genes implicated in a particular pathway of interegh-content screenings are more
sensitive and generally applicable and are lessepto false-positive 'hits’ which is a
general issue in large-scale RNAI screens. Provided suitable antibodies are
available, subtle phenotypic changes in cell molqupo and subcellular localization
of proteins can be monitored in a spatiotemporatmea which would otherwise be
unnoticed in focused reporter assays (Huang andoiur2004; Neumann et al.,
2006). Besides higher costs because of expensdleg used and relatively limited
throughput due to longer image-acquisition timesroscopy-based screens generate
large amounts of data which require sufficient dettrage capabilities and suitable
image analysis software which often needs to b@tadao the phenotypic readout,
cell line and screening protocol.

Image analysis software extracts and measures fispetiaracteristics in
multiple cells to convert obtained images intoistaally relevant data. For this, a
binary image is generated based on different tloldsdind edge-detection methods to
distinguish objects of interest from backgroundbsaguently, individual cells are
labeled, such that each cell has its own identifi@rally regions of interest - usually
cell nucleus and cytoplasm - are segmented, ofsgmyunuclei as seed regions to
avoid over-segmentation (Wollman et al., 2007; Gushet al., 2007). Following the
segmentation step, cells can be classified intosetsb of phenotypic classes.
Computer-based labeling of cells requires genaratiba classifier trainingsset in
which individual classes are defined based on theigue descriptor profile by
manually labeling a small sample of cells (FiguyeTais kind of procedure is called
supervised learning and is distinct from unsupedigarning in which the computer
divides a given number of cells into subsets withanior training. To classify cells,

the computer extracts a set of descriptors or imfagéures such as nuclear size,



fluorescence intensity in different subcellular ioeg, mixed features based on
multiple channels which describe morphological ehkgeristics like eccentricity and

texture features.

QO

03G11- SGK3

Actin- -DNA -Nucleus Classified cells

AF Actin Fiber

Geometric Actin texture Tubulin texture Mixed

BC Big Cells

C Condensed

=] ]
[BC) ﬂ.: H EEEETEEER
[AF] EEE BEEE N 5
] m 12 D Debris
N W nEE ECEEEERER
| | ] EENE

ic1 m ] LA LAmellipodia

S | | BN | o |

]
mm m N FEEEEEEEE
= - M Metaphase

N Normal

P Protruded

Figure 2 From raw images to classification(a) Image analysis workflow showing sample imagfes
segmented and classified cells. (b) Phenotypidlpsodf single cells assign them to predefinedsgas

(c) Example images from the classifier trainingssetd to describe different phenotypic classes

There are two approaches one can use to score tghesolf you have a specific
hypothesis then one only has to measure chardatenslevant for their hypothesis.
For instance, one RNAIi screen Drosophila cells performed by Goshima and
colleagues usegitubulin-stained centrosomes to look for changespindle length to
identify novel genes involved in spindle assemlibpghima et al., 2007). Another
approach is to look for any morphological changébout having a prior hypothesis
(Tanaka et al., 2005; Bakal et al., 2007). Using timbiased approach one can
potentially identify genes involved in diverse oddr processes such as cell motility
and polarity, cell cycle regulation and apoptosis.



High-content approaches are becoming increasirttylggcéive in drug discovery as a
quantitative tool for target prediction (Eggert at, 2004), mechanism of action
(Young et al., 2007) and assessment of drug effacts single-cell level (Periman et
al., 2004). Combining small molecule and genomeewRINAi screens, target
predictions can be made based on phenotypic siti@&arto multivariate loss-of-

function phenoprints of RNAi-mediated perturbati@creens. Cytotoxic versus
pharmacological activity of small molecules at ataie@ concentration, a key
parameter in drug development, can be efficiergtpldished at a level of the cellular
phenotype using different dilutions for dose-regmprofiling chemical compounds
(Starkuviene and Pepperkok, 2007; Perlman et@D4 @

1.3 DNA damage response and genome surveillance manisms

The genome is under constant thread by exogenoonmgia inducing agents and
errors during replication. Therefore, it might nbé surprising that all higher
organisms have conserved DNA damage repair pathwayd surveillance
mechanisms which assure genomic integrity througbellicycle progression (Sancar
et al., 2005). Deregulation of and mutations inggerequired for the DNA damage
response (DDR) pathway are often associated with davelopment of cancer
(Vermeulen et al., 2003).

Depending on the type of DNA damage, various repgchanisms ensure
correction of double-strand breaks, mismatches nduiDNA replication, DNA
adducts and base damage. Central to the regulatitileese DDR pathways during
different cell cycle phases are so called cell-eytieckpoints. Checkpoints primarily
promote cell-cycle delay, thereby providing time tioe repair process and preventing
integration of DNA lesions and mismatches in thdlofeing cell generations.
Increasing evidence points to a more mutual rolecloéckpoint proteins in the
propagation of the DNA damage signal and activatb®DR (Bartek et al., 2004).
Diverse and partly overlapping checkpoint pathwegstrol crucial transition steps
between G1 and S, and G2/M, respectively, as wadluaing replication.

The initial step of checkpoint and DDR activatics mediated by DNA-
damage sensing complexes which recognize differgre#s of DNA damage and

propagate the signal to downstream checkpoint kmasnd repair enzymes by



recruiting them to DNA damage sites. Double-strarebks (DSBs) are sensed by the
MRE11-RAD50-NBS1 (MRN) complex which recruits theofein kinase ataxia
telangiectasia mutated (ATM) to sites of DNA damg@Amours and Jackson,
2002). ATM undergoes autophosphorylation and atgtvaATM phosphorylates
H2AX, a H2A histone variant. At DSBgH2AX (the phosphorylated form of H2AX)
recruits additional ATM molecules in a positive deack loop. Important for the
establishment of this positive feedback loop are QMDand 53BP1, so-called
mediators of DDR signaling which promote recruittn@i ATM complexes to
yH2AX (Lukas et al., 2004; Stucki et al., 2005; Afeian, 2002).
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Figure 3 The DNA-damage responseéDDR signaling is activated upon DNA double-stramdaks
(DSBs) or RPA-coated single-stranded DNA which rwldifferent downstream branches of the DNA-
damage response ultimately leading to transiehtcgele arrest or cellular senescence and apopifosis
the DNA insult is too severe or DNA-damage sigr@lpersists for a longer time period. See text for
details. 53BP1, p53-binding protein 1; ATM, atateédangiectasia mutated; ATR, ataxia telangiectasia
and Rad3-related; ATRIP, ATR-interacting protei)®, DNA damage response; DSB, double-strand
break; MDC1, mediator of DNA-damage checkpoint 1REA1, meiotic recombination 11; NBS1,
Nijmegen breakage syndrome 1; RPA, replicationginof; RFC, replication factor C; TOPBP1, DNA
topoisomerase-ll-binding protein 1. Figure adagteth Campisi et al., 2007.
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Collapse of stalled replication forks or gaps gatext during S-phase lead to single-
stranded DNA which is immediately coated by polysnef Replication protein A
(RPA). RPA-coated single-stranded DNA then promotes recruitment of
heterodimeric complexes consisting ATM and Radateel (ATR) and its DNA-
binding protein, ATR-interacting protein (ATRIP)ItAough no similar feedback loop
for ATR has been proposed, ATR activity is amptifiey additional ATR targets,
such as RAD9-HUS1-RAD1 (9-1-1) and RAD17-RFC comete (Weiss et al.,
2002). Additionally, ATR activity is stimulated ByOPB1, a DNA damage mediator
protein, and Claspin, which is required for CHKIopphorylation by ATR (Kumagai
et al., 2006; Liu et al., 2006).

In contrast to upstream DDR signaling factors, CHEAd CHK1, the
downstream transducer kinases of ATM and ATR-depehBNA-damage signaling,
are only transiently localizing to sites of DNA dage and diffuse freely into more
distant parts inside the nucleus after their attwato propagate the DNA damage
signal by phosphorylation and activation of effeqimteins, such as p53 and CDC25
phosphatases, thereby connecting DDR with cellecygfjulation and progression.
CDC25 phosphatases are required for normal cellecywrogression through
activation of CDKs and their inactivation causesapid cell-cycle arrest. DDR-
mediated inactivation of CDC25 is regulated by eitiproteolytic degradation or
exclusion from the nucleus. p53 induces and is tamimg cell-cycle arrest by
activating the transcription of p21, a Cyclin-degent kinase (CDK)-inhibitor that
prevents G1/S transition.

After successful completion of DNA-repair, DDR cdexes are disassembled
to allow re-initiation of replication and cell pr@ration. This is mediated by both,
chromatin remodeling and de-phosphorylationyld2AX complexes (Downey et al.,
2006). Cells with irreparable DNA damage or sugdircell-cycle arrest can also
induce apoptosis or go into a state called cellséarescence, in which cells are still

metabolic active but have lost their ability to Ifevate (Campisi et al., 2007).
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1.4  Aim of this thesis and experimental approach

Morphogenetic events play important roles durirggue remodeling, development
and diseases such as cancer. Understanding maleoethanisms underlying diverse
cellular cell shape changes will give better ingghinto disease-related
morphogenesis and will help in identifying suitalideug targets for therapeutic
intervention. So far, classical forward geneticestis have identified numerous genes
important for as diverse processes as cell-cyeleresion, signal-transduction, DNA-
damage response and many others. With the adveRN®f it is now possible to
systematically and rapidly investigate gene functi@sed on available sequences of
popular model organisms as well as man and catsgorovel genes to known
functional modules (Hartwell et al., 1999; SpirmdaVirny, 2003).

We recently performed a genome-wide RNAI screerhuman cells using
automated microscopy and image-based analysisetdiig novel genes involved in
cell shape regulation, cell-cycle progression aalll survival (Fuchs et al., 2008).
Clustering of multi-dimensional phenotypic profilbased on an optimized distance
metric enables us to infer protein function by $amiy of perturbation phenotypes on
a single-cell level. For functional analysis offeepotypic cluster around a previously
uncharacterized gene, named downstream neighb8Somf(Donson), which showed
strong viability effects and cell-cycle arrest pbsme, | conducted secondary assays
assessing observed cell-cycle effects as well @sstigate a putative role of those
genes in DNA repair and genomic surveillance meishas

The aim of my thesis thus was, to further charamtepotential candidate
genes in secondary assays using the RNAI technalogyombination with DNA
damage inducing drugs to confirm and investigate lopgothesized gene functions

based on known genes from our cluster of inteMgtstrategy was to

1. Perform high-throughput in-situ cytometry toniom cell-cycle phenotypes
we observed in our microscopy screen and furtharatherize putative roles of genes
in particular cell-cycle phases e.g. by regulatbhgckpoint signaling, replication or
mitosis.

2. Compare obtained cell-cycle data from humaris celith Drosophila
homologs using flow-cytometry to see if there migpet functional conservation of

those genes.
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3. Analyze putative roles of our candidate gemeBNA repair and genomic
surveillance mechanisms using fluorescence micmstm check for an activation of
DNA damage response.

4. Develop cloning strategies for Donson, an urattarized gene with a very
strong viability phenotype, to perform rescue stgdiith the mouse homolog and

localization studies using a tagged version of dgieise.

Morphological events leading to changes in celbgbf, cytoskeletal rearrangements
and cell shape are poorly understood at a moledelal. Identification of novel
genes required for genomic integrity, cell surviaat polarity changes during various
states of the cell including events leading to sigowill accelerate functional
genomic research and might also influence cana@areh. Newly identified genes
might constitute bona-fide drug targets and thus thitial step towards drug

discovery and development.
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2 Results

2.1 Genome-wide RNAI survey for changes in cell mphology

RNAI technology and the availability of genome-wid8lAi libraries in combination
with suitable reporter assays has made it postibdgstematically and rapidly screen
for novel genes acting in known pathways. To idgngienes implicated in known
processes based on cell morphology changes up@pgeturbations, we conducted a
large-scale RNAI survey in human cells targetingpasdt all transcripts of the human
genome. Following 48 hours of RNAI treatment, cellere fixed and stained for
DNA, actin and tubulin. Image data was obtainechgisautomated microscopy.
Overall, 600,000 images were obtained and analy@aldsequently, individual cells
were segmented and assigned into one of eight fimedephenotypic classes based
on multi-dimensional parameters which allowed ugigiinguish subtle differences
between classes with high similarity, e.g. condédresgd mitotic cells (see Figure la-
c). Phenotypic classes, including cells in metatebophase, large and condensed
cells, cells with elongation/protrusions or lam@didia, and cell debris, were defined
using a supervised training algorithm and a maguwlected set of individual cells
for each class to train a classifier. RNAi knockadowof 21,125 genes gave rise to a
variety of different phenoprints which could be qmared in terms of their phenotypic
distance to each other. From this, we could geeeanulti-dimensional phenotypic
landscape describing phenotypic effects of gentugitions on cell morphology for
almost all genes in the human genome.

For secondary assays and functional annotatiomkfawn genes, we had a
closer look at tight clusters with striking phenmég such as a high penetration of
single phenotypic classes and genes which exhilgiédidcycle effects. Among our
candidate gene list were two phenotypic gene cedtetusters. The first cluster
around DONSON (downstream neighbor of SON) conthigenes such as SON,
CEP164 and CEP192, C200RF4, TMEM82 and RPAl (Figtee The two
centrosomal proteins CEP164 and CEP192 were rgcentdwn to be required for
centrosome biogenesis, spindle assembly and DNAirg@omez-Ferreria et al.,
2008; Sivasubramaniam et al., 2008). Replicatiootgin A (RPA1) is a known
regulator of DNA damage repair and required forlicapgon and cell cycle
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progression (reviewed in Binz et al.,, 2004). Uneleterized or poorly understood
genes within this cluster include DONSON, SON ar#0@QRF4. Together, they all
exhibited similar phenotypes i.e. low cell numb@gh nuclear intensity and mitotic
cells, probably because of cells arresting in ecifipecell cycle phase (Figure 4a,

compare images in Figure 4Db).
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Figure 4 DONSON gene centered clustera) 30 phenotypically closest genes to DONSON
perturbation phenotype. If available, putative htoge in Drosphila and C. elegans are indicated.
Phenotypic profiles are shown on the right, witd showing an increase and blue showing a decrease
of a feature or class within the well. (b) Repréatve example images of some genes within this

cluster. Note the significantly higher number akated cells.
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A second gene centered cluster around CASP8AP2 chasen for follow-up

experiments (Figure S1). Examples of genes incluil¢kis cluster are ERCC1/ASE-
1, RRM1, Prim2A, TMEM61 and SETD8. Several panjiatiharacterized genes
within this cluster, such as Prim2A, ERCC1 and SBTBre thought to either be
required for S-phase progression and replication DIMA damage signaling
(Jorgensen et al., 2007; Gossage and Madhusud@n). Zlells in this cluster showed
a protrusion/elongation phenotype with an increasdidsize (Figure S1).

For the functional characterization of our candedgenes, we performed high-
throughputin-situ cytometry to identify potential roles of selectgenes in specific
cell cycle phases, e.g. replication and mitosistifeumore, | retested all fly homologs
of genes from the DONSON cluster to check for fiomal conservation.
Requirement of conserved genes for cell cycle msgjon and cell viability in
various organisms could help to infer protein fumetand point towards unknown
genes which are required for cell cycle progressinder normal and DNA-damage

inducing conditions.

2.2 Cell-cycle analysis

2.2.1 DNA content analysis of human cells

To analyze the effect of protein depletion on @sitle progression, we performed
DNA content analysis of RNAIi-treated U20S humartueld cells. For this, a set of
about 300 genes with obvious phenotypes from thegoy screen were chosen,
including the previously mentioned clusters aroD@NSON and CASP8AP2. Cells
were reverse transfected with siRNAs and incub&ted!l8 hours before analysis to
allow for protein depletion. Additionally, siRNA dated replicate plates were
irradiated with 10 Gy IR and fixed after 24 houesavery time (Figure 5a).

For the retest analysis we mainly used siRNA frodifeerent vendor (Qiagen) than
the primary screen (Dharmacon) to also assessdeginlity and specificity of and

to identify potential off-target effects (OTE) froour primary screen.
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An in-situ high-throughput cytometer (Acumen Explorer, TTBTach) was used for
DNA content analysis. Negative (siRLuc) and posif{siPlk1) controls were used for
the definition of gates corresponding to cell-cyolases G1, S and G2/M, as well as
cells with sub-G1 and G2+ (aneuploid) DNA conteat itlentify abnormal or
apoptotic phenotypes.

Following 48 hours of siRNA treatment, the posits@ntrol Plk1, and other
known proteins required for entry into and progi@sf mitosis, such as CDCAS,
CDCA5, ANLN and KIF23 showed a very strong G2/Mestr(Figure 5c). Depletion
of both subunits of ribonucleotide reductase M1 RIE(RRM1/2) resulted in a G1/S
arrest, similar to the cell-cycle profile of DONSdockdown (Figure 5b and 5d).
CASP8AP2 and TMEM82 RNAI knockdown both showed anreased S-phase
reflecting slow progression through S-phase. Wh@ASP8AP2 additionally
exhibited an increased G2/M-phase, cells of TMEMB&ckdown were mostly stuck
between G1 and S-phases (Figure 5b and 5c).

IR radiation of cells results in DNA double-stralictaks and ATM-mediated
activation of DNA repair signaling and checkpointeat in G2/M phase (Jaenicke et
al., 2001). Cells which were incubated for addiéibtime after IR can re-enter cell
cycle after completion of DNA damage repair (DDRpanactivation of checkpoint
pathways. Such cells are synchronized after G2/Msar Knockdown of genes
required for checkpoint signaling, replication oDR prior to IR therefore reveals
genes implicated in these processes. After 24 holrgcovery time following IR
irradiation, cells appeared synchronized and mami@2-phase with almost no cells
in S-phase and only low to moderate number of ¢elS1-phase (Figure 5c). Again,
RRM1 and RRM2 showed increased levels of cells-ph&se. Cell-cycle profiles of
both genes were differing from each other signifitaas opposed to only RNAi gene
knockdown. Precisely, RRM1 showed a G1/S arreshilai to previous RNAI
treatment while RRM2 had most of the cells in S @#/M-phases. Besides,
DONSON; DDX48 and CYRG61 displayed an increased ramab S-phase cells and
high numbers of cells in G1-phase. Finally, EIF388ranslation initiation factor,
showed an increased S-phase content (Figure 5eraDvhe most frequently found
effect was a viability phenotype without additiorall-cycle specific phenotypes (58
%), followed by G2/M (14 %) and S-phase (12 %) fpearrests without apparent
effects on cell viability (Figure 5d).
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Figure 5 DNA content analysis of candidate genea human cells.(a) Screening workflow. To identify genes
involved in cell cycle and cell viability U20S cellwere reverse transfected with siRNA pools. ARedays
incubation period cells were either treated withdkxyurea (not shown), IR irradiated (10 Gy) orubated for
according time periods to the recovery time ofilRdiated plates (24 hours). Subsequently, celsewfixed,
stained and subjected tarasitu cytometrical analysis for quantification of thefdient cell-cycle phases. A high-
throughput cytometer (Acumen Explorer, TTP LabTeslhls used to analyze 384-well plates. (b) Histograin
genes with cell-cycle effects. CASP8AP2 and TMEM8&2wed strong viability phenotypes with increasathber
of cells with S-phase DNA content. While CASP8AR&sts between S and G2/M-phase, TMEM82 appedrs to
arrested in G1-S transition. RRM1, RRM2 and DONS@RNckdown show increased S-phases and decreaskt G2/
peaks revealing a putative role of those genesphase progression and replication. (c) Scattetspb all ~300
gene perturbations with and without IR irradiati@ene names of the strongest outliers are indic&achples are
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Taken together, using high-throughput DNA contemlgsis we found some of our
candidate genes from the primary screen with gallecspecific phenotypes including
RRM1, RRM2, CASP8AP2, TMEM82 and DONSON. Proteirpldgon of those
genes resulted in strong cell-cycle and viabiliffees and suggests a general
requirement of these genes in cellular processel as replication and S-phase
progression (RRM1/2, Donson), entry into mitosisA8P8AP2) and cell survival
(CASP8AP2, TMEMS82).

2.2.2 Flow-cytometric analysis oDrosophila cells

To identify genes with conserved function, | penied RNAi experiments in
Drosophila Schneider S2 cells with homologs of genes inclutiethe DONSON
cluster (Figure 4a). Additionally, | chose candelaenes from the primary screen
which showed activation of DNA damage signalingmupizeir depletion (chapter 2.3;
for complete list, see Table S1). dsRNAs were geerdrfrom a previously published
dsRNA library (Boutros et al., 2004; Hild et alga3). Following a reverse incubation
protocol, S2 cells were seeded in serum-free mediacrease dsRNA uptake due to
serum-starvation. Cells were incubated for 4 dayskhockdown of cellular mRNA
levels and protein depletion. One replicate wastéek with Hydroxyurea (HU), which
induces G1/S-arrest and allows to evaluate symtheteractions by activating the
DNA damage response (Figure 6c). After incubatieniqul, cells were fixed and
stained with propidium iodide for flow cytometrid\A quantification (Figure 6a).
Silencing of RpA-70, msps and RnrL, the homologRRe&fAl, CKAP5 and RRM1,
respectively had a dramatic effect on cell viapiliFigure 6b). Cells with sub-G1
DNA content, reflecting apoptotic cells and celtuldebris, increased most
significantly after depletion of RnrL (28 %) compdrto negative control (6 %)
(Figure 6e). RpA-70 knockdown induced a strong GzZlvest concomitantly with
cell death (Figure 6b). mini-spindles (msps), tsophila homolog of CKAPS5,
showed increased sub-G1 proportion and an elev@tkdpeak. TheDrosophila
homologs of three proteasomal proteins PSMD1, PSMb® PSMD3, which were
found in the DONSON cluster, all exhibited charastecally low levels of S-phase
cells and either a weak G2/M arrest (Rpn2 and Rpn@)G1 arrest (Dox-A2) (Figure
6d).
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Figure 6 High-throughput flow-cytometric analysisin Drosophila culture cells. (a) Experimental workflow.
Drosophila S2 cells were incubated with dsRNAs in serum-fresdian to improve dsRNA uptake. After 4 days
incubation, 10 mM HU was added and cells were figed stained with propidium iodide 16 hours aftengd
treatment. Cells were subjected to flow cytometrarzalysis for quantification of cell cycle phaagsng a high-
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Interestingly, upon additional treatment with HUhile most of the dsRNA samples
arrested in G1 phase as expected, all three portedsgenes showed a marked
increase of cells with G2/M DNA content (Figure 6&umpty dumpty (hd), the
Drosophila homolog of Donson, did not show any noticeable cgitle effects,
although cell frequency with S and G2/M DNA-contevds slightly increased after
HU treatment, similar to DNAprim and melted (FigGe).

In summary, knockdown of the RRM1 homolog RnrL cbypartially
reproduce the phenotype seen in human cells up@tetdn of RRM1. RnrL
knockdown showed a much more severe effect onweability than the human
counterpart. This might be explained by the longezubation period, higher
knockdown efficiency inDrosophila cultured cells than in human cells and less
genetic redundancy within th®rosophila genome. Besides, RNAi against the
proteasomal proteins Rpn2, Rpn7 and Dox-A2 resultetveak cell cycle arrest,
visible through low levels of S-phase cells. Syistig effects upon HU treatment
could be observed for dsDox-A2, which switched franG1 to a G2/M arrested
phenotype.

2.3 Fluorescence microscopy reveals genes with effeon genomic

integrity

Genomic surveillance mechanisms ensure chromosantebrity and prevent
propagation of aberrant DNA to the daughter celjolv can result from exogenous
DNA insults such as DNA damaging agents, UV- andriRdiation as well as from
errors during replication. One central guardianhaf chromosome is the DNA repair
machinery which can sense DNA damage, activate Diépair enzymes and
transiently arrests the cell, thereby averting yentito S- and M-phases and
subsequent integration of mutations into the genome
Previous findings from our cell-cycle analysishimman androsophila cells

could confirm our hypothesis that loss-of-functiphenotypes of genes within our
clusters of interest showed cell cycle and viapitfects and are required for regular
progression through different cell cycle phasesxtNeve wanted to test whether
activation of checkpoint signaling and DNA damagg¢hprays could account for the

observed cell cycle arrest phenotypes of some o€andidate genes.
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Figure 7 RNAI in U20S cells reveal genes requireébr genomic integrity. U20S cells were
incubated for 72 hours following transfection ofope sSiRNAs before fixation and staining with
yH2AX-specific antibodies and Hoechst nuclear dyRlue was used as a negative control. Note that
the diffuse staining of sSiCADM1 treated cells wagemeral feature of those cells, including repécat

cells which were treated with HU.
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YyH2AX, a DDR-specific H2A-histone variant, is phospylated and recruited to
DNA damage sites upon DNA insults and serves asoekidg platform for
downstream signaling components of the ATR and Afikdiated DDR pathways
(reviewed in Fernandez-Capetillo et al., 2004). dphaorylation of H2AX at its C-
terminal tail can be used as readout for DNA dam@dmeal et al., 2004). Using
phospho-specific antibody againgd2AX and fluorescence microscopy, | checked
for DNA damage in human cells after RNAI treatmeRar this | used siRNA
targeting known DNA damage signaling componenth ascATR, ATR, Chekl and
CLSPN and took some of the most interesting gemes) four aforementioned
phenotypic clusters (DONSON and CASP8AP2 gene opsmhteluster) including
Donson, CASP8AP2, C200RF4, SON, RRM1, CADM1 and1iGénTable 1).

U20S cells were transfected with siRNAs and incetbdor 72 hours before
fixation and staining with phospho-H2AX specifictimody and Hoechst as nuclear
counterstain. Alternatively, cells were treatedwitydroxyurea 48 hours after SIRNA
transfection for 24 hours and then either fixecabowed to recover for additional 8

hours by changing the media prior to fixation.

DNA damage Donson cluster CASP8AP?2 cluster
components + controls
ATM Donson* CASP8AP2*
ATR Top3a CD3EAP
Chek1 SON CADM1*
Chek2 Cepl64 RRM1
CLSPN CDCAS8* TMEM61
Rad17* C200RF4* WISP1
WDR33 Prim2A
DLL4

Rluc (control)

Table 1 Genelist for microscopy analysisknown DNA damage pathway
components were included in the analysis. Candidetees were taken
from two gene centered phenotypic clusters aroundnsbn and
CASPB8AP2. Asterisks indicate cells positive fgi2AX staining after
protein depletion.
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Most of the tested siRNAs including negative contrgainst Rluc did not show
yH2AX staining 72 hours post-transfection (Figure Sirikingly, some of the genes
we analyzed including Donson, CASP8AP2, C200RF4@GADM1 showed a strong
formation of nuclear DNA damage foci indicated loj-tike structures located within
the nucleus (Figure 7). CASP8AP2 exhibited the ngfest response in terms of
guantity of visible foci. CADM1, a putative tumowmgpressor gene, revealed a
persistentyH2AX staining even after recovery of cells followiradditional HU
treatment (data not shown). HU treatment did neehagpparent additive effects with
any of the RNAI treatments (not shown). Togethes#results show that depletion of
previously uncharacterized genes such as DonsonC2IDRF4 induces strong
constitutive DNA damage response. This suggeskeaofadhe above mentioned genes
(Figure 7) in preserving genomic integrity and rsti@g or mutation in those genes

might lead to DNA damage and chromosomal instabilit

2.4 Functional characterization of Donson

The gene downstream neighbor of SON (DONSON) wasdadn our genome-wide
RNAI screen in a phenotypic cluster exhibiting sggoviability effects and cell cycle
arrest (Figure 4a). Further analysis of this geexealed that it is important for
progression through S-phase and that depletiortsofjéne product leads to slow
cycling through S-phase and retardation of repbcat(Figure 5b). Finally,
knockdown of Donson induced a strong DNA damagpaese, visible through the
formation of DNA damage foci (Figure 7). Becausetloé striking perturbation
phenotypes of this gene | had a closer look atgéwe structure and subcellular
localization of its gene product.

The DONSON gene locus spans 10 kb on chromosome 21 and hesstieeam
of the SON gene, another yet to be characterized gene. ttdascone transcript for a
566 aa protein. Database searches of the predidtddngth protein revealed that the
protein belongs to a conserved family of proteimespnt in metazoans such as
Drosophila, Xenopus and man (Figure 9a). The human Donson shares 7tl4ilve
mouse protein, 71 % with the Xenopus homolog and¥34vith the Drosophila

Donson (which is called humpy dumpty, hd) overatisence identity.
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Protein sequence analysis of Donson using the PRO8hatabase (Falquet et al.,
2002) to search for protein domains and functiositds revealed an N-terminal
bipartite nuclear localization sequence (NLS), Nristgylation site at the N-
terminus, Ankyrin repeats and multiple putative Gsphorylation sites (Figure
9b).

In order to find out which cellular processes DA is involved in, |
generated an HA-tagged full-length version of huntamson and cloned it in an
expression vector. With this | could not only studgalization of Donson within the
cell but also perform co-immunoprecipitation expe¥nts to identify putative
interaction partners of Donson. Shortly, HA-taggeonson was generated from a
full-length clone (OriGene) using an HA-tagged gspecific reverse primer.
Subsequent digestion of the amplicon and the taxgtession vector pPCDNA3.1(+)
(Figure 8a, Invitrogen) usinjhel andEcoRI restriction enzymes and ligation of the
insert yielded the appropriate vector product. 8asful integration of the insert was

checked with colony PCR using gene specific prinfEigure 8b).

bp

2000

1000
750

500

Figure 8 Cloning of human HA-tagged DONSON(a) Vector map of pcDNA3.1(+/-). The Vector
uses a CMV promoter to drive expression. Resistaassettes for mammalian (Neand bacterial
(Amp") systems are available. Nhel and EcoRI restriciias within the multiple cloning region
(MCS) was used for digestion and insertion of tB&NA. (b) Results of the colony PCR using gene
specific primer pairs. Multiple bacterial coloniegre picked and grown for PCR analysis. All tested

clones were positive for the insert (~1700 bp).

27



Hs|NP_060083.1|
Mm|NP_068366.1|
Rn|NP_001008288.1|

Gg|XP_416713.2|

r Dm|NP_649531.1|
L AQ|XP_315901.4|
—XI|NP_001088556.1]|

L Xt|NP_989384.1|

NLS Myr Ank

Hs Donson
~p_osooss.t) LB T | | I ] s566aa

Interphase

Anaphase

(9]
v
©
<
[
©
3
(]
=

Anaphase

Figure 9 Conservation of DONSON and localizationtadies. (a) phylogenetic tree of sequences

from different species homologs of human DONSONné&Rank accession numbers are indicated. (b)
Predicted structure of human DONSON gene. Blackslinepresent putative CK2 phosphorylation

sites. (c) Localization analysis of HA-tagged DON$&@\rrows indicate the main localization regions

of DONSON. Note the diffuse staining in the anagheal! in the upper panel.
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HelLa cells growing on coverslips were transfectath wCDNA-Donson-HA and
incubated for 48 hours to allow for gene expressiells were fixed, HA-tagged
Donson was detected using HA-specific antibody2Nd\ was stained with Hoechst
dye. aHA-antibody detected a strong signal at the petearcregion in most of the
observed cells. Specifically, two dot-like struesircould be seen close to each other
and in proximity to the nucleus, reminiscent to kbealization of centrioles. (Figure
9c). Mitotic cells showed a broader staining patt&eginning in prophase of mitosis,
HA-antibody could detect its substrate throughdw mucleus and was colocalizing
with chromatin (not shown). In the following stage$ mitosis, aHA-antibody
staining was almost completely overlapping with DNAee ‘metaphase’ and
‘anaphase’ images, Figure 9c). In anaphase, twdildoistructures were visible at
localization of spindle poles, the prospective idesion sides of the segregated
chromosomes (Figure 9c, arrows in lower panel).i#altally, diffuse staining could
also be detected parallel to the segregation adstlze two spindle poles (Figure 9c,
upper panel, arrows). Taken together, localizatmfn Donson as revealed by
fluorescence microscopy suggests a centrosomalizatan which changes during
mitosis to overlap with DNA localization during 8aand late stages. Consistent with
this model, dot-like structures were observed #t Bpindle poles during anaphase.
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3. Discussion

Morphogenesis of tissues and organs in multiceliotganisms is based on a complex
interplay of different cell populations which commicate with each other and the
environment, react to extrinsic cues and adapth@nging conditions. Much like
cellular networks, a complicated picture of sigm@nsduction pathways is now
emerging with pathways not acting in parallel, ipeledent from each other but
working in functional modules with proteins oftereeting a multitude of different
functions depending on the molecular context (Heltwl999). Reverse genetics has
made it possible to systematically screen for nagestes involved in a signaling
pathway or cellular process. The most promisingers® genetic perturbation
technology, RNAI, allows the identification of genen a genome-wide scale and
supports efforts to understand cellular processes ao systems-level. Besides
identifying new genes involved in known signalingtipvays, functional genomic
studies using RNAI also help in identifying druggets, often by using so-called
synthetic lethal screens, combinatorial screen$ witemical compounds or other
perturbation reagents (Aza-Blanc et al., 2003)sHmd other areas of application has
made it an attractive approach to systematicathjpate functions to genes.

Here, | present a functional analysis of candid@tees based on similarities of
perturbation phenotypes of several uncharactergestes with known genes using
image-based quantification approaches and multidsno@al profiling of perturbation
phenotypes on a single-cell level. Analysis of gerentered clusters around
DONSON, an previously unknown gene and CASP8AP2sécondary assays
revealed genes required for cell-cycle progressiganomic integrity and cell
survival. Localization studies of DONSON showed ttha may localize to
centrosomes throughout the cell-cycle, suggestimgortant roles for DONSON in
mitotic entry, checkpoint signaling and centriolaptication. Consistent with its
suggested role in cellular survival, silencing 0DIRSON resulted in strong DNA
damage induction and cell-cycle arrest at the GriSsition point.
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3.1 Genome-wide RNAI screen reveals tight phenotypclusters

Forward genetic studies have contributed much to @urent understanding of
cellular processes as diverse as cell cycle, seworetell motility and signal
transduction, to name a few. Core components ofcéllellar machinery have been
identified as well as characterized and put intmtext of whole organisms in
development and disease-related processes. Howaveignificant portion of the
human genome is not functionally characterized @adsical mutagenesis screens
might be too limiting in their phenotypic readoaipacity, and saturation of the whole
genome might not be achieved due to preferenti#sd’‘in specific regions of the
genome. Alternative approaches are needed tchéllgap of our current knowledge
about biology of cells and organisms. RNAI techggloffers a way to systematically
and specifically analyze gene function by variousenotypic assays such as
colorimetric, chemiluminescent and microscopic cedd (reviewed in Boutros and
Ahringer, 2008).

In our current study, we used large-scale RNAtybations covering almost
the entire human genome to identify novel companenit functional modules
involved in cell morphogenesis, survival and cgitle. Using a supervised learning
algorithm, cells were classified in different phemac classes. Multi-parametric
profiling of gene perturbation phenotypes enablsdaimap the phenotypic profile
space of the whole screen based on morphologieliries of single cells. With this
approach we could identify several distinct phepmtyclusters which we used as a
starting point for secondary assays and functistuadies of unknown genes (Figure
4a). Two phenotypic clusters were studied furthrerdéetail. One cluster in which
genes exhibited a strong Vviability effect and celcle arrest comprised
uncharacterized genes such as DONSON, SON and 200&hd the known
centrosomal genes Cepl64 and Cepl92, which weeathgdound to be important
for centrosome biogenesis and duplication as welsgindle assembly and DNA
damage signaling (Sivasubramaniam et al., 2008; ézererreria et al., 2008). A
second gene centered phenotypic cluster contaieeesgsuch as CASP8AP2, which
is associated with Fas-ligand mediated apoptosigdgived in Krieghoff et al., 2007),
TMEM61 and RRM1, a subunit of the ribonucleosidghdisphate reductase, an
enzyme essential for the production of deoxyribdgwnttdes prior to DNA synthesis

in S-phase of dividing cells.
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Previous functional studies which utilized the RN&chnology to dissect cell
morphology and remodeling of cell shapes did eitin@nually score and compare
phenotypes (Kiger et al., 2003) or used only asubkgenes for quantitative analysis
of cell morphology (Bakal et al., 2007). Our datasew allows the analysis of genes
based on a quantitative description of the pertisbgohenotype. This provides an
unbiased approach to study gene function and thteadeused in our study can be
adapted to other image-based screens and dat&¥e¢s.major advantage over
reductionistic readouts used to dissect specifitulee pathways using cell-based
reporter assays is the general applicability ofithage data to analyze a variety of
different cellular processes. Additionally, duepieiotropic effects of single genes,
specific gene functions are often missed becauseesificted phenotypic readout
methods. High-throughput microscopy based scresniily most certainly be more
frequently used in the future, partially becausetlod need for multi-parametric
quantitative data not only in functional genomia# lalso in drug discovery and
development (Loo et al., 2007). Technical advarinesiicroscopy technology and
image analysis will improve future studies relyimig image-based data and will help
to establish more advanced microscopic screeningfs a&s time-lapse microscopy to
understand underlying mechanisms leading to renmaglef cell shape (Neumann et
al., 2006).

3.2 Cell cycle analysis in human an®rosophila cells

For the functional analysis of candidate genesvddrirom phenotypic clusters, we
performed high-throughpuin situ cytometry. DNA content analysis provides an
excellent starting point for the identification a@fenes required for cell cycle
progression, replication and mitosis. Previoushpl@hed studies could show the
general applicability and richness of the datad¢hioed from this method (Kittler et
al., 2007). Therefore, and because genes withinD@®&ISON cluster showed cell
cycle arrest phenotypes, we used RNAI and IR iatzmh to identify genes which
show cell cycle effects upon their depletion. Mulki genes including CDCADS,
CDCA8, ANLN and KIF23 showed cell viability phenpss and G2/M arrest,
consistent with their essential roles in mitosisl aytokinesis (Figure 5c). Several

candidate genes showed a marked increase in c#isSaphase DNA content after
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RNAI treatment. While RRM1, RRM2, TMEM82 and DONSQ@Nested at the G1/S
transition, CASP8AP2 showed a strong increase ils egrest in S-phase and an
increase in cells with G1 DNA content (Figure RM1 and RRM2 are both part of
an enzymatic complex, ribonucleoside-diphosphateatse, which is important for
the production of deoxyribonucleotides required ffigplication and DNA repair. It
was also shown that RRM2 directly interacts witl3 phd accumulates in the nucleus
after UV exposure, suggesting a pivotal role folMRBUbunits in DNA repair (Xue et
al. 2003). Knockdown of one of those genes is cigffit to arrest cells in G1 phase.
TMEM82 and DONSON show a similar cell cycle praofileith TMEM82 having a
higher percentage of cells in S-phase, indicatingjoav cycling through S-phase.
DONSON, which shows an almost identical profileRIBM1 and RRM2 knockdown,
therefore might be important for entry into S-phasenight regulate DNA repair e.g.
through checkpoint signaling.

Central cell cycle regulatory proteins are oftemsmyved throughout the
animal kingdom. Thus, | asked if knockdownfosophila homologs of genes from
the DONSON cluster would show a similar effect @ cycle and viability of cells.
Silencing of the RRM1 homolog RnrL elicited a s@verability effect with almost 30
% of cells having sub-G1 DNA content (Figure 6b &w®). This effect might be
explained by the generally higher knockdown efficig and longer incubation time in
Drosophila culture cells than the RNAI experiments in humaltsc&levertheless, the
effect of RnrL knockdown iDrosophila cells underscores the essential role of this
gene in different organisms. RpA-70, the homolodgwaihan RPA1, showed a G2/M
arrest and increase in sub-G1 cells (Figure 6b)ARR mainly involved in DNA
repair signaling and homologous recombination, rbigiht exert additional functions
during DNA replication (Binz et al., 2004). Our v#s suggest that RpA-70 is also
important for cell survival and might play a rolershg M-phase of the cell cycle.
Mini-spindles (msps), th®rosophila homolog of CKAP5, is a centrosomal protein
which regulates spindle assembly and stability (ghand Megraw, 2007). Following
RNAi-mediated silencing of msps, G1 peak and subeBll population increase
(Figure 6b). This could hint towards an early rofe msps/CKAPS5 in cell cycle
already during replication, which extends the prasi knowledge about this gene as
an exclusive mitotic regulatory protein. In conatus using high-throughput DNA

content analysis, we could identify potential nokegulators of different cell cycle
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phases especially S- and M-phases, which suggestdeaof those proteins in

replication, genomic surveillance mechanisms artdsis.

3.3 Microscopy analysis of DNA damage induction

The most delicate time-point during cell cycle imigh DNA damage can lead to
severe effects and consequences for the cell rgrigpm apoptosis and cell death to
mutation in oncogenes or tumor-suppressor geneduigg replication. Several
redundant control mechanisms ensure genomic ityegnd prevent propagation of
introduced mutations from exogenous DNA insultemdogenous errors during DNA
synthesis (reviewed in Bartek et al., 2004). Addhitilly, components of the DNA
damage pathway including ATR and its downstreanagenChk1l might be required
for normal replication fork progression during urtpebed S-phase (Petermann and
Caldecott, 2006). However, recruitment and regohatf checkpoint components to
replication forks during unperturbed DNA replicaticemains obscure.

Based on the results from the primary microscopget and the cell cycle
analysis of candidate genes, we next asked whétkegenes showing an effect on
cell cycle progression might be important for gemommtegrity. Using phospho-
specific antibody against the activated form of BX2Ave looked for induction of
DNA damage upon RNAI treatment. Interestingly, salvgenes induced strong DNA
damage foci upon depletion of their gene produktgufe 7). Especially, Donson,
CASP8AP2, C200RF4 and CADM1 showed a strong DNA atmmresponse.
Surprisingly, Cell-adhesion molecule 1 (CADM1) wase of the genes which
showed a consistent DNA damage response after RNAHU treatment following a
recovery period (not shown). CADML1 is describechdamor-suppressor gene which
Is mutated in multiple types of cancer, e.g. breaster and neuroblastomas (Michels
et al., 2008). It will be interesting to investigatvhich mechanism is responsible for
our observed perturbation effect. If CADML1 is invedl in DNA damage signaling or
regulation of replication, it probably will indirtg regulate core components of these
pathways. DNA damage induction after depletion oh8bn suggests a role during
replication by protecting DNA from insults or regdtion fork collapses. If this is
achieved indirectly remains to be elucidated. Adgtaf the Drosophila homolog of
DONSON, humpty dumpty (hd), could show similar cejicle effects and DNA
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damage foci formation which we observed, suggestingonserved function of
Donson (Bandura et al., 2005; see below).

3.4 DONSON, a putative centrosomal protein required for

genomic stability

The human gene Downstream neighbor of SON (DONS®Nyjidely conserved in
multicellular eukaryotes from plants to human. A& of its sequence predicts an
NLS-sequence, Ankyrin-repeats, N-myristoylatioresiand multiple putative CK2
phosphorylation sites. Since no additional expenimehave been conducted to
evaluate different sequence motifs within the DONSg2ne, it is hard to predict any
protein function or regulation of DONSON throughesle sites. N-myristoylation
might be important for subcellular localization (iiguchi, 1999) and ankyrin repeats
might mediate protein-protein interactions. IndelK4 group of proteins, which
inhibit and regulate cell cycle progression throdghding to G1-specific cyclin-
dependant kinases (CDK4/6) harbor ankyrin-repead@anépa et al., 2007).
Phosphorylation of DONSON by CK2 could regulate atstivity and subcellular
localization. Consistent with our suggested rol®@NSON in regulation of genomic
integrity, it was shown that CK2 binds to and phHuaspylates BRCA1 and also
supports recruitment of MDC1 to DNA damage sitea WMRN interaction by
phosphorylating it (O'Brien et al., 1999; Chapmaud dackson, 2008). Future studies
will have to examine, if one or all of the preditteequence motifs have functional
relevance to DONSON activity in vivo.

One study found DONSON to be upregulated by E2Rstmaption factors
with the highest expression level at the onset -@h&se. Conversely, constitutive
expression of either pRB or pt6™ resulted in a decreased expression of DONSON
(Vernell et al., 2003). The same regulatory mectranivas found in the study of the
Drosophila homolog of DONSON, humpty dumpty (Hd) (Banduraaét 2005).
These studies suggest an important and conservedofdONSON in regulating
genomic integrity mechanisms during replicationisTts also consistent with our
observed retardation of S-phase entry and DNA damaduction upon RNAI-
mediated gene silencing of DONSON. Intriguinglye #tudy ofDrosophila Hd could
also show that cells lacking the DONSON homologehawliferation defects and
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reduced genomic DNA replication, and cells mutantHd exhibit increased numbers
of yH2AX foci (Bandura et al., 2005). In contrast toetlsuggested functional

conservation of DONSON, we could not rescue an RiAdiated knockdown of

single and pooled siRNAs in human cells using a Gpdmoter driven expression
vector containing the mouse homolog of DONSON (dattashown; see Figure S2 for
determination of knockdown efficiency of single BIR against DONSON).

To study protein localization of DONSON within thell, | used an HA-
tagged variant of the full-length protein. DONSOM-Hbcalized to the perinuclear
region in two discrete foci, reminiscent of cens (Figure 9c). Further localization
studies in different cell cycle phases reveale@gssociation of DONSON with DNA
throughout mitosis and localization of dot-likeustiures to the spindle poles of the
cell. Centrosomal localization of DONSON might beimportant hint for follow-up
studies. The centrosome is primarily known forrdte as a microtubule organizing
center but recent evidence draws a much broadarrgithan previously anticipated.
It not only regulates entry into mitosis but alsochestrates cytokinesis, G1/S
transition and monitors DNA damage (reviewed ingdien, 2008). Recently, several
studies could confirm a role of the centrosome akeking platform for multiple
kinases and phosphatases with regulatory roles elh @ycle progression and
checkpoint activation. For example, Chkl was fotmdbe recruited to centrosomes
after DNA damage induction (Lo6ffler et al., 2007n contrast, Bandura and
colleagues did find Hd protein located in nucleaifThese conflicting findings may
be due to transient localization in nuclear foampecruitment to specific sites within
the nucleus e.g. replication forks or DNA damagdessiTransient translocation of
DONSON through regulation by a yet to be identifipdotein interaction or
phosphorylation by CK2 or other cell cycle and #pexnt kinases could be one
explanation of these contradictory results. Thegsated model, where DONSON is
cycling between the nucleus and centrosomes, fits thve predicted NLS sequence
which is required for transport of cargo protein®ithe nucleus by importin family
members. Future studies will have to investigateckviexact role DONSON plays in
the regulation of genomic integrity and surveillamomechanisms during replication

including DNA damage and checkpoint signaling.
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4 Materials and Methods

4.1 Materials

If not stated otherwise, all chemicals were obtaiftrem Sigma. Specific material and

instruments are described in the method's section.

4.1.1 Buffers and media

Drosophila complete medium Schneider'sDrosophila  medium
(Invitrogen); 10% fetal calf serium
(Gold Category 'EU', PAA), 1%
penicillin/streptomycin (Invitrogen)

Fluoromount-G Southern Biotech

Human complete medium Dulbecco's MEM (Gibco); 1@alf
bovine serum (Gibco); 50 pg/mL
penicillin/streptomycin (Invitrogen);

2 mM L-glutamine

Phosphate buffered saline (PBS) 137 mM NacCl; 2.7 kG 10 mM
NaHP Oy, 2 mM KHPOy
RPMI 1640 Invitrogen

4.1.2 Antibodies and dyes

Alexa488-conjugated goat anti-mouse 1gG MoleculabBs (1:500)
Alexa488-conjugated goat anti-rabbit IgG MoleclWRaobes (1:500)
Alexa594-conjugated goat anti-mouse 1gG MolecutabBs (1:500)

Hoechst stain

Mouse anti-phospho-H2AX Upstate Biotechnology (D)30
Rabbit anti-HA Sigma (1:300)
Propidium iodide (P1) Molecular Probes
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4.1.3 PCR primers

PCR primers were synthesized by Invitrogen. Rdgiricsites are italic. All dsSRNA

template primer sequences not listed here areadlaiathttp://rnai.dkfz.de

Donson-HA (reverse primer from MWG biotech)

Don-HA forw: 5-COGCTAGCGCCACCATGGCCCTTTCGGTGC-3
Don-HA rev: 5’-CGGAATTCCTAAGCATAGTCTGGGACATCATAAGGG
TATCCGCCGGATCTCCAATTATAAATGTAGTCTCTC-3

Donson real-time PCR

Donson forw: 5-GTCCAGCATTGTAGGGCAAC-3'

Donson rev: 5'-GGCTCTGCTGGAAGGTACAA-3'

4.2 Methods

4.2.1 Molecular biology

If not stated otherwise, all cloning procedureseveerformed according to standard
protocols (Sambrook et al., 1989). Phusion polysei@&innzymes) was used for all
PCR cloning purposes. For dsRNA template generatiofiaq polymerase (Qiagen)
was used. PCR primers were purchased from Invitrogecept the Donson-HA
reverse primer, which was ordered from MWG biotediguences are listed in 4.1.3.

Expression construct

pCDNA-Donson-HA was generated by PCR amplification of the fullggmhuman
Donson cDNA clone (NM_017613) from the TrueClonecéss cDNA library
(OriGene) using an HA-tagged reverse PCR primere WCR product was
subsequently cloned into an expression ve@BDNA3.1(+) (Invitrogen), usind\Nhel

andEcoRl restriction sites.
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In vitro transcription

DNA templates were amplified fromrosophila genomic DNA using gene specific
primer pairs which contained T7 Promoter tags. Tlatep were transcribea vitro
using a T7 RNA polymerase (Invitrogen) for 16 I8&tC. AfterDNasel (Fermentas;
0.5U/50 pl reaction) treatment for 30 min at RT,A&N\were purified using RNeasy
Mini Kit (Qiagen). Size and quality of the transits were checked by agarose gel
electrophoresis. Primer sequence information idabla athttp://rnai.dkfz.deand in
4.1.3.

Quantitative real-time PCR

For determination of knockdown efficiency of singe#RNA targeting Donson
transcript, relative expression level was measwsdg the Universal ProbeLibrary
(Roche) and a LightCycler 480 (Roche). For thi§xI0® HelLa cells/well were
reverse transfected with 20 nM single siRNAs (Dhagon) against Donson in a 96
well plate and incubated at 37°C for 48 h to allmwprotein depletion. Afterwards,
cells were resuspended and 6 wells containing @neessiRNA were pooled. RNA
was isolated using the RNeasy Mini Kit (Qiagen) dndg RNA was taken for cDNA
synthesis using Oligo-dT primer and the RevertAidMihus First Strand cDNA
Synthesis Kit (Fermentas, #K1632). Expression lexsd normalized against GAPDH
and HPRT. Primer for real-time PCR was designedguBirobeFinder (Roche). See

4.1.3 for primer sequences.
4.2.2 Cell culture and transfections

U20S and Hela cells were maintained in DMEM coneletedia at 37°C in a
humidified atmosphere with 5% Grosophila S2R+ and S2 cells were maintained
at 25°C inDrosophila complete media. Human cells were transfected inve
plates with 0.5 pg, 1 pg and 2 pg of DNA respeétivesing FUGENE 6 (Roche) or
in 384 well plates with 50 ng of DNA. siRNA transt®n was done in 384 well and
24 well plates with 20 nM siRNA final concentratiasing Dharmafect (Dharmacon),

according to the manufacturer’s protocols.
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4.2.3 RNAI experiments

RNAI in Drosophila cells and FACS analysis

For RNAI experiments irDrosophila cells, dsRNAs were generated from DNA
templates of a dsRNA library (Hild et al., 2003) ibwitro transcription as described
(Boutros et al., 2004). Sequence information ofd&RNAs used in the following

experiments is available &ttp://rnai.dkfz.de The FACS analysis experiment was

performed in 96 well flat bottom plates (Falcon53375). For reverse transfection, 1
1g/10 pl HO of dsRNAs were pipetted. 3.5X182 cells/well in serum-free media
was added and serum-starvation was performed foni@0at RT to enhance dsRNA
uptake. Serum-containing media was added aftensstarvation to 100 pl/well final
volume and cell were incubated at 25°C for 4 dayallow for protein depletion. For
drug treatment, 10 mM Hydroxurea (Sigma) was addeeach well and cells were
incubated another 16 h. For fixation, cells weuspended, two replicate wells were
pooled, washed with PBS and fixed in 70% Ethanol2&°C over night. After
aspiration of Ethanol, cells were resuspendedaimisty solution containing 40 pg/ml
propidium iodide (Molecular Probes), 0.5 mg/RNaseA (Sigma) and PBS, and
incubated at 37°C for 2 h. plates were stored & 4f the dark prior to FACS
analysis.

Flow cytometric DNA quantification was performedtiwia BD FACSArray (BD
Biosciences) in 96 well U-bottom plates (Greineg5&185). 10000 events were
measured per well and further analysis was dongyu&owJo software. Clotted cells
were excluded from further analysis by defining rayppiate gates. For gating of
individual cell cycle phases, the DNA profile ofklla a negative control, was used in

each plate.

DNA content analysis in human cells

For DNA content analysis in human cells, cells wiered with 80% ice-cold ethanol
and incubate for 30 min at -20°C. Cells were thelmydrated by washing with PBS
two times. After RNaseA digest (100 pg/ml) for att37°C, nuclei were stained with
PBS containing 10 pg/ml propidium iodig®olecular Probes) for 15 min at RT.
Stained cells were scanned with an Acumen ExplgréP LabTech) and manually
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gated with the Acumen Software (TTP LabTech) tongjii\apercentages of cells with
G1, S and G2/M DNA content.

Rescue experiments

For rescue studies of Donson depletion phenotygeuman cells, U20S and Hela
cells were transfected with single and pooled siRp8bes against human Donson
(20 nM final concentration per well) in 384 well enotiter imaging grade plates (BD
Falcon, #353280) using a Multidrop dispensing sys(€hermo) as described above
and incubated for 24 h at 37°C. Dilution seriea @CMV-SPORT®6 vector containing
the mouse Donson full-length cDNA clone (imaGeneas done using FUGENEG
(Roche) and either 5, 10, 20 or 50 pg of the exgiwasvector. Total amounts of DNA
were adjusted to 50 ng with an empty vector (pCDNA®itrogen). Cells were

incubated for another 48 h before fixation and t&ingng for DNA content analysis

with the Acumen Explorer as described above.

4.2.4 Fluorescence microscopy

DNA damage analysis

For observation of DNA damage foci formation, 3.6x20S cells were seeded on
coverslips in 24 well plates and transfected witbolpd or single siRNAs
(Dharmacon, 20 nM) as described above. 48 h passtection, cells were subjected
to DNA damage inducing agents, 1 Gy ionizing radia{IR) or 3 mM Hydroxurea
(HU). Controls without treatment were prepared anatiel. Cells were either fixed
after 1 h (IR) and 24 h (HU), respectively or atteditional 6 h recovery time.

Cells were fixed with PBS containing 5% PFA forr@th, washed with PBS and PBS
containing 0.2% Triton-X-100 and blocked with 3%A38.05% TX-100/PBS for 45
min before incubation with antiH2AX antibody (Upstate Biotech., 1:300) over night
at 4°C. After another washing step with 0.05% TX3,16ells were incubated with
Alexa488 goat anti-mouse secondary antibody fordt RT, washed and incubated
for 15 min with Hoechst staining solution (Sigmald00). Coverslips were mounted

onto glass slides with Fluoromount-G (Southern &b) mounting media. A Zeiss
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Axiolmager Z1 with an Apotome was used for micrgsc@nalysis. Images were
assembled and processed in Adobe Photoshop an@Jmsagware.

Localization studies

For localization studies of human HA-tagged Donsabx1d Hela cells/well were
seeded on coverslips and 0.5, 1 and 2 pg of pCDNAsDNn-HA (see above) was
transfected and total DNA amounts were adjusteétljig. 48 h post-transfection, cells
were fixed as described above and incubated wiikH# antibody (Sigma, 1:300) at
4°C over night. After washing with 0.05% TX-100/Isevere incubated either with
Alexa488 or Alexa594 goat anti-rabbit antibodies foh at RT, before counter-
staining the nuclei with Hoechst (1:1000) for 15hmylounting of cells and analysis
of images was done as indicated above.
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Figure A1 Gene centered cluster around CASP8AP2. (Upper panel) The phenotypically closest
genes from CASP8AP2 knockdown phenotype is shown. cells in this cluster have increase nuclear
size and a protrusion phenotype. If available, Drosophila and C.elegans homologs of indicated genes
are shown. (lower panel) Example images of two phenotypically close genes, CASP8AP2 and
CD3EAP. Phenotypic profiles are on the right, with red showing an increase and blue showing a
decrease of afeature or class within the well.
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Figure S2 Results from gPCR deter mining the knockdown efficiency
of single SSIRNAs against DONSON. Four different independent single
SIRNA (Dharmacon) were tested for the gene-specific knockdown
efficiency. Bars show relative amount of DONSON mRNA normalized to
GAPDH. siDonson #4 has the strongest effect with 11 % relative mRNA

level. Average knockdown efficiency of all 4 SRNA is 25 %.

Gene name Annotation symbol (Dm) Gene name
(Dm) (Hs)
Lcch3 CG17336 GABRA3

- CG12320 C200RF4
hd CG2669 Donson
Grasp65 CG7809 GORASP2
Rpn2 CG11888 PSMD1
melt CG8624 VEPH1
Rpn7 CG5378 PSMD6
X11Lbeta CG32677 APBA1
cta CG17678 GNA12
rev? CG2948 TMEM82
Dox-A2 CG10484 PSMD3
msps CG5000 CKAP5
RpA-70 CG9633 RPA1
- CG13667 NDOR1
- CG32251 Clspn
DIl CG3629 DLL4
lok CG10895 Chek2
DNAprim CG5553 Prim2A
Top3alpha CG10123 Top3a
mei-41 CG4252 ATR
Erccl CG10215 ERCC1
RnrL CG5371 RRMI
arp CG17161 Chek1
- CG8273 SON
- CG1109 WDRS33
tefu CG6535 ATM
Rad17 CG7825 Rad17
- CG18445 MBOAT2/CADM1
Imd CGb5576 (control)
Rel CG11992 (control)
Takl CG18492 (control)

Table S1 Genelist of fly homologs for DNA content analysis. dsSRNAs
for negative controls were included in the analysis. Gene name of fly and
human homologs are indicated.
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