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1 Introduction

1.1 Neurogenesis in Drosophila melanogaster

Drosophila is a holometabolous insect, which during develogmemdergoes
complete metamorphosis, including the larval, pupadl adult forms. This process is
powered by environmental, systemic and local sgyrielhe central nervous system (CNS)
of Drosophilais generated during embryonic and postembryonicgh®f neurogenesis,
which are separated by quiescence, a known payseliferation of the neural progenitor

cells (neuroblasts) (Figure 1).
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Figure 1. Two waves of neurogenesis durinDrosophila development.

Neuroblasts (NBs) are presented above the line.rfmix NBs delaminate from the neuroectoderm.
Embryonic NBs do not re-grow after each divisiohe¥ enter to the quiescence state at late embrgsgen
NBs reactivate after larval hatching to start podig/onic neurogenesis. In contrast to embryonic ,NBs
larval NBs re-grow after each division and can divimore often. At late larval and pupal stages, NBs
terminate proliferation.

The larval CNS develops during embryonic neurogen@gereas for building the
adult CNS, both phases are responsible. The CNIs onfelanogastecomprises the optic
lobes, the central brain and the ventral nerve ¢UiC). Particularly, the central brain
consists of the proto-, deuto- and tritocerebrurhjctv in the adult brain built up the
supraesophageal ganglion. The VNC includes 3 ghdtltmbesophageal ganglion), 3
thoracic, and 9 abdominal neuromeres. The centahhkand the VNC arise from the
neuroectodermal cells placed at the ventral regicthe early embryo, in contrast to optic
lobe neuroblasts (NBs), which develop from neurtbeial placodes during larval stage
(Egger etal. 2008, Skeath & Thor 2003, Technau et al, 200@nsgquently, the brain

derives from the anterior region of neuroectoderaied procephalic neuroectoderm,



whereas the VNC develops from the posterior vemtealroectoderm. Development of the
CNS is best studied in the VNC, because it consiEts sequence of repetitive segmental
units called neuromeres. In general, the bodyaisophilais divided into metameric
segments. Each segment consists of bilaterallynged hemisegments (right and left part
of the embryo), which are the developmental unitshe developing CNS. Onset of
neurogenesis is the delamination of multipoteninseells, neuroblasts (NBs), from the
neuroectoderm, each of which has a specific idenfiie unique fate of NBs is determined
by the time and positional information in the negatoderm, which is provided by
anterior-posterior (AP) and dorso-ventral (DV) pating genes (Urbach & Technau 2003;
Skeath 1999, Baht 1999). The segment polarity gesithsn each hemisegment subdivide
the neuroectoderm along the AP axis into transvenas and are responsible for different
fate of the NBs, which are arising in different wRespectively, DV patterning genes
subdivide the neuroectoderm along the DV axis iotgitudinal columns and ensure that
each delaminated NB in different columns acquiresiaque identity (Bhat 1999, Skeath
1999). Due to overlapping activities of AP and D\ttprning genes, a Cartesian
coordinate system is formed in each hemisegmergrevbach proneural cluster or neural
equivalence group consists of 6-8 cells (Figure) 2afxd is responsible for the specific NB
to be formed (Skeath 1999). However, besides pip@tg genes, expression of
proneural and neurogenic genes are needed foirgjnglit a NB from a proneural cluster.
Initially, combinations of the three proneural gerechaete(ac), scute(s¢ andlethal of
scute(I'sc), which together form thachaete-scute-compldAS-C), are expressed in all
cells of a proneural cluster and each cell acquiesal potential (Campos-Ortega 1993,
Skeath & Thor 2003, Egger et al. 2008, Hartens&iviodarz 2013). However, only a
single cell, which expresses the highest level 8f@will gain the NB fate. This selection
process is regulated by lateral inhibition medidigdhe Notch signaling pathway. Lateral
inhibition restricts the expression of proneuratggto the presumptive NB. In the case of
loss of function of any of the neurogenic genes encodingchi@ignaling components,
most of the cells in proneural clusters adopt tBefate (Lehmann edl. 1981, Lehmann et
al. 1983, Jimenez & Campos-Ortega, 1990). The Notchs{@f)aling cascade is activated
by binding of the transmembrane ligand Delta (Dih® Notch receptor of the neighboring
cell. This initiates a proteolytic cleavage cascatidlotch and translocation of the Notch
intracellular domain (") to the nucleus. KP interacts with Suppressor of hairless
(Su(H)), triggering the expression Bhhancer of SpliE(spl)genes, which, in part, encode

transcriptional repressors for proneural genesufei@ B). Concurrently, there is a positive
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feedback loop between AS-C and N signaling, as fivaton depends on the AS-C
(Heitzler etal. 1996, Skeath & Thor, 2003). This means that thevatabn of N signaling
leads to repression of AS-C in the cell. Respelgtjivihe cell with less expression of
proneural genes has reduced D activity, which tesallowering the capacity of this cell
to activate N in neighboring cells. Relying on thise cell in the proneural cluster, which
initially has higher levels of AS-C or D will obtathe NB fate and downregulates through
N signaling the expression of proneural genes énnighboring cells. Although each cell
of a proneuronal cluster expresses AS-C and N mathvemponents it is thought that
subtle differences causes an imbalance, which l¢adshe selection and later the
delamination of a single cell with the NB fate fréhe neuroectoderm (Figure 2 A).
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Figure 2. Neuroblast formation during embryogenesis

A) Only a single neuroblast delaminates from a ptwal cluster. The selected neuroblast delaminates
basally into the embryo, enlarges and starts t@ediasymmetrically. The remaining cells of the @oral
cluster acquire epidermal fate. B) Simplified sckewnf lateral inhibition, which regulates neuroblast
selection via Notch, Delta and proneural genesdétails see text).

However, it is important to mention that other proral genes also are involved in
neurogenesis, since half of the NBs formed durimprgonic neurogenesis lack AS-C
function. NB delamination begins between embryatage 8 and 11 (Campos-Ortega &
Hartenstein, 1985) and consists of five waves (S51-8f NBs segregation. Three
longitudinal columns of NBs (medial, intermediateldateral) are generated during S1-S3
phases (Campos-Ortega & Hartenstein, 1985), wh&Basderived from S4 and S5 phase
are scattered between existing columns of NBs. rMariant pattern of about 30 NBs is
formed in each thoracic and abdominal hemisegmbfdreover, NBs in different
segments, which become specified in an analogousiosigmporal pattern, are
homologous NBs and acquire similar fate. As it \wascribed by Bossing at. 1996 and
Schmidt efal. 1997, 17 embryonic NBs are derived from ventraf bithe neuroectoderm
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and form the medial and intermediate columns of NBsle the other 13 NBs are derived
from the dorsal neuroectoderm and form the lateodhmn of NBs. After delamination,
NBs enter mitosis and divide in a stem-cell likenmer to generate ~500 and ~400
neurons/glia cells in thorax and in abdomen, respdy. However, the size of NB
lineages generated during embryonic phase of nenesys within each hemisegment
varies. In addition, thoracic NBs generate lardenes in comparison to the corresponding
NBs in abdominal segments (Bossin@ketl996, Schmid eal. 1999).

The situation is more complex in case of brain tgyaent. The insect brain is
traditionally subdivided into tritocerebrum, deutogbrum and protocerebrum (Bullock
and Horridge, 1965). Like in case of the VNC, seghpmolarity and DV patterning genes
are providing spatiotemporal information to the NBsising in the procephalic
neuroectoderm. With regard to the expression ofehgenes it was shown that the
pregnathal neuroectoderm give rise to four segmanteuromeres in each hemisphere of
brain: the tritocerebrum or intercalary segmeng dleutocerebrum or antennal segment,
and the most prominent part of brain or the pratmeim, which consist of ocular and
labral neuromers (Schmidt-Ott el. 1994, Schmidt-Ott & Technau 1992, Urbach &
Technau 2003b). As it was shown by Urbach & Tech2@@B8b, segment polarity and DV
patterning genes are clearly demarcating segméotahdaries in the developing brain.
The brain NBs are generated between embryonic sta@gad late 11 and originate from
ectodermal domains with distinct mitotic behavioilready in 1989, Foe (1989)
subdivided the procephalic neuroectoderm into sgwaitotic domains, where all cells
within a discrete domain are synchronously entethng mitotic cycle but do not have
synchrony with cells of other domains. Essentialhe brain NBs develop from 4 or 5
mitotic domains, named B, 1, 5, 9 and possibly Bufe 3 A). Urbach eal. (2003)
showed a correlation between the brain NBs subptipns and mitotic domains.
Correspondingly, mitotic domain B generates ab&NBs, and all NBs contribute to the
central part of the protocerebrum. 10 posteriotquerebral, most deutocerebral and some
anterior tritocerebral NBs arise from mitotic dom&. Anterior population of about 15
protocerebral NBs derive from domain 1, whereasth@ dorsoposterior part of the
protocerebrum about 15 NBs originate from mitoteréiin 5. Relying on the fact that the
relative position of mitotic domains are invariaiuring embryonic stages 8-11, mitotic
domain 2 gives rise to part of the tritocerebralsNBrbach eal. 2003). It was also shown
that there are distinct modes of brain NB formatiamich are conditioned by mitotic

domain origin (Figure 3 B). For example, neuroeetathl cells in mitotic domain B do
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not divide prior to NBs delamination, whereas catlsnitotic domain 1, 5 and 2 divide
parallel to the ectodermal layer and as a reswdtanthe daughter cells delaminates as a
NB. In the case of domain 9, NB formation can bleiecd in 2 ways: delamination and
directed mitosis (Figure 3 B (a1, a2)) (Urbach &frau 2004, Urbach at. 2003).

Domain 9
Domain B a) R
_ apical ¥ 1
I — NE I > -~ L B
w @ basal J\ -
Domain1/5 b)
e 9 ™ T

Urbach & Technau, 2004

Figure 3. Neuroblast formation in the brain.

A) Blastodermal head region (lateral view), wheiféedent colors represent positions of mitotic damsal,
2,5, 9 and B. B) In mitotic domain B, neurobladttaminate basally from neuroectoderm. In mitotendin

1 and 5, neuroectodermal progenitors divide pdrésleectoderm, where one of the daughter cells Biay
ectoderm as an epidermoblast, whereas the secdadhidates as a neuroblast. In mitotic domain 9,
neuroblasts form in two distinct ways. In one calse,neuroectodermal cell moves apically (Ba),tegjrates
and delaminates as a neuroblast (Bal) or remaiestoderm as an epidermoblast (Ba2). In the othse,c
cells divide perpendicular to the ectoderm (Bb)erehone of the cells moves apically, then reintiegranto
the ectoderm as an epidermoblast, whereas the dtheminates basally to become a neuroblast.

Like in the VNC, proneural genes are also expressédin the procephalic
neuroectoderm. However, they are expressed in gpnatleural clusters and in larger
ectodermal domains. Behavior of proneural genesriall proneural clusters is similar to
the VNC. The procephalic neuroectoderm region, Wihimadly expresses proneurat,
generates more than one NB. This fact can be ewquaby lower efficiency of lateral
inhibition, which is essential for controlling th@ocess of single NB formation from
proneural clusters in the VNC (Younossi-Harteinstet al. 1996). Experimental data
indicated that in all mitotic domains more than asfeneighboring cells in proneural
cluster are becoming NBs, especially within mitadiemain B where many of adjacent
cells gain NB fate, due to less efficient laterdiibition (Urbach etl. 2003). By the end
of embryonic neurogenesis about 100 brain NBs apemgted, which presumably
represent the complete population of embryonicrbiiBs (Urbach eal. 2003, Urbach &
Technau 2003). In principal, most of the NBs stmplivide at embryonic stage 14, besides
4 mushroom body NBs, which continuously divide uptipal stages (Ito & Hotta 1992).

Generally, the NB is always in the superficial lagéthe CNS, whereas each newly born
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ganglion mother cell (GMC) pushes the older ona# eurons to the deeper layer of the
embryo CNS. During embryogenesis, the NBs generaieonal diversity in an invariant
temporal sequence due to a temporal transcriptiotef (TTF) cascade (Person & Doe
2003, Schmidt etl. 1999, Petson & Doe 2004, Brody & Odenwald 2000).f&o 4
members of TTF cascade have identified, which amressed in NBs in a sequential
manner: Hunchback (Hb)}»>Kruppel (Kr) - Pdm— Castor (Cas) (Isshiki edl. 2001,
Grosskortenhaus al. 2005, Brody & Odenwald 2000, Grosskortenhausal€2006).
GMCs and their lineages retain the transcriptiatdig which is expressed in NB at the
time of GMC'’s birth. Therefore, Hb is found in theepest and consequently Cas in the
most superficial layers of neurons (Figure 4) (lsskt al. 2001, Brody & Odenwald
2000). There is a cross-regulatory interaction ketwTTFs, where each gene can activate
the next one in the pathway and simultaneouslyesespthe ‘next plus one’ gene (Isshiki et
al. 2001).

cytokinesis SVP
neuroblast —Tb G —> @ = “IT";:[J”
Lo l
Q @ Q
N/ /\
Q QO

GMCs

@@ @@ QO deep

basal

progeny

Egger etl. 2007

Figure 4. Temporal neuroblast progression.

Hb, Kr, Pdm, Cas are expressed sequentially iméheoblast. Each GMC and its lineage are carnyfirg t
transcription factor, which is present at the tioi€&sMC birth. Cytokinesis and Svp are requiredHitrto Kr
transition.

Indeed, there are two timing mechanisms, which leggutransition of temporal
identity in NBs: a cytokinesis-dependent timing b — Kr transition and cell-cycle
independent timing of K~ Pdm — Cas transition (Grosskortenhausagt 2005). In
addition, the nuclear receptor Seven-up (Svp) & akquired for this transition via
downregulation of Hb (Figure 4) (Kanai &t 2005). The first phase of neurogenesis ends
when the embryonic lineages of nervous system energted. This is a crucial moment,
when each NB has to choose whether to enter aaguiestate or to undergo apoptosis. As
it was mentioned above, NB segregation in abdonandlthoracic segments are identical.
However, only 3 from 30 abdominal NBs persist tstfinstar larvae compared with 20
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from 30 thoracic NBs per hemisegment (Truman & BE88, Prokop & Technau 1991).
This correlates with a burst of NB apoptosis in #i@lominal segment of the embryo,
which is regulated by pro-apoptotic genes (Peteetai. 2002, White etal. 1994). The
rest of the CNS NBs, except the mushroom body NMB&er a mitotic quiescence state and
reactivate cell division during early larval staggnbryonic NBs reduce in size with each
division (Figure 1), which may act as a triggerisgnal for entering quiescence
(Harteinstein etal. 1987). Segment-specific characteristics during lbgveent are
regulated by homeotic genes (Morata 1998nhntenopodia(Anp controls segment
identities in the head and anterior thorax, whilrabithorax (Ubx) and abdominal-A
(abd-A control those of the posterior thorax and abdanreaddition it was shown that in
the larval and adult CN&bd-A and Ubx coordinate the cell number differences in the
abdomen and thorax due to programming proliferatioembryo and larva, as well as the
number of persisting NBs in post-embryonic stageKép etal. 1998).

Postembryonic neurogenesis begins during firstalanstar and continues into the
pupal stage (Figure 1). This second wave of neuregje generates 90% neurons of the
adult CNS (Truman & Bate 1988, Prokop & Technau1)9%ost NBs are quiescent
during larval hatching and start to divide at spec¢ime points after hatching. About 8-10
hours are needed for activation of central braial2 h for optic lobe and 28 h for thoracic
NB division (Truman & Bate 1988, Prokop & Techna®91, Ebens edl. 1993, Green et
al. 1993, Datta 1995). NB reactivation is regulate@kiinds of extrinsic signals: humoral
signals and signals received from microenvironnseitounding the stem cells. NBs in the
larval brain are separated from each other by gk#ls, which form a stem cell niche. It
was demonstrated that signals needed for NB redidivare derived from the surrounding
glia cells (Ebens atl. 1993, Park eal. 2003, Dumstrei eal. 2003, Datta 1999, Truman et
al. 1994). To be able to reenter mitosis, at first i has to enlarge, which depends on
nutrition, especially on the presence of amino fadigigure 5) (Truman & Bate 1988,
Britton & Edgar 1998). One of the humoral signaguired for cell-cycle reentry is a fat
body derived mitogen (FBDM) provided by the fat {pad response of nutritional amino
acids (Britton & Edgar 1998, Colombaniadt 2003).



Egger etl. 2007

Figure 5. Schematic representation of neuroblast eetivation.

Fat-body derived mitogen (FBDM) triggers neurobkastargement. Anachronism (Ana) arrests neuroblasts
in G1 phase until repression is relieved by fibasblgrowth factor (FGF) and Hedgehog (Hh) signaling
mediated control of terribly reduced optic lobedjr As a result, neuroblasts enter S phase. Theab
ecdysone (20E) in this process is not clear.

Under starvation conditions, larvae do not prodilneeFBDM and consequently NBs are
not able to enlarge. Even overexpression of regiddbr G1 to S phase transition is not
able to reactivate NBs. In contrast, nutrition degifon after NB reactivation does not
affect cell division (Britton & Edgar 1998). Thecead stage of reactivation is entry into S
phase, which is governed by several factors. @hachronism(ana gene plays an
important role in timing of postembryonic NB prefation. The product oéna is a
glycoprotein secreted by glia cells, which repressgremature proliferation of
postembryonic NBs and maintains them in a quiese@hase. NBs precociously enter S
phase inana mutants (Ebens etl. 1993). Seemingly, prior to release of NBs from G1
stage,ana expression has to be downregulated. Mutatiotenibly reduced optic lobes
(trol) strongly retards NB reactivation. ParticularlyB&Nenlarge, but never enter S phase.
However this phenotype could be rescued by oveesspon ofCyclin E In trol mutants
cyclin Eis less expressed, assuming that for reactivatidanol mutant NBs, Cyclin E is
required (Caldwell & Datta 1998). In double mutarits anatrol, precocious NB
reactivation was observed demonstrating that Tetd downstream of Ana (Datta 1995).
Trol codes for the proteoglycan Perlecan, which thrdaighding to other factors regulates
cellular signaling (Voigt etl. 2002, Park etal. 2003). Trol is expressed in first instar
larval brains most likely in glia cells (Voigt at 2002), which are placed in close vicinity
to the superficially located NBs. Trol, due to tinéerplay with fibroblast growth factor
(FGF) andhedgehodHh) signaling, might regulate the reactivationN® proliferation by
suppressing or bypassing the repressive effecinaf ()igure 5) (Voigt eal. 2002, Park et
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al. 2003, Datta 1995). Moreover, the steroid hormonedyBone (20E - 20-
hydroxyecdysone) might affect NB reactivation. IRpkant culture of larval CNS,
Ecdysone is maintainingn vivo levels of NB reactivation (Datta 1999). However,
expression of the Ecdysone receptor in NBs is tehéx in the middle of second larval
instar, when many NBs are already dividing (Truneaal. 1994). Therefore, it is unclear
how Ecdysone is influencing NB reactivation. Altatimely, Ecdysone could have an
effect on NBs, which reenter mitosis later in depehent (Egger edl. 2008).

After entering mitosis, NBs divide asymmetrically ¢jive rise to a larger self-
renewing NB and smaller differentiating progeny.contrast to embryonic NBs, larval
NBs re-grow after each division and are able toddivmany times. Four types of NBs in
the brain lobes and 2 types in the ventral nervd can be distinguished: type I, type I,
mushroom body and optic lobe NBs in the brain lades abdominal and thoracic NBs in
the ventral nerve cord, which are presenting typéBk (Figure 6) (Sousa-Nunes at
2010, Bayraktar atl. 2010, Homem & Knoblich 2012). Optic lobe NBs ansdy during
larval stage from the optic lobe neuroepitheliurgritng with symmetric division to
segregate neuroepithelial cells which form two ifechting centers: Inner Proliferation
Center (IPC) and Outer Proliferation Center (OR)st of the neurons of the optic lobe
derive from these centers via neurogenesis, whislolves an early larval phase of

symmetric divisions and late larval asymmetric N@gion (Egger eal. 2007).

(r(‘r_‘f YTUYY
- Figure 6. The 3 instar larval brain.

l' 7 Ventral nerve cord (VNC) with thoracic and abdonhina
J\J\Mu neuroblasts, brain lobes and associated optic IqHs.

S Mushroom body (MB), Type | and Type Il neuroblaate
Brain  indicated.

Thoracic ..

@

Abdomina 2.0 8. Homem & Knoblich 2012

Mushroom body (MB) NBs are a notable exception beeathey divide continuously

through both phases of neurogenesis and generatg atfold more neurons compared to
the other Type 1 NBs. There are approximately §@ tyNBs in each brain lobe, which

represent most of the central brain NBs. They esgthe transcription factors Deadpan
(Dpn) and Asense (Ase), which are regulating NB-zlewal (Wallace eal. 2000). In
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addition, cytoplasmic Prospero (Pros) becomes gatgd into the ganglion mother cell
(GMC) and enters the nucleus to control GMC fatgpel | NBs are dividing
asymmetrically to give rise to a self-renewing NBBdaa GMC, which divides one more
time to generate two neurons or glia cells (Figum). There are only eight Type Il NBs
in each brain lobe, which express Dpn but not Asd &ros. These NBs divide
asymmetrically to generate a self-renewing NB anttaasient amplifying cell called
immature intermediate neural progenitor (INP), viahiy transcriptional changes becomes
a mature INP (Figure 7 B). Mature INPs are expregsie transcription factors Ase and
Pros. Each mature INP divides asymmetrically thoekve times to form another INP and
a GMC. Like in Type | NB lineages, GMCs derived frdNPs localize Pros in the

nucleus, which restricts GMC to generate two poisttin neurons or glia cells.

A Type | neuroblast B Type |l neuroblast

NB
(Ase) — N ./

Immature
INP

MNeurons/glia

Homem & Knoblich 2012

Figure 7. Asymmetric cell division of Type | and Tye Il neuroblasts.

A) Type | neuroblasts divide asymmetrically to giiee to a self-renewing neuroblast and a GMC, twiiic

its turn divides one more time to produce a paimefirons or glia cells. B) Type Il neuroblasts divi
asymmetrically to generate a self-renewing neustldad an immature intermediate precursor (INP)chvh
after maturation also divides asymmetrically tavica self-renewing INP and a GMC.

Owing to INPs, Type Il neuroblasts generate largelt lineages compared to Type |
neuroblasts. In general, NBs in the CB and tho@axinue to divide until pupal stage and
each generates about 100 progeny in case of tgoel inore than 500 cells in case of type
2 NBs. Abdominal NBs stop to divide at larval stagedays before pupation, and each
generates about 12 progeny (Bello adt 2003, Truman & Bate 1988). Also during
postembryonic neurogenesis, a single NB sequegngalherates different types of neurons.
This was first demonstrated in the case of the lpagent mushroom body NBs, each of
which sequentially generates all types of Kenyolfs éto etal. 1997, Lee etl. 1999).
Very recently it was shown that Type Il NBs and f\Nsequentially express a series of
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transcription factors, which are required for th®duction of distinct neural subtypes
(Bayraktar & Doe 2013). This mechanism correspdodéie TTF cascade for embryonic
NBs as described before.

In principal, neurogenesis in all regions of theSCteases prior to fly hatching (Ito
& Hotta 1992). NB termination is highly region sgecand progresses through different
mechanisms: cell cycle exit and apoptosis. In thaoaninal region, Type | NBs terminate
via apoptosis, where they stop to divide after gplaing homeotic genabd-A which in
turn activates the proapoptotic gergsm, hid and reaper (RHG) and thus triggers NB
death (Bello etl. 2003). However, it is important to mention that thenscription factor
Grainyhead (Grh), which is expressed at late emicystage, is essential for terminating
neural proliferation in the abdomen. Grh has sedrapecific activity. In the thorax, loss
of Grh leads to reduction of mitotic activity of [NBollowed by their apoptosis, whereas in
the abdomen it leads to the failure of NBs to ugdespoptosis (Cenci & Gould 2005).
Type | NBs in the central brain and thorax termengitoliferation via Pros-dependent cell
cycle exit. TTFs are essential for this processs @mulates Grh activation, which is
responsible for preventing premature cell cyclet @i Type | NBs, whereas Svp is
essential for a Pros burst in the nucleus, whidddeto induction of cell cycle exit
(Maurange eal. 2008). Hence, Grh is regulating the timing of NBrigation. Mushroom
body NBs terminate proliferation last at pupal staghey first reduce growth and
proliferation due to decreased Insulin/PI3K sigmgli(see below). This results in
localization of the transcriptional regulator Faxothe nucleus, which finally leads to an
autophagic cell death response (Siegrigtle2010). The time when NBs irreversibly stop
to divide is very crucial for determining the firgize of the CNS. Although different NBs
terminate proliferation at different time pointst is completed by the end of
metamorphosis and no mitotic active NBs can betifiet in the adulDrosophilaCNS.

1.2  Neuroblast asymmetric division

The diverse cell types in the nervous system, akenother systems, are derived
from asymmetric cell division of stem cells. In geal, there are 2 mechanisms to regulate
asymmetric cell division: asymmetry can be achieviadntrinsic mechanisms, where cell-
fate determinants localize asymmetrically duringasis and are inherited by only one of

the daughter cells, and alternatively, when asymm@¢pends on external polarity cues

13



provided by surrounding cells forming a stem c&he (Horvitz & Herskowitz 1992, Yu
etal. 2006, Lu efal. 2001). Niche-controlled stem cell division is higfilexible. Mitotic
spindle orientation perpendicular to the nicheaefensures that the cell, which maintains
contact with the niche, will keep the ability tdfsenew. On the other hand, stem cells can
divide parallel to the niche surface and genenmatedtem cells. The main purpose of this
division is expansion of the stem cell populatisrcompensation of stem cell loss (Li &
Xie 2005).

Asymmetric division of neuroblasts largely dependsa cell-intrinsic mechanism.
In prophase, Par proteins establish a polarity; arigprometaphase, the mitotic spindle
orientates along the polarity axis and cell fateéedminants become asymmetrically
localized; and finally, in telophase, cell fateatetinants become differentially segregated

into two unequal sized daughter cells (Figure 8).

Dig =

| . . —
Bazooka = Inscuteable = Pins=Mud Figure 8. Neuroblast asymmetric cell division.

[J_:!_.L[-)_‘_;!L; ].-1 Two evolutionary conserved protein complexes,
(Bazooka/Par6/aPKC) ando@Pins/Loco linked by
Inscutable, localize apically. The Par complex is
required for localization of two cell fate determirt
protein complexes, Numb/Pon and
Miranda/Brat/Pros, to the basal cortex, whereas
Gai/Pins/Dlg ensures mitotic spindle alignment and
spindle asymmetry via binding to Mud, Khc-73 and
Loco proteins. As a result of asymmetric cell
division, cell fate determinants inherited by GMCs
act to promote differentiation and suppress self-

Brat renewal.
PON
Miranda = Staufen=- prospero |
| Numb .
Prospero Zhong & Chia 2008

An evolutionary conserved protein complex, calledr Porotein complex,
accumulates at the apical cortex before mitosisotisists of the proteins Bazooka (Par3),
Par-6 and atypical protein kinase C (aPKC). Bazoekd Par-6 are PDZ domain-
containing proteins, through which they can be lbbtm aPKC. Initially, the apical
localization of the Par complex is inherited frone theurogenic ectoderm after neuroblast
delamination, where they are localized apically asdential for establishing apico-basal
polarity (Wodorz etl. 2000, Rolls etl. 2003). Orientation of the mitotic spindle, as well
as unequal distribution of cell fate determinarmdofvs the polarity axis establishment.
The different cell fates are induced via unequgtegation of determinants in the daughter
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cells. For GMCs, these are the proteins Numb, RrasgPros) and Brain tumor (Brat)
(Spana eal. 1995, Hirata eal. 1995, Bello etl. 2006).

Numb is dispersed uniformly around the plasma mamdduring interphase. With
the onset of mitosis, it is accumulated around ainine spindle poles, which leads to the
segregation of Numb in one of the daughter cellerafytokinesis (Rhyu eal. 1994),
where it controls signal transduction of the Nobdlfa pathway through binding to the
endocytic proteira-Adaptin (Berdnik efal. 2002, Schweisguth 2004). Numb mutation in
larval neuroblasts causes overproliferation, whegults in a tumor-like phenotype (Lee et
al. 2006a, Wang etl. 2006). Similar phenotypes could also be observedase of
mutation of other determinants.

The transcription factor Prospero (Pros) is pregeneuroblasts, however it enters
the nucleus only in GMCs after asymmetric local@a(Hirata etal. 1995, Knoblich eal.
1995). Pros regulates expression of about 700ttgeyees including cell cycle regulators,
neuroblast self-renewing genes, as well as genggireel for neuronal differentiation
(Choksi etal. 2006), which indicates that Pros controls GMC éxdt cell cycle and its
entry into the differentiation pathway. Like for hb, loss of Pros function in larval
neuroblasts also causes stem-cell derived tumeas étal. 2006¢, Bello eal. 2006). The
third segregating determinant Brat acts as an idmnilof ribosome biogenesis and cell
growth (Frank eal. 2002).Brat mutation in larval neuroblasts causes overpraltfen. It
Is important to mention that the most pronouncddcefof Brat is indicated in type I
neuroblasts, which are lacking Pros, which explavhy these cells are more sensible to
loss of other tumor suppressors. Howevelhriat mutants, overexpression of Pros is able
to rescue tumor formation (Leeat 2006c, Bello eal. 2006).

The asymmetric localization of cell fate determitsais governed by the adaptor
proteins Miranda (Mir) and Partner of Numb (Pon)et&®hinger & Knoblich 2004).
Miranda is a coiled-coil protein, which binds tooBrand Brat, and becomes segregated
into the GMC. In case gdros andbrat mutations, Mir localization is not affected, whase
in mir mutants protein determinants distribute homogesigoin the cytoplasm and
segregate equally into both daughter cells. Like, Mon is also coiled-coil protein, which
binds to Numb, however it is not mandatory foratymmetric localization. Mutation of
pon causes delayed localization of Numb in metaphaddch is recovered during
anaphase and telophase (Wan@leR007). Hence, Pon contributes to Numb asymmetric

localization, but it is not needed at late stagemitosis.
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The mechanism through which the Par complex drigeslization of cell fate
determinants has been recently revealed. Numbta&hsd to the plasma membrane
through positively charged amino acids in its Nmtwus, which also contains three aPKC
phosphorylation sites (Knoblich el. 1997). These positive charges are neutralized by
aPKC-mediated phosphorylation, which inhibits apidamb membrane association and
leads to its accumulation at the basal membranetZ\Weitz etal. 2008). In interphase
neuroblasts, aPKC forms a complex with Par6 andhdlei{2) giant larvae (Lgl)
(Betschinger eal. 2003). This complex cannot phosphorylate Numb. Hereby onset of
mitosis, Par6 is phosphorylated by the cell cyodpahdent protein kinase Aurora-A,
which leads to the activation of aPKC, which imtphosphorylates Lgl (Figure 9). Due to
phosphorylation, Lgl is released from the complbevéng Par3 to associate with it. Only
the form of the Par complex, which contains Par8csve, since Par3 can bind to Numb
and aPKC. Hence, the role of Lgl is to ensure satestspecificity and not recruitment of
determinants to the cortex (Wirtz-Peitz at 2008). A similar aPKC phosphorylation
dependent exclusion mechanism has been shown fani¥a (Atwood & Prehoda, 2009).
In spite of the fact that Pon can also be phospatay by aPKC, it can be phosphorylated
by mitotic kinase Polo as well (Wangadt 2007), which may provide another regulatory

signal for determinant localization.
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Neumiller & Knoblich 2009

Figure 9. The Par complex is required for cell fateleterminants localization.

A cascade of phosphorylations triggers the replacgraf Lgl protein by Par3, which in turn is respitte

for change in substrate specificity of aPKC towaklsnb and Miranda, thereby excluding them from the
apical cortex.

The final step to ensure asymmetric cell divisisnorientation of the mitotic
spindle along the apico-basal axis and its asymenetganization to specify different
daughter cell sizes. Localization and organizatibmitotic spindle is achieved by linking

the Par complex via Inscutable (Insc) to Partneringicutable (Pins), which in turn
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associates through three GoLoco domains with therdteimeric G protein subunit dG.

In addition, Pins binds to Mushroom body defect {Ywia its tetratricopeptide repeats
(TPRs). Intramolecular interaction of Pins GoLoca & PRs domains leads to differential
Gai binding, which is important for correct spindldigament (Nipper etal. 2007).
Particularly, binding of @i to GoLoco domain 1 ensures Pins localizationhi® apical
cortex and establishment of cortical polarity. Rertbinding of @i to the 2 and 3 GoLoco
domains destabilizes intramolecular interactiohsistallowing association of Mud with
Pins and localization to the apical cortex, whishimportant for aligning the mitotic
spindle with the cortical polarity axis. Recenthasvshown that the PDZ protein Canoe
also associates with Pins and has a regulatorctetfe cell polarity and apico-basal
orientation of the mitotic spindle (Speicher &t 2008). It is known that the Mud
orthologous NuMa (vertebrates) and LIN-5C.( elegany associate with the
Dynein/Dynactin protein complex to regulate spinaésembly (Nguyen-Ngoc at. 2007,
Merdes etl. 2000). Recently, the dynein light-chain proteirt Gp (Ctp) was identified as
a Mud interaction partner (Wangadt 2011). This suggests that@ins/Mud also recruit
the Dynein/Dynactin complex to the apical cortekich exerts minus-end directed motor
activity, thus aligning the mitotic spindle withetlapico-basal axis (Figure 9) (Siller & Doe
2009).

Figure 10. Mitotic spindle orientation.
Microtubules are anchored to the apical

G

i Cdc42 )

; ﬁpm cortex through DIg and Khc73, where Dlg
associates with Pins and Khc73 locolizes to

Baz
9 —
HRG © Liysqem. the microtubule plus-end, respectively.
dynactin . e . .
Spindle positioning is mediated by
Gai/Pins/Mud. Mud associates with dynein,

[ Dig @ Cmn which moves towards the minus-end of the
@ Adnerens Actin microtubules thereby generating pulling
junction network

force to recruit the spindle to the cortex.
Siller & Doe, 2009

Cells have a second spindle orientation pathwaychwtonsists of Pins, Discs large
(DIlg) and kinesin heavy chain 73 (Khc73) to ensasgmmetric spindle orientation. It
induces the formation of a Dlg/PinstiGerescent through binding astral microtubules to
Dlg via Khc73, which is localized at the plus emadsastral microtubules (Sigrist & Doe
2005).
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1.3 Nutrient-sensing mechanisms regulating cell growth

Development of multicellular organisms is deterndinky many genetic and
environmental factors. The main environmental fgatdich influences the growth rate, is
the availability of nutrients controlling both celhd organismal growth. This process is
regulated via cooperation of cell-autonomous anstesyic response to nutrients and
involves two pathways. Cell-autonomous control imivgth is responsible for the ability of
cells to assess their nutritional status via thetgan kinase TOR (target of rapamycin)
pathway. The systemic control mechanism is resp@ngor coordination of growth in
whole animals and is governed by the insulin/imsdike peptide (ILP) pathway (in
vertebrates insulin growth factor (IGF)), whichtumn regulates the phosphatidylinositol 3-
kinase (PI3K (inDrosophilap110))/AKT protein kinase signaling pathway (Hietagas
& Cohen 2009, Colombani etl. 2003, Britton & Edgar 1998). These two pathways
interact at multiple levels to assure the normakttgoment of the organisms.

Drosophila neuroblasts exit mitotic quiescence with beginniong larval
development, which is accompanied by cell growtld agrentry of mitotic activity. In
response to nutrition, an unknown fat body deriséghal (FDS or fat body derived
mitogen (FBDM)) acts on the larval CNS and triggeesiroblast enlargement and entry
into the cell-cycle (Figure 11). After activatiorf enitosis, neuroblasts continue to
proliferate independent of nutrient stimulus (Bmttand Edgar 1998). In general, the fat
body of insects is the storing tissue for proteiimds and glycogen. It shows dramatic
response to nutrient starvation, accompanied by dbsexture and change in opacity. This
could be explained by the mobilization of the stioneetabolites to support proliferation of
mitotic tissues in case of starvation.

Figure 11. Fat body dependent regulation of

CNS and body growth.

The fat body takes up amino acids by the amino
acid transporter Slimfast (SLIF), which results in

TOR Q&85 e , release of the FDS. In response to the FDS, glia
St cells and mMNSCs secrete ILPs. Glial ILP signaling
SUIF g *e links the amino-acid/TOR dependent FDS with

INR/PIBK/TOR signaling in neuroblasts. Direct
__ sensing of amino acids may also contribute to
Aminoacids e reactivation of neuroblasts.

Haemolymph

B Systemic ILP activity [ CNS-specific ILP activity

Sousa-Nunes at. 2011
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In Drosophila,seven ILPs (ILP1-7) and a single insulin-like recegInR) were
identified. Neuroblasts are surrounded by gliasgellhich receive the nutrition dependent
FDS and in turn produce ILPs. ILP2 and ILP6 are riiest prominent peptides, which
drive neuroblast activation through the InR/PI3Ki{Akathway (Chell & Brand 2010,
Sousa-Nunes dl. 2011). Besides glia cells, brain median neurosegretells (MNSC)
also produce ILPs in response to the FDS sign@u(Ei 1Figure 1). However, glia cell
derived ILPs are required for the activation of nedlasts, whereas mNSC produced ILPs
are essential for organismal growth regulation €aeNunes etl. 2011). In summary,
INR/PI3K/TOR pathway mediated neuroblast reactoratis induced by ILP signaling
received from glia cells which are activated by rmonacid/TOR mediated FDS (model is
proposed by Sousa-Nunesaét2011).

Activation of InR by ILPs triggers activation of 3M, which in its turn mediates
phosphorylation and activation of AKT by PDK1. AKS a protein kinase that further
triggers the TOR pathway (Figure 12 A). TOR kinagests in two complexes and both are
important in growth regulation, although they actifferent ways (Loewith edl. 2002):
TOR complex 1 (TORC1) is the main component forrieat and energy sensing to
control growth, whereas TOR complex 2 (TORC2) hasdufatory role in insulin
signaling by phosphorylation of AKT. At the samendi, the TORC1 complex can be
activated by circulating amino acids through thek®@TPase Rag (Kim etl. 2008). Two
key substrates phosphorylated by TORC1 complexpeotein kinase S6K and initiation
factor 4E binding protein (4E-BP) (Montagneakt1999, Tettweiler eal. 2005). Most of
the TORC1 regulated genes are involved in ribosbimgenesis and consequently, the
combined activities of the PI3K/AKT and TOR pathwaynediate cellular protein
synthesis and simultaneously inhibit the transmiptactor Forkhead box class O (FoxO)
function, which limits growth rate in response @aver nutritional status, to regulate tissue
growth and proliferation (Guertin @l. 2006, Matsuzaki eal. 2003). Moreover, most of
the TORCL1 regulated genes are targets of the nigtiea factor Myc and its expression is
regulated by TOR. In addition, Myc is regulated PRK/AKT via FoxO, where FoxO
directly binds to the Myc promoter. However, thiegess is tissue specific or depends on
metabolic state of the cell (Li at. 2010, Parici eal. 2011, Teleman etl. 2008).
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Figure 12. Schematic presentation of neuroblast gmth control.

A) Amino acid mediated signaling pathways. PI3K/AKittivates by ILPs, which inhibits FoxO and
activates TOR. Slif mediates TOR activation by amatids, which activates S6K and inhibits 4E-BP. In
combination, these two pathways regulate proteosyithesis, cell growth and proliferation. B) Neii
independent regulation of growth after reactivataimeuroblasts. Alk kinase is expressed in neasibl
during late developmental age and activated byliggand Jeb (Jelly Belly). Activated AKT directly
phosphorylates S6K and 4E-BP resulting in cell ghoand proliferation.

Although neuroblast reactivation and proliferatioequires convergence of
INR/PI3K/AKT and TOR pathways stimulated by nutitj neuroblasts have a brain-
sparing mechanism, which allows maintaining theaghoat late larval stages also under
nutrient restriction. Under these conditions,\J8elly (Jeb)/anaplastic lymphoma kinase
(Alk) signaling bypasses the requirement of ILP rattl InR activation (Figure 12 B)
(Cheng etal. 2011). Alk is expressed in the developing CNS obklaists and becomes
activated by the ligand Jeb expressed in glia .cBliéh are strongly expressed during fed
and fasting conditions. Alk promotes neuroblastghoby activation of the PI3K pathway
in combination with a direct activation of TOR affer protein S6K, thus protecting CNS
development against reductions in amino acids.

Nutrient availability is a key determinant of orgamal growth and development.
During development, animals face periods with famdhilability and restriction. To
survive all unfavorable conditions, the organisms he high adaptive response to
environmental conditions, which are triggered byesal protective mechanisms, ensuring

to overcome restrictions and finally to completemal development.
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1.4 Ribosome biogenesis: a major regulator of cell groth

Ribosome biogenesis highlights the growth capacity of cells, as protein synthesis is
a crucial step in growing and dividing cells. It requires enormous number of functional
ribosomes, which are molecular factories responsible for protein synthesis. Ribosome
biogenesis takes place in the nucleolus, a subsuclempartment, where the ribosome
subunits generating transcription and processingchimaries are localized. Before
assembling the mature ribosome several major psesetake place starting from 1)
transcription of preribosomal RNA (pre-rRNA) frombosomal DNA (rDNA), 2)
association of non-ribosomal proteins and smalllealar RNAs (snoRNAs) to control
pre-rRNA modification and processing into the 128S (in lower eukaryotes 25S), and
5.8S ribosomal RNAs (rRNAs), 3) further incorpooatiof ribosomal proteins (RPs) and
5S rRNA into pre-ribosomal small (40S) and larg@S¥p subunits and 5) transport of
maturing 40S and 60S subunits to the cytoplasm, pt&tmg the maturation and
assembling the 80S ribosome. Generally, the nuged intactduring interphase and
becomes disassembled during mitosis. Inherentky,niincleolus is a dynamic organelle,
since its size and structure is directly relatedribmsome production (Melese & Xue,
1995). The structure of the nucleolus varies betw@iéferent animal and plant species.
Nevertheless, there are three structural compatsmehich built up the nucleolus: the
fibrillar center (FC), the dense fibrillar compongDFC), and the granular component
(GC), which is surrounding the FC and DFC (FiguBg. 1n contrast to higher eukaryotes,
Drosophila nucleoli comprise only two subcompartments: flaril and granular
components (F and GC), which are intermingled. Eagbleolar compartment has a
distinct role in ribosome biogenesis.

Ribosome assembly is a highly controlled stepwreegss, which requires all three
nuclear RNA polymerases (RNA pol I, Il and Ill). &hnitiation of ribosomal subunits
synthesis starts with transcription of rDNA by RIgAl | to generate the pre-rRNA, which
takes place at the border between the FC and DF@yirer eukaryotes or in the fibrillar
compartment in lower eukaryotes. Further processintpe pre-rRNA into the 28S, 18S
and 5.8S rRNAs takes place in the DFC and assegbfisS rRNA and RPs occur in the
GC (Figure 13) 5S rRNA is separately synthesizedRNA pol Ill. RP synthesis is
mediated by RNA pol Il and is regulated by the Mranscription factor (Schlosser &t
2003). RPs are synthesized in the cytoplasm anadl lleeome imported to the nucleus
(Schlosser edl. 2003).
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The control of regulation of pre-rRNA synthesistie key step in ribosome
biogenesis. It is sensitive to nutrient starvationinhibition of protein synthesis, which is
again reactivated by addition of nutrients, growgh other stimuli. In response to
nutritional signals, the TOR pathway mediates phosgation of several co-factors of
RNA pol |, such as TIF-IA (transcription initiatidiactor 1A) and UBF (upstream binding
factor), directing RNA pol | recruitment to rDNA drurther initiates transcription (Mayer
etal. 2004, Lempiainen & Shore 2009). On the other h#mel UBF encoding gerndBTF
is a transcription target of Myc, which is one bétdownstream targets of the PI3BK/TOR
pathway (Grandori &l. 2005, Arabi etal. 2005, Poortinga etl. 2004).

The earliest pre-ribosomal particle is the 90Siglartwhich contains the 47S pre-
rRNA (in lower eukaryotes 35S pre-rRNA) and manlgosomal and non-ribosomal
proteins (Trapman etl. 1975). To form the functional ribosome, the process
machineries are coupled with the transcription riveenly to drive pre-rRNA processing
and modification, as well as RPs assembly. The hifRBIA and its associated factors,
called small subunit (SSU) processome, are binthr@bS pre-rRNA and are responsible
for the early cleavage of pre-rRNA and 40S asserfibtggon etal. 2002). It has been also
shown that 90S pre-rRNA is nearly completely lagkB0S subunit components, except
for some factors (Nopl and Rrp5), which are invdlve assembly of both particles
(Grandi etal. 2002). The SSU processome mediates 35S pre-rRNAficaatbn and
cleavage into 20S and 27S (28S in higher eukaryoRNAs (Figure 13), which are the

characteristic intermediates for pre-40S and pi®-80bunits, respectively (Henrasakt

22



2008). Most of non-ribosomal factors dissociatarfrthe pre-40S particle and essential
biogenesis factors and RPs are recruited to therRO&\. In general, pre-40S subunit has
a proper structure, besides the characteristic Kbs#ructure, which is essential for
association with the 60S subunit. The formatiorfldak” takes place in the cytoplasm
after transport of pre-40S due to phosphorylatiepfsphorylation events (Schéaferakt
2006). The final maturation of 40S subunit procegdshe cytoplasm and depends on
cleavage of the 20S rRNA to generate the mature B$A. This processing step
completes 40S assembly. The final 40S small rib@s@ubunit consists of 18S rRNA and
32 RPs.

An important step in assembly of pre-60S is thetiporation of 5S rRNA (Figure
13) which is synthesized in the nucleoplasm, fo#dviby transport to the cytoplasm, where
it is associated with RpL5 and afterwards importealck to the nucleus, where
incorporation takes place (Steitzatt 1988). Transcription of the 5S rRNA is mediated by
RNA pol Ill, which is regulated by direct interamti of Myc with TFIIIB (Gomez-Roman
et al. 2003, Grandori etl. 2005). Within the pre-60S particle, cleavage andhér
processing of 27S pre-rRNA vyield the mature 5.88 28BS rRNAs (Kressler etl. 2010).
The large ribosomal subunit associates with mamyritmosomal and ribosomal factors, as
well as RPs to assure its further maturation aasfrort to the cytoplasm. In summary, ~
50 non-ribosomal proteins are associated with ttee6PS subunit, whereas only 5 are
remaining in the mature 60S subunit (Kressleale2010). The mature 60S subunit is
composed of 5.8S, 25S (28S in higher eukaryoted)58rRNAs and 47 RPs. The final
step to generate the functional 80S ribosome is$isembly of 40S and 60S subunits with

MRNA in the cytoplasm.

1.5 The Mbm (mushroom body minature) protein is involvel in Drosophila CNS
development

The characterization of threushroom body miniature (mbm@ne started nearly 30
years ago by isolation of the hypomorphmibnt allele in a genetic screen for altered
mushroom body (MB) structure. The MB is a bilatirahrranged structure in the
protocerebrum ofDrosophila and most other insect species, and it is respansiul
olfactory learning, memory and decision making fdeberg etal. 1985, Heisenberg
2003). Each MB arises from a group of four appdyeatjuipotent neuroblasts, which

continuously divide from embryonic until pupal stagto sequentially generate several
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types of intrinsic MB neurons (Kenyon cells, KCHEp (& Hotta 1992, Ito eal. 1997, Lee
et al. 1999, Kunz etal. 2012). Approximately 2000 Kenyon cells build upe tMB
structure in each adult brain hemisphere (Asal.e2009). Dendrites of the Kenyon cells,
which are located in the dorsal cortex, form thixc@ogether with the synaptic endings
from projection neurons, whereas axons fasciculatehe anterior-ventral projecting
peduncle, where most of them bifurcate to form stesy of medial and dorsal projecting
lobes. MByneurons are born before the mid-third-larval instaena’/B neurons are
born, and finally thet/3 neurons are added at pupal stages (Le¢ €099). Furthermore,
yhneuron axons undergo massive remodeling during mufzhosis to establish adult-
specific branching patterns (Technau and Heisentd®gp, Lee etal. 1999). Mbm'
mutants show sexual dimorphism. MB developmenteaiale flies proceeds normally
until the 3 instar larva, followed by inappropriate remodelafg<Cs axons. In addition, a
reduction in Kenyon cell number was observed, tegulin a grossly reduced MB
neuropile in the adult (Heisenbergadt 1985, de Belle & Heisenberg 1996, Raabalet
2004). The phenotype caused pnt is variable ranging from moderate to strong
reduction of the MB neuropile, however, the strugtusubdivision of the MBs is

apparently maintained in all cases (Figure 14).

Figure 14. Analysis of thembm1 phenotype.
Frontal section of paraffin embedded heads of wiC(jAand

mbnt (D-F) females. Kenyon cell dendrites form the gdlga),
axons form peduncle (ped) and then branch into Itie
system Y, a’/B’, a/B). The structural subdivision is maintained
in mbnt flies, though there is an overall size reduction.

Raabe etl. 2004

Cloning of the gene revealed that the predictedistaption unit CG11604
corresponds to thembmgene (Raabe etl. 2004). It encodes a protein with characteristic
structural features including several clustersadradl in certain amino acids. Particularly,
two R/G rich regions, two stretches with basic amatids and three clusters of acidic
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amino acids are evident, but the most prominenicgiral feature of Mbm is a pair of
CCHC zinc fingers located in the C-terminal halftbé protein (Figure 15). Zinc finger
structures and functions are extraordinarily digemscluding DNA recognition, RNA
packaging, transcriptional activation, regulatidrapoptosis, protein folding and assembly
(Krishna et al. 2003, Laity etal. 2001). Furthermore, Mbm was identified as a
phosphoprotein (Bodenmiller at. 2008, Zhai eal. 2008).

R/IG RIG BC-1 AC-1AC-2 BC-2AC-3

Figure 15. Schematic presentation of the Mbm protai structure.

Clusters of enriched amino acids are marked witfiedint colors and symbolically marked with:
arginine/glycine — R/G (red), basic amino acid @us— BC-1 and BC-2 (green), acidic amino acidtelts —
AC-1, AC-2 and AC-3 (blue) and two zinc fingers F-Z and ZF-2 (yellow).

Mbm expression was detected in the MB neuropileti®darly, Mbm shows a cell
cycle dependent localization in neuroblasts. It watected in the nucleus of interphase
cells, followed by cytoplasmic distribution durirthe cell cycle (Raabe eil. 2004).
Bromodesoxyuridine (BrdU) pulse labeling experinsemdicated a function of Mbm in
proliferation of neuroblasts. Moreover, recentlyswdentified that Mbm is transcriptional

target ofDrosophilaMyc transcription factor (Hulf etl. 2005).
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1.6 Aim

Previous studies with the hypomorphibnt allele have revealed that in adult flies
mushroom bodies (MB) are grossly reduced compavedild-type (Heisenberg edl.
1985). Heteroallelic combinations wfbmalso caused MB neuroblast proliferation defects
(Raabe etl. 2004). However, at which step Mbm is requiredreuroblast proliferation
still remains elusive. Unfortunately, homology sdees provided no hint about the
molecular function of Mbm.

The aim of this work was to identify the role of Mbn Drosophilabrain development

and for that the following issues were addressed:

1. Evaluation of the Mbm expression pattern in theirbtay generation of a more
specific anti-Mbm anitibody. In this respect, thibesellular localization of Mbm in
neuroblasts was of particular interest.

2. All analyses so far were done with the hypomorpient mutant, which still
expresses low amounts of Mbm protein. Thus, a leéetaahenotypic analysis was
necessary with a verified null allele sbbm The major emphasis was the analysis
of central brain neuroblasts with respect to peoéifion capacity, asymmetric cell
division and cell growth. These analyses shouldvide the basic information,
which cellular process might be affected by los$/bin function. Based on these
findings, further studies should be performed to igsights into the molecular
function of Mbm.

3. Based on transcriptome analysis, Mbm is a transongarget of Myc (Hulf egl.
2005). Thus an important aim was to verify the fiorcof Myc as a transcriptional
regulator oimbmexpression bot vitro andin vivo.

4. Relaying on the fact that Mbm is a phosphoprot8odenmiller etal. 2008, Zhai
etal. 2007), a major aim was to determine the relevaoitep kinase, to identify

phosphorylation sites followed by testing theirdtional relevancéen vivo.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals, enzymes and equipment

All chemicals used during the study were from Apipéim, Sigma, Roche and Roth
companies. Restriction enzymes and polymerasesfreeneNEB. Equipment used for
experiments were from Biorad, Eppendorf, Biozynmei@er, Sarstedt, Biotech and

Biometra.

2.1.2 Reagents

Name Usage Manufacturer | Final concentration
Pepstatin A Protease inhibitor Roche 0,7 pg/ml
Leupeptin Protease inhibitor Applichem 5 pg/ml
Antipatin Protein inhibitor Applichem 5 pg/ml
Aprotinin Protein inhibitor Roth 10 pg/ml
Complete, Mini Protease inhibitor Cocktail Roche 1X
PMSF Protease inhibitor Sigma 0,2 pg/ml
Protein G-Agarose Immunoprecipitation Roche -
Glutathion Protein purification GE Healthcare -
Sephatose 4B
ATP Kinase assay Applichem -
[y-3*P] ATP Kinase assay PerkinElmer 3000 Ci/mmol
Schneider’s Cell culture Gibco/BRL -
Drosophila
Medium
Cellfectin Cell transfection Invitrogen -
ECL Plus Western blotting detection GE Healthcare -
Vectashield Immunosteining Vector Lab -
2.1.3 Special equipment
Apparatus Model Manufacturer
Confocal laser microscope TCS SP5 Leica
Confocal laser microscope FLUOVIEW 1000 IX 81  Olymsp
Fluorescent microscope DM6000 Leica
Luminometer GloMaX Microplate Promega

Luminometer
Flow Cytometer BD FACSCantd II Becton Dickinson
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2.1.4Kits

Name Producer
QIAamp DNA Mini Kit Qiagen

QIAamp DNA Midi Kit Qiagen
NucleoSpin®Extract Il Macherey-Nagel
Dual-Luciferase Reporter Assay System Promega
Click-IT® EdU Alexa Fluor® 488 Imaging Kit Invitraan
Click-IT® HPG Alexa Fluor® 488 Protein Synthesis | Invitrogen

Assay Kit

MEGAscript® RNAI Kit Ambion

CellTrace™ CFSE Cell Proliferation Kit - For Flow
Cytometry

Molecular Probes

QuikChange site-directed Mutagenesis Stratagene
2.1.5Cells
Name Source
E. colicell strainsDH5a™; BI21 Invitrogen, Novagen
DrosophilaSchneider 2 (S2) cells DrosophilaGenomics Resource Center
(DGRC)

2.1.6 Buffers and solutions

LB medium (1L)

10g Sodium chloride (NaCl)
10g Bacto-Tryptone

59 Yeast extract

Lysis buffer (TPE)

1% Tritonx 100

100 mM Ethylene diamine tetraacetic acid (EDTA)
1x Phosphate Buffered Saline

Lysis buffer
25 mM Tris

150 mM Sodium chloride
10% Glycerin

1% Triton X-100

1% Nonidet-P40

1x Protease Inhibitor Cocktail
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1x Phosphate Buffered Saline — PBS, pH 7.4

137 mM Sodium chloride

2,7 mM Potassium chloride (KCI)

8,1 mM Disodium hydrogen phosphate-dihydrate,iNRO,.2H,0)
1,8 mM Monopotassium phosphate ()

Glutathione (GSH) Wash buffer

50 mM Tris(hydroxymethyl)aminomethane (Tris) pH 7.5

100 mM Disodium ethylene diamine tetraacetic abighfEDTA) pH 7.5
0,1% Tween 20

Glutathione Elution Buffer
10 mM Reduced Glutathione
50 mM Tris-HCI (adjust pH 8.0)

Laemmli sample buffer

70 M Tris-HCI pH 6.8

3% SDS (Sodium dodecyl sulfate)
40% glycerol

0.5ml 0.5 M EDTA

0,05% Bromophenol Blue

5% [3-mercaptoethanol (14.3 M)

1x Running Buffer
25 mM Tris-base
200 mM Glycine
0,1% SDS

Stacking buffer (SDS-PAGE)
0,5M Tris 0.5 M pH 6.8
0,4% SDS

Separating buffer (SDS-PAGE)
1.5M Tris pH 8.8
0,4% SDS

Coomassie staining solution
Coomassie brilliant blue R-250
10% Acetic acid

50% Methanol

Distaining solution |
40% Methanol
10% Acetic acid

Distaining solution I
20% Methanol
10% Acetic acid
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1X Transfer Buffer (Western blot)

25 mM Tris pH 8.3
192 mM glycine
20% Methanol

1 xTBS-T

10 mM Tris pH 7,5
150 mM NaCl
0.05% Tween 20

TBE buffer
0,89 M Tris
0,89 M Boric acid
4% EDTA pH 8.0

Sodium phosphate buffer pH 6.8 (PLP)

463 pl Disodium hydrogen phosphate (0,5M (N&Qy))
537l Sodium dihydrogen phosphate (0,5M (N&idy))

PLP

720l 8% PFA (paraformaldehyde) freshly defrozed
1 ml 0,15 M DL-Lysin

200pl 0,1 M Sodium periodate (Nalp

120l Sodium phosphate buffer pH 6.8

1xPBS-TpH 7.4

137 mM Sodium chloride

2,7 mM Potassium chloride (KCI)

8,1 mM Disodium hydrogen phosphate-dihydrate,tNRO,.2H,0)
1,8 mM Monopotassium phosphate (}3D,)

0,3% TritonX100

2.1.7 Primers

Primer Sequence 5°-3°

E-box1-Ncol F. CTGCCATGGCGTCGCAGTAGC
E-box1-Ncol R. CCTCCACTGTTGCATGGTGGAATTG

E-box1+2-Ncol F.

GGAACCATGGCGCAGCGAGCGC

E-box1+2-Ncol R.

CCTCCACTGTTGCATGGTGGAATTG

AE-box1- F. CCCCAATCGGCTCAAGAATTC CGCCGCAACTAGGC

AE-box1- R. GCCTAGTTGCGGCGAATTC TTGAGCCGATTGGGG

AC-1F. CCGACTCCTCAACTGCGGACGCCGACGCCGATGATGAACAGAG
AC-1R. CTCTGTTCATCATAGGCGTCGGCGTCCGCAGTTGAGGAGTCGG

AC-2 F. CCAGTTTACCATTGCCGATGAGGAGGAAGCCGCCGAACCTGAAGACG
AC-2 R. CGTCTTCAGGTTGSGCGGCTTCCTCCTCATAGGCAATGGTAAACTGG
Mbm-RNAI-2 F TAATACGACTCACTATAGGGAGA GAACCCGAACCAGGGGAAATGG
Mbm-RNAI-2 R | TAATACGACTCACTATAGGGAGA CGTCATGATCTTTCGGCTCCACC
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2.1.8 List of antibodies

Primary antibodies

Antigen Animal Clon Dilution| Usage| Cat. Nr. | Origin

aPKC rabbit polyclonal 1:1000 IF sc-216 Santa
Cruz,Boptechnology

Miranda mouse 81-0 1:20 IF - F. Matsuzaki, Kobpabd

Pins rat polyclonal  1:500 IF - F. Matsuzaki

Phospho- | rabbit polyclonal| 1:2500| IF 06-570 Millipore-Upstat

histone H3

GFP chicken polyclona] 1:100Q0 IF AB1690Millipore

Fibrillarin | mouse 72B9 1:50 IF - U. Scheer, Wirziur
Germany

Fibrillarin | mouse P2G3 1:250 IF - U. Scheer

Mbm guinea pig | Syc-143 1:100 IF - Eurogentec

Nop5 rabbit polyclonal 1:600 IF - G. Vorbriiggen,
Gottingen, Germany

Lamine mouse ADL67.10 1:10 IF - Developmental Stadi
Hybridoma Bank (DSHB)

Lamine mouse ADL195 1:10 IF - DSHB

Armadillo | mouse N2.7A1 1:100 IF - DSHB

CK2a rabbit polyclonal| 1:400 IF KAP- Stressgen

ST010

Numb guinea pig| polyclonal 1:100Q IF - J. Skeattl, &uis, MO,
USA

y-Tubulin | mouse GTU-88 1:100 IF T 6557 Sigma

Mbm rabbit EP031195 1:166 WB - T. Raabe, Wiirzburg,

(mbm-95) Germany

o-Tubulin | mouse NDM1A 1:2500| WB TT9026| Sigma

Secondary antibodies

Specificity | Conjugate | Animal | Dilution | Usage | Cat.Nr. Origin

Rat Cy3 rat 1:100 IF 012-160-003 Dianova

Guinea pig| Cy3 goat 1:100 IF 106-166-003 Dianova

Guinea pig| Cy2 goat 1:100 IF 106-225-003 Dianova

Rabbit Alexa488 goat 1:250 IF A-11034 Molecularhes

Mouse Alexa488 gout 1:250 IF A-11001 Molecular @®b

Chicken DyLight488 goat 1:200 IF 103-485-155 Dianova

Rabbit Cy5 goat 1:100 IF 111-175-144 Dianova

Mouse Cy5 donkey| 1:100 IF 715-175-151 Dianova

Rabbit HRP donkey| 1:5000 WB NA9340V Amersham GE

Healtcare
Mouse HRP sheep 1:5000 WB NA931 Amersham GE
Healtcare
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2.1.9Fly stocks

Stock label Reference

wHE T. Raabe, Wiirzburg, Germany
Gal4- Driver Lines

Stock label Reference

worniu-Gal45M6, CyO Albertson and Doe, 2003
Mz1060-Gal4 J. Urban, Mainz, Germany
Transgenes

Stock label Reference

w'; P{lacw}mbn™**/Cyo, Ubi-GFP
(mbn?™#*]Cyo, Ubi-GFP)
mbnT#% P{neoFRT40A/CyO, Ubi-GFP

S.W. Oh eal. (2003)

w*mbrP ™ (P[mbniT)

T. Raabe (2004)/

w*, CK2B™YA22LIEM 73, Act-GFP CK25'%)

E. Jauch/ T. Raabe

W*, CKzﬂmbMAZE-ZL; C KZﬂgDNA

E. Jauch/ T. Raabe

UAS-GFP::NS1

R. Rosby eal. (2009)

UAS-mRFP::RpSE" chromosome)

R. Rosby alt (2009)

UAS-GFP::RpL112™ chromosome)

R. Rosby at (2009)

UAS-GFP::Nol123" chromosome)

J. Marinho at (2011)

mbn?**/Cyo, Ubi-GFPUAS-GFP::NS1TM6B, Th

T. Raabe (combined for this
study)

mbnt™®* UAS-GFP::RpL1ACyo, Ubi-GFP

T. Raabe (combined for this
study)

mbn? **/Cyo, Ubi-GFP;UAS-mRFP::RpS6TM6B, Th

T. Raabe (combined for this
study)

mbn™**/Cyo, Ubi-GFPUAS-GFP::Nol12 TM6B, Th

T. Raabe (combined for this
study)

UAS-CK2-RNAi (2™ chromosome)

R. Jackson, Boston, USA

UAS-CKZ-RNAI (3" chromosome)

Bloomington stock center
#35136

UASCK2a™ (3" chromosome)

Meissner etl. (2008)

mbnt"*"/Cyo, Ubi-GFPP[mbnt]/ TMEB, Tb

produced for this work

mbnt**/Cyo, Ubi-GFPP[mbn“ "]/ TM6B, Th

produced for this work

mbnt™**/Cyo, Ubi-GFP;P[mbrm“**"]/ TM6B, Tb

produced for this work

mbnt™**/Cyo, Ubi-GFP;P[mbr'“***F]/ TM6B, Tb

produced for this work
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2.2 Methods

2.2.1 Generation of transgenic flies

The previously described 4.3kb Hindlll genomic tesconstrucP[TW115] (Raabe eal.
2004) served as a template to simultaneously reptamons in acidic cluster AC-1
(S288A, S290A, T292A) and in acidic cluster AC-BZVA, S332A, T333A) to alanine by
in vitro mutagenesis. Prior to mutagenesis this constrast aut out with Notl/Kpnl and
subcloned to pBluescript 1l SK (-) vector. Afterar mutagenesis was done using
QuikChange site-directed Mutagenesis kit. Primaedufor mutagenesis are mentioned in
the primer list. The sequences indicated in boldbwshthe mutated codons for
phosphorylation sites. All constructs were verifiggl sequencing and were cut out again
with the same restriction enzymes to clone thera the pattB transformation vector to
allow for PhiC31 mediated transgenesis atdti® site located at chromosomal position
62B2 on the ¥ chromosome (BestGene Inc.). For each construgerakindependent

transgenic lines.

2.2.2 Bacterial protein expression and purification

Because of complication to express a full-length nMlprotein, cloning into the
EcoRI/Xhol cut bacterial expression vector pGEX-K@as carried out to separately
express the N-terminal (amino acids 1-268, GST::Mpand the C-terminal (amino acids
266-539, GST::Mbm2) half of the Mbm protein. TheTa®bm2 construct was used as a
template foin vitro mutagenesis to replace codons for the identifie@ @Kosphorylation
sites (S288A, S290A, T292A in the AC-1 cluster arg27A, S332A, T333A for AC-2).
Primers used for mutagenesis were the same assm @athe transgenic constructs.
Correspondingly, the complete open reading fram€K2o was amplified by linker PCR
and cloned into the pGEX-5X-1 vector digested wiboRI/Sall. All constructs were
verified by sequencindg?lasmids were transformed inocoli BL21 (DE3) and expressed
proteins were purified according to “Isolation 0§Gfusion proteins from IPTG-induced
Escherichia coli protocol (Feller Lab protocols, 2001). Proteineres dialyzed in 20 mM
HEPES (pH 7.5) for 48 hours. Similar purificatiosfsboth parts of the Mbm protein were
done for antibody generation and |39 from each GST::Mbm fusion protein were used for

immunization of guinea pigs (Eurogentec).
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2.2.3 Invitro kinase assay

Kinase assays were done usingg of recombinant GST::CK2 Reactions were set up
with 30 pg of the corresponding GST::Mbm protein, 20mM Mggid ATP (1QC [y->*P]

ATP (3000 Ci/mmol) in case of radioactive kinasesags 40 nMol ATP for mass
spectrometry analysis. To exclude phosphorylatioB 8T by CK2, GST protein also was
included in the kinase assay as a control. Thetiogagvas carried out in kinase buffer
(20mM HEPES, pH 7.5, in a total volume of fl) at 3C for 30 min and stopped by
adding Laemmli buffer. Afterward, samples were wated at 9%C for 2 min and

separated by 9% SDS-polyacrylamide gel electrog®&SDS-PAGE) and analyzed by
autoradiography. For mass spectrometry analyses,SI2S-PAGE gel was stained with
Colloidal coomassie staining and protein bandsesponding in size to GST::Mbm were

cut out.

2.2.4 |Immunoblot

For immunoblot analysis, protein lysates from 8@ifs from &' instar larvae of the
indicated genotypes were prepared in lysis bufigpasated by 9% SDS-PAGE and
transferred on nitrocellulose membrane for 2 haussg a semidry system (Bio-Rad
Laboraories, Hercules, CA). The blots were blockét 5% nonfat dry milk in 1 x TBS-T
for 1 hour and incubated overnight af@ with rabbit anti-mbm95 and mouse amti-
tubulin antibodies. Afterwards, the blots were molwith secondary antibodies diluted in
1XTBS-T and detected using the ECL Plus deteckagents.

2.2.5 Immunohistochemical analysis

3% instar larval brains of the indicated genotypesewfixed for 30 min on ice in PLP,
washed in 1x PBS (phosphate-buffered saline) amehgmhilized for 10 min in 1x PBS
containing 0,3% Triton X-100 (PBS-T). Brains weredked in PBS-T containing 3%
normal goat serum (NGS) for 2 hours at room tenmpegaand probed overnight aicGt
with the corresponding primary antibodies dilutadPBS-T/3% NGS. Afterwards, brains
were washed 3 times for 1 hour in PBS-T and remtobeernight at 2C with the
corresponding secondary antibodies. Tissues were washed for 1-2 days atGtin 1x

PBS, 0,3% TritonX-100 and mounted in Vectashieldunimg media. Images were
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recorded with a 0,fim step size with a Leica SP5 or an Olympus FLUOVIE®QO 1X 81

confocal microscope and processed with ImageJ safévare.

2.2.6 Neuroblast proliferation assay

Neuroblast proliferation was detected by using €lek-iT® Alexa Fluor 488 EdU
imaging kit. In this assay, the modified thymidiaealogue 5-ethynyl-2"-deoxyuridine
(EdU) is incorporated into newly synthesized DNAeté&ction is based on a copper-
catalyzed covalent reaction between an azide aralkgne. EAU contains the alkyne and
the Alexa Fluor® 488 contains the azide. For Eduklmg, larval brains were dissected in
PBS and incubated with 2M EdU in PBS for 2 hour at room temperature. Afteation

in 4% paraformaldehyde for 15 min, brains wereflyriwashed in PBS-T and blocked in
the same solution supplemented with 1% BSA for 8@ E&dU incorporation was detected
according to the instruction manual (Invitrogen)teA EdU labeling, brains were co-
stained with an anti- Miranda antibody accordingthe standard protocol (see 1.2.5).
Confocal images were collected with a Leica SPSeosimope and processed with ImageJ

1.46r software.

2.2.7 Metabolic labeling assay

Metabolic labeling of proteins was done using thiekdT® HPG Alexa Fluor 488 protein
synthesis assay kit (Invitrogen). The idea is thhbmopropargylglycine (HPG), an amino
acid analog of methionine, penetrates into thes@ld becomes incorporated into proteins
during active protein synthesis. HPG incorporatisrthen detected by the Alexa Fluor
488° azide. Protein synthesis within a 1 hour interwas analyzed by incubation of
dissected " instar larval brains with HPG (5aM f.c. in PBS) at room temerature,
followed by fixation in 4% paraformaldehyde for bn. Signal was detected according to
the instruction manual (Invitrogen). Afterwardsur@blasts were co-stained for Miranda
and Nop5 according to the standard protocol (s2&)l.Confocal images were collected

with a Leica SP5 confocal microscope and processirdimageJ 1.46r software.
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2.2.8 Luciferase reporter assay

Luciferase reporters — Sequences relative to Mbm translation start@tgaining two E-
boxes (-1265 to -3: E-box1 at -47 to -42 and E-bax2-516 to -511 positions) and
correspondingly, only E-box1 (at -47 to -42 posi)iovere amplified by Ncol linker PCR
and fused to the firefly luciferase (FLuc) ORF. the AE-box1 mutant, the sequence
“CACGTG” was replaced by “GAATTC”. The oligonucledés used forin vitro
mutagenesis are listed in 1.1.7. The sequencesaitedi in bold show the mutated E-box.
Expression plasmids — Amplified sequences were cloned into the pGLSibavector
(Promega) to perform luciferase reporter assaysothl 4 constructs were made: E-box1-
FLuc, AE- box1-FLuc ; E-box1 placed in reverse directicevE-box1-FLuc) and E-box
1+2-FLuc containing both E-boxes. Myc-dsRNA (Hutfad. 2005), pBSattB-UAS-HA-
Myc (Myc overexpression in S2 cells, Schwinkend@f, and Gallant, P.,2009) has been
described (Hulf eal. 2005, Furrer eal. 2010); tub-GAL4 was used to drive expression of
UAS-HA-Myc in transiently transfected S2 cell. Ascantrol, constructs with the E-box
containing promotor sequences of the verified Margét gene CG5033 (E-box-CG5033)
respectively an E-box mutated versidi(box-CG5033) were included (Hulf &t 2005).
Culture of Drosophila S2 cells - Drosophila S2 cells were cultured at 24°C in 1x
Schneidées Drosophila medium (Gibco/BRL), supplemented wifl§o fetal bovine serum
(heat-inactivated) and 1% Penicillin/Streptomydmvitrogen).

For luciferase assays, 1.3 x°1¢®lls per well (in 0.65 ml) were plated in 24-wplhates.
Cellfectin was diluted 1:5 in serum-free mediumatéinal volume of 21ul and incubated
for 45 min at room temperature, then mixed withy2bf serum-free medium containing
the appropriate plasmids (Ojtg for the different E-box-mbm-FLuc and the E-box-
CG5033-FLuc constructs, |2y AE-box-CG5033-FLuc, 0,hig AE-box-CG5033-RLuc, 50
ng UAS-HA::Myc, 0,1ug tub-Gal4) and 30 ng Myc dsRNA, incubated for arotl5 min

at room temperature and finally diluted with Ld8erum-free medium (SFM) and added
to the cells previously washed with 1x 5ADSFM. 16 hours later, the transfection mix
was replaced by adding 650 complete medium and the incubation was contirfoedhe
indicated duration of time (typically 48 hours).

Luciferase assay - Cells were harvested typically 48 h after tragtibn, washed in 1x
PBS and lysed for 15 min in 1Q0 1x Passive Lysis Buffer (Dual Luciferase Reporter
Assay System, Promega). 10 of each lysate was transferred to luminometricvgsl

plates (Greiner) and relative reporter gene exmeswas determined with a Glomax
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luminometer. The luminometer protocol was adjusteddisperse 50ul luciferase
substrate per measuremer{Luciferase Assay Reagent Il (LAR 1) and Stop &oBl
Reagent, both provided with the Dual Luciferase degp Assay System). Each
transfection was performed in duplicate, and allues are indicated as averages of

duplicates with standard deviations. The experinnead repeated three times.

2.2.9 Neuroblast and wing imaginal disc cell size measumgent and statistic

Neuroblasts areas were calculated consideringroglyoblasts at metaphase stage because
at this stage the apico-basal axis of cell is Yedistinguished. The apico-basal axis was
determined by aPKC and Miranda staining. The “lehgind “width” of neuroblasts were
measured using the Straight Line tool of Image®brlisbftware (NIH, Bethesda, MA,
USA) placed in the center of the apical aPKC arel ihsal Miranda crescents and the
corresponding orthogonal axis. For each genotyg®1BD neuroblasts were measured.
Furthermore, in order to calculate the nuclear ymasmic ratio (equation NA/(CA-
NA)), cell (CA) and nuclear areas (NA) of the iradayly shaped interphase neuroblasts
were measured by the freehand selection tool ofggdaThe same tool was used to
measure the wing imaginal disc cell sizes placethepouch region. For this purpose
wing imaginal discs from '3 instar larvae were stained for Armadillo to owtligell
junctions using the same staining protocol as fambpreparations

Data analysis Cell area was calculated layrlr2 where rl and r2 are the semi “length”
and semi width” axes. Distributions of variablesd diot deviate significantly from
normality (Kolmogorov-Smirnov test, P>0.2). Henggrametric statistics was applied,
where the areas were calculated as dependent leariand the strain (wild-type vs.
mutant) as independent variable. One-way ANOVA padormed to compare the size of
neuroblasts between the wild-type and the mutaes|i whereator NA/(CA-NA) and for

wing imaginal cell size measurement t-test was done
2.2.10 Quantitavie analysis of Mbm signal intensity in laval neuroblasts

The Mbm signal intensity measurment in differennpartments of the neuroblast
(nucleolus and cytoplasm) was done by ImageJ. &yaa Mbm signal separately in the
nucleolus and in the cytoplasm between differenbgges, in one case the nucleolus and

in the other the cytoplasm were removed from imagasing ImageJ Freehand selection
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and Fill tools. Afterwards, quantification was damzording to the protocol from
Andlauer & Sigrest, 2012 (Cold spring Harb Prot2@12; doi: 10.1101/pdb.prot068601).

2.2.11 S2 cell staining and flow cytometry
S2 cell staining

S2 cell stainings were done on cover slips, whigreaplaced in 6-well plates. Before
seeding, each cover slip was coated with 100poly-L-lysine (Sigma) to generate
adherence. After 20 min incubation, poly-L-lysin@svremoved and cover slips were
washed with 1x PBS. 1 x i@ells were seeded on each cover slip and inculfate?
hours at 24°C. Afterwards, the medium was removed eells were fixed with 4%
paraformaldehyde for 20 min. Cells were washed 8k WBS and 1x with PBS-T, then
blocked in PBS-T containing 1% NGS for 1 hour, wexkhgain with PBS and applied with
the primary antibodies diluted in PBS. Incubatiomswdone for 1.5 hour at room
temperature with gently mixing. Then, cells wereshed with 1x PBS and the
corresponding secondary antibodies (in PBS) wepdieah After incubation for 1 hour in
the dark, cells were washed 3x with PBS, mounted/éctashield and analyzed by
fluorescence microscopy (Leica).

Flow cytometry (FACS)

S2 cells proliferation assay was done accordingtht® protocol provided with the
CellTracé™ CFSE cell proliferation Kit (Molecular Probes). & lea of the method is that
CFSE (carboxyfluorescein diacetate succinimidyegspassively diffuses into cells. The
dye is retained by the cells throughout prolifematand therefore can be used ifoivo
tracing. To compare whether loss of Mbm affectsc8I2 proliferation, 4 x 10cells were
transfected with 21,g mbmdsRNA. Tamplate DNA was produced by linker PCRnfers
are mentioned in 1.1.7) and was transcribed to RiYAThe MEGAscript® RNAI Kit
(Ambion) according to the protocol provoded witre thit. As a transfection reagent
Cellfectin was used. S2 cell proliferation was nueed by FACS (Becton Dickinson) after
3 and 7 days of transfection. As a null measurer@$i8E fluorescence was measured at
day O.
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2.2.12 Mass spectrometry (MS) analysis

Non-radioactive kinase assays of GST::CK2 and G#Im proteins were performed as
described in 2.2.3. Protein bands correspondinglim size were cut out from the SDS-
PAGE gel and sent for MS analysis to Dr. Jens Fuaein(Life Science Center of the

University of Hohenheim). The MascotTM 2.3 (Matfxience, UK) search engines were
used for protein identification. Spectra were seatcagainst thBrosophilasubset of the

NCBI protein sequence database downloaded as FASfwatted sequences from
(ftp://ftp.ncbi.nih.gov/blast/db/FASTA/nr.gz). Pemtme Discoverer 1.3 (Thermo Fisher
Scientific) was used for data analysis. PhosphagpepMS/MS spectra sequence

assignments and phosphorylated residues wereeacerfanually.
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3 Results

3.1 Generation of a Mbm antibody

Despite the fact that in our laboratory an anti-Mantibody (rabbit anti-mbm95)
was previously produced, it was necessary to gemaraew ani-Mbm antibody. Although
anti-mbm95 is nicely working on Western blots, thewvas a specificity problem in
immunostainings. In order to generate a new antiaMbntibody, two previously
established GST::Mbm constructs (GST::Mbm1 (amicas 1-268) and GST::Mbm2
(amino acids 266-539), Anselm Ebert, Diploma th&fl§2) were expressed in bacteria
and purified according to the “Isolation of GSTifus proteins from IPTG-induced
Escherichia coli protocol (Feller Lab protocols, 2001). This ségy was chosen because
of difficulties to produce the full length GST::Mbprotein. First, protein purification
conditions were optimized according to “Quick chetksST-fusion expression” protocol
(Feller Lab protocols, 2001) followed by large gcptotein purification (Figure 16 A, B).
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Figure 16. Coomassie staining of purified GST::Mbrth and GST::Mbmz2 protein fragments after
PAGE.

A, B) In both pictures, the®lline represents the crude sample before induaifo8ST::Mbm expression
with IPTG (isopropylB-D-thiogalactoside), the"2line is after induction (Al) with IPTG, lines 3 drt were
loaded with samples from eluted fractions from lgdtiione sepharose columng @hd E), and lines 5 and 6
represent eluted proteins after dialyzing éDd B3).

Afterwards 30ug from each purified fusion protein (samples wewarf D) were
used for immunization of guinea pigs (Eurogentdédr each fusion protein, two
independent animals were immunized and the corneBpg anti-Mbm antisera were
received (SYC142/143 for GST::Mbm1l and SYC144/1d5GST-Mbm?2). All sera were
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tested in different dilutions both in flies and $Rlture cells by Western blot and
immunohistochemical analyses. The best results olet@ned for SYC143 and therefore,

all further experiments were carried out with thigiserum to detect Mbm.

3.2 Mbm is a new nucleolar protein

The previously characterized hypomorphitbnt allele carries a single point
mutation in the 5" untranslated region, therebyouhicing an additional start codon
followed by a stop codon after 33 nucleotides, Whiceates a short open reading frame
(ORF) upstream thenbmORF (Figure 17 A). This resulted in reduced exgimes levels
of the full length Mbm protein (Raabe &t 2004). Relaying on this fact and also on the
fact that homozygousbnt flies are viable, all following experiments werefoemed with
a recently isolated P-element insertion (SH1819®)ckvlocalizes right after the beginning
of the translation start site of th@omgene and thus should behave as a null allele (&igur
17 A) (Oh efal. 2003). Homozygoumbnt*#*animals are lethal around pupal formation,
although there are few escapers with a delayediecidime. Lethality can be rescued by a
previously established genomic transgBfrabmt"] (Figure 17 A) (Raabe et al., 2004).

A C=T .
_CG11555. J mbm CG3645 Wt mbm™®
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Figure 17. Genomic organization ofmbm and flanking transcription units.

A) The coding sequence, the 5" and 3" untransleggibns and the single intron of thabmtranscription
unit are represented by dark gray, white and ligfiely boxes, respectively. The rectangle represiuets
position of SH1819 P-element insertion. The C tardnsition ofmbnt in the 5  untranslated region is
indicated byan arrow. The genomic rescue constiRfchbnt”] is shown below. B) Western blot of &nstar
larval brain lysates from wild-type (wt) amdbn?®*°stained for Mbma-Tubulin was used as a loading
control.

First, the lack of Mbm expression in homozygonisi animals was verified
by Western blot analyses usin{' Bistar larval brain lysates from wild-type (wt) and
mbnt"8? |n the wild-type, a strong protein band, whidten appears as a doublet of
bands, was detected around 80 kDa, whereasimr'*#'°this band was absent (Figure 17

B). This confirmed thambn?#°behaves as a null mutant.
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3.2.1 Endogenous expression of Mbm

Immunohistochemical analyses of wild-type antn?*8°3 instar larval brains
were performed to determine the exact localizapattern of Mbm protein. Stainings for
Mbm and Lamine, a nuclear membrane protein, redehlat Mbm was strongly enriched
in a subcompartment of the nucleus of neurobldglismm was completely absent in
mbnt"*®®neuroblasts (arrow in Figure 18 A) thus confirmihg Western blot result.
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Figure 18. Localization pattern of endogenous Mbm.

A) Enrichment of Mbm within the nucleus of wild-tgpcentral brain neuroblasts. A single neuroblast is
indicated by a dashed circle (Mbm (red) and Lanfgreen) as a nuclear membrane marker). B) Mbm (red)
and two nucleolar markers, Nop5 (green) and Féill (blue), colocalize in wild-type interphase rehlast
nucleoli. Weak homogenous signals are observed waaroblasts enter mitosis. The localization pagaf
Nop5 and Fibrillarin are not altered imbn?*%'? Representative wild-type metaphase and telophase
neuroblasts in comparison witmbn?™#° neuroblasts are shown. Differential cortical lazation of
Miranda (blue) was used to distinguish cell cydiages. The arrow indicates absence of Mbmbnt89
whereas the arrowhead points to Mbm in a surroun@MC. At least 10 brains were analyzed for each
genotype. Numbers in confocal images indicate timalrer of analyzed neuroblasts in this and the votig
figures. Apical is upwards in mitotic neuroblasts.
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To determine the subnuclear localization of Mbmsstaining with the nucleolar
markers Fibrillarin and Nop5 were done. The colaedion of all three proteins in wild-
type interphase neuroblasts confirmed that Mbmnsw nucleolar protein (Figure 18 B).
BecauseDrosophilanucleoli do not have the tripartite organizati@ibr{llar centre, dense
fibrillar component, granular component) but ingteatermingled fibrillar and granular
components, the subnucleolar localization of Mbmldmot be determined. However, the
perfect colocalization with Nop5 and Fibrillarin ggests that Mbm is localized in the
fibrillar component. Although Mbm is predominangxpressed in neuroblasts, ganglion
mother cells, neurons and glia cells also showegak nucleolar Mbm signal (arrowhead
in Figure 18 B). In addition, following Fibrillarirand Nop5 throughout the cell cycle
revealed no difference between wild-type amin?®*° neuroblasts (Figure 18 B).
Particularly, all three proteins have nucleolar usalation in interphase neuroblasts.
When cells enter mitosis, nucleolar proteins ateased, while the nucleolus becomes
disassembled. Accordingly, weak homogenous sigoalglbm, Nop5 and Fibrillarin were
observed in wild-type meta- and telophase neurtdhlaghe distribution of Nop5 and
Fibrillarin was not altered imbnt"#*°(Figure 18 B).

3.3 Localization of other nucleolar proteins does not dpend on Mbm

Further investigations were done to explore wheliiem has an influence on other
nucleolar components. One of the proteins of isteneas Nucleosteminl (NS1), which is
indicated in theDrosophila protein interaction map (DPIM) as a direct or nedi
interaction partner of Mbm. In this appraoch, piotsomplexes were co-purified with
FLAG-HA epitope-tagged proteins and further analyzéy mass spectrometry
(Guruharsha eal. 2011). To evaluate a potential influence of Mbm 81, aUAS-
GFP::NSltransgene was used (Rosbyk2009). Expression dJAS-GFP::NS1n either
a wild-type or ambnt"™®°backgroundwvas driven by the neuroblast specific driver line
Mz1060-Gal4 Neuroblasts were stained for GFP, Mbm and Mirandaa neuroblast
specific marker (Figure 19 A). Stainings revealdthtt NS1 expression levels or

localization are not different between wild-typedanbnt™8°(Figure 19 A).
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Figure 19. Loss of Mbm does not affect behavior afther nucleolar proteins.
A-B) Mbm (red) and two GFP-tagged nucleolar pragigreen), NS1 (A) and Vito (B), are localized fe t
nucleoli of wild-type neuroblasts. NS1 and Vito atization are not affected imbnt"®*° neuroblasts.

Miranda (blue) was used as a marker for neuroblasts

Moreover, relaying on the fact that tBeosophilaNol12 homologué/iriato (Vito)
is a key determinant of nucleolar architecture (W&o etal. 2011), immunostainings were
done using dJAS-GFP:.vito transgenic fly line (Marinho e&l. 2011) expressed with

Mz1060-Gal4.Loss of Mbm has no impact on localization of Vaod does not impair

nucleolar integrity (Figure 19 B).
All experiments provided no evidence for localiratidefects of different nucleolar

components imbn?™8° which is in line with the assumption that Mbm sa®t have a

function as a structural component of the nucleolus
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3.4 Mbm does not affect cell polarity, spindle orientaion and asymmetry of
cell division

During dissection it is clearly visible thatbn?"*®*|larvae have smaller brains
compared to brains of wild-type animals of the sage, which could be due to a general
proliferation defect of central brain neuroblafdgect evidence for a possible function of
Mbm in cell proliferation was provided by 5-ethy¥/l-deoxyuridine (EdU) pulse-labeling
experiments. Dissected™3instar larval brains from wild-type anchbnt8° were
incubated for 2 hours in 20M EdU solution and then analyzed for incorporatodrEdU
into newly synthesized DNA (Figure 20).

wild-type mbmsmsm

Mir/EdU

Figure 20. Altered cell proliferation in mbm8°,

EdU incorporation (green) after 2h pulse labelig versus 1-2 EdU-positive GMCs or neurons (askeyi
are associated with single EdU-positive wild-typed anbn?™®° neuroblasts (arrows), respectively.
Neuroblasts were stained for Miranda (red).
In the wild-type, up to four progeny cells (GMCsrwurons) were derived from a single
neuroblast, whereas in casenabnt*®*°neuroblasts less cells were produced in the same
time interval.

Although this experiment provided strong eviderte & proliferation defect is the
major cause of thenbmsmall brain phenotype, it does not exclude thesipdgy of an
additional requirement of Mbm in neuronal diffeiatibn or survival (Raabe et al., 2004).
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3.4.1 Mbm has no impact on asymmetric cell divition

The requirement of Mbm for neuroblast proliferati@ised the question, whether
Mbm is involved in the control of asymmetric ceiVidion. It is well established that this
process is mainly controlled by cell-intrinsic pesses. Particularly, the apico-basal
polarity axis is established by localization of far protein complex (Bazooka, Par6 and
aPKC) to the apical cortex of the cell, which inntucontrols cell fate determinant
enrichment (Mir-Brat-Pros and Numb-Pon complexdsjha basal cortex. During cell
division, the Par complex binds via Insc to Pingjoh in turn associates with Mud/Dlg/
Gai to control spindle orientation and asymmetry (degure 8 in introduction).
Disturbances of these processes can lead to uodeverproliferation phenotypes (Sousa-
Nunes & Somers 2013).

Immunohistochemical analyses for aPKC, Pins, Numd Mlir as representative
members of each complex together with phospho4éstd3 (pH3) as a mitotic marker
revealed no difference in the localization patteshthese proteins between wild-type and
mbnt8° metaphase neuroblasts (Figure 21). Furthermoientation of the mitotic
spindle along the polarity axis was also not atieraés determined by centrosomal

Tubulin staining (Figure 21).

aPKC/Mir/pH3 Pins/Numb/pH3 y-Tub/aPKC/pH3

wild-type

mbmSHle

Figure 21. Mbm does not affect neuroblast polarityand spindle orientation.
Localization of apical proteins (aPKC and Pins) dabal cell fate determinants (Mir and Numb) are
unaltered inmbn?™#° metaphase neuroblasts. Also orientation of thetiuitspindle is not disturbed in
mbntH!8°neuroblasts as indicated by centrosog@lubulin relative to apical aPKC. Phospho-histor@ H
(pH3) was used to mark chromatin during mitosisbddins per staining and genotype were analyzed.
e : ppH1819

In addition, wild-type andmb neuroblasts were analyzed throughout the

complete cell cycle in order to look for possibleeation in asymmetry at different cell

cycle stages (Figure 22).
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Figure 22. Analysis ofmbm neuroblasts during cell division.

Neuroblasts at different cell cycle stages weristhfor Mbm (red), Miranda (green), aPKC and plnasp
histone H3 (both in blue). Miranda shows corti@addlization in interphase neuroblasts, accumulatébe

basal cortex in metaphase and becomes segregaetthénfuture GMC in telophase. mbn?™#*° no Mbm

protein can be detected but asymmetry of cell @imisnd segregation of basal Miranda is not digdri25

brains were analyzed for each genotype.

These results clearly showed that Mbm is not afigcapical and basal protein
localization; consequently it is not required fatablishment of cell polarity and also not
for spindle orientation as central elements of asgtnic cell division. Moreover,

asymmetry of cell division is not affected.

3.5 Mbmis required for cell size control

The involvement of the nucleolus in cell growth tohallowed me to assume that
Mbm as a new nucleolar protein might play a roleeti growth control. To investigate the
addressed question, neuroblast size measurememts deme. At first, only mitotic
neuroblasts were analyzed because of their morfeulglo shape and the distribution of
apical and basal cell fate determinants, whichwadldb determining the apico-basal polarity
axis of the cell. Neuroblasts were stained forapieo-basal markers aPKC and Miranda to
measure the length of the apical-basal and theegponding orthogonal axis to calculate
cell area (Figure 23 A).
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Figure 23. Mbm affects neuroblast size.
A) The apico-basal cortex is distinguished by aRkfDe) and Miranda (green), respectively and phosph

histone H3 (pH3, blue) to reveal the mitotic sta@pico-basal and orthogonal axes are indicatedTIB)
average cell size differs significantly betweendatiype andmbn?™#%(p<0.001). C) Distribution of central
brain neuroblast sizes in wild-type ambn?#°(wt: 109,mbnt"!8'%151 neuroblasts). (D, E) To determine
nuclear areas and the nuclear to cytoplasmic ratierphase neuroblasts were analyzed. Nuclear (Ai&n

is identical between wild-type anmbnt"#°(D) but cell area (CA) and correspondingly the eaclto
cytoplasmic (CYT=CA-NA) ratio (E) differ significdaly (p<0.001). (F) Also GMC size is slightly but
significantly decreased imbnt"*%(p<0.001).

The analysis revealed that the average neurohiasirsmbnt®is significantly
smaller comparetb wild-type (Figure 23 B). Because wild-type ndulests are not equal
in size, the size distribution of wild-type ambnt®°neuroblasts was compared. There
is a considerable shift towards smaller neurobliastsbnt#°(Figure 23 C). Besides the
effect on neuroblast size, a significant decreak&RIC size was alsmbserved in
mbnt"8¥(Figure 23 F), which is in line with the previousding that asymmetry of cell
division is not affected (Figure Bidure 22. In order to distinguish whether the smaller cell
size inmbn?™®%%s caused by a reduction of cytoplasmic and/orearckize, the relative
cytoplasmic to nuclear areas of interphase neustdblaere calculated. The results clearly
indicated that there is no impact on nuclear sizmbn?*#!? in contrast to the significant

reduction of cytoplasmic area (Figure 23 D, E).

48



3.5.1 Effect of Mbm on cell size outside the neuroblastoanpartment

The finding, thatmbmaffects neuroblast size raised the question, velnaéitbm has
also an influence on cell size control in othesuess. For that purpose wing imaginal discs
from wild-type andmbn?™®°were stained for Armadillo to mark cell membrares
Mbm. It is important to mention that Mbm is not eagsed in the nucleolus of wing
imaginal disc cells; instead it showed homogenassilution in the entire cell. For cell
size measurement, cells in the pouch region of wimaginal discs were measured. The
results indicated that there is no significantetiéince in cell size between wild-type and
mbnt" 8 (Figure 24).
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3.5.2 Mbm does not affect tissue culture S2 cells prolifation

Drosophilatissue culture S2 cells are a more accessiblersysgtan neuroblasts to
perform cellular and biochemical assays, which ireghomogeneous cell populations.
Indeed, Mbm is expressed in S2 cells. Stainingewene with anti-Mbm and phospho-
histone H3 antibodies to reveal the expression bfimMn interphase and mitotic cells
(Figure 25).

Mbm pH3 merge

S2 culture cells

Figure 25. Expression of Mbm in tissue culture S2dtls.
Nucleolar and cytoplasmic localization of Mbm (redje indicated by the arrows and arrowheads,
respectively. Phospho-histone H3 antibody was tsadark mitotic cells.
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In contrast to neuroblasts, expression of Mbm terpphase S2 culture cells is not
restricted to the nucleolus (arrows in Figure 2Bt is also clearly evident in the
cytoplasm (arrowheads in Figure 25), whereas moitoélls showed more homogenous
cytoplasmic localization.

Because lack of Mbm impairs neuroblast prolifemratiglbm might also be required
for S2 cell proliferation. To address this questitre proliferation rate of S2 cells was
measured upon knock-down (kd) of Mbm by RNAI. Befstarting the main experiments,
efficiency of Mbm-kd was verified by incubation &2 cells with different amounts of
Mbm dsRNA synthesizedn vitro for different time periods. Highest Mbm-kd was
observed when cells were transfected withg2of dsRNA and incubated for 3 days (data
not shown). After this optimization step, S2 celisre transfected with dsRNAs targeting
Mbm and cell proliferation rate was measured &tand 7 days of transfection by FACS
analysis (Fluorescence-activated cell sorting)ictefiicy of Mbm-kd at day 3 was checked
by Western blot (Figure 26 A). In contrast to laxdsfunction of Mbm in neuroblasts
(Figure 20), both control and Mbm-kd S2 cells shdwenilar proliferation rates at both
time points measured (B).
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Figure 26. Mbm has no effect on tissue culture S21t proliferation rate.

A) Western blot of control (ctr) S2 cells and S2Ascéhat were transfected with dsRNA targeting Mi@i.
Proliferation of control (ctr: black-dashed grajgimd Mbm knock-down (Mbm-kd: red graph) S2 cellsvgro
for 3 and 7 days was measured by FACS analysigeTilano proliferation difference between ctr andrnivi
kd S2 cells after 3 or 7 days. The gray graph sEres measurement of the Carboxyfluoresceinsucicipim
ester (CFSE) staining at day 0. This experiment @@ in collaboration with Tanja Bedke and Benjami
Mentzel.

Moreover, using the same Mbm dsRNA, no impact onc8P size was observed (data
from Eva Herter and Peter Gallant).

Overall, the results obtained from wing imaginakadiand S2 culture cell
experiments indicated that Mbm has a more spetifiction in neuroblasts to maintain
proper cell size and proliferation, despite itsresgion also in other cell types.
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3.6 Role of Mbm in ribosome biogenesis
3.6.1 Loss of Mbm impairs nucleolar release of the smatibosomal subunit

Cell growth or increase in cell mass requires emmsnnumber of ribosomes,
prerequisites for protein synthesis. Thus, ribosdmwenesis emphasizes the growth
capacity of cells. The nucleolar localization of Miand the cell size defect observed in
mbnt™8° neuroblasts without affecting structural integritf the nucleolus lead to the
assumption that Mbm might be involved in ribosomegbnesis. The generation and
assembly of large and small ribosomal subunits p&ee independently in the nucleolus,
followed by their transport through the nucleoplasimthe cytoplasm where finally the
mature and functional ribosome is (Tschochner aod,R203; Zemp and Kutay, 2007).
Failure in the ribosome biogenesis machinery mapltein retention of the impaired
subunits in the nucleolus or nucleus. It was alyesttbwn by Rosby and coworkers (2009)
that knock-down oDrosophilaNS1 in salivary gland cells specifically blocksnsaort of
large ribosomal subunit. This experiment was dop@ising a GFP-tagged variant of the
RpL11 protein (GFP::RpL11), which is a ribosomalotpin associated with large
ribosomal subunit. Similar, transport of small sbmal subunit was followed by a RFP-
labeled RpS6 protein (MRFP::RpS6) as a componehieasmall ribosomal subunit, which
was not affected by knock-down of NS1. The corresjing transgenic linedJAS-
GFP::RpL11 (on 2° chromosome) andJAS-mRFP::RpSfon 3 chromosome) were
obtained from Patrick diMario and combined withbnt"8!° In the case of the"%
chromosomalUAS-GFP::RpL11line, it was necessary to recombine it onto ritanr8°
chromosome. Neuroblast-specific expression of befforters in either a wild-type or
mbnt"*8®background was achieved with thMz1060-Gal4driver line. Analyses of larval
brains revealed that GFP::RpL11 accumulated inctieplasm of all wild-type (n=122)
andmbnt"#%(n=126) neuroblasts (Figure 28 A, B) indicatingttMbm has no effect on
transport or assembly of large ribosomal subuni®toplasmic localization of
MRFP::RpS6 was also observed in most wild-type otdasts (Figure 28 C, 86% of
neuroblasts showed predominantly cytoplasmic, 14%optasmic and nucleolar
localization, n=158). In contrast, mMRFP::RpS6 lazalon in mbnt '8 neuroblasts was
severely altered (Figure 28 D). mRFP::RpS6 was@radantly retained in the nucleolus
(82%, n=123), although in some neuroblasts alsodgemous cytoplasmic and nucleolar
distribution was observed (18%, n=123 neuroblasts).
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Figure 27. Loss of Mbm affects small ribosomal sulit biogenesis.

A, B) Expression ofJAS-GFP::RpL11in neuroblasts witiMz1060-Galdin an otherwise wild-type (A) or
mbn?*89(B) background. "8 instar larval brains were stained for Mbm (red)l Mfiranda (blue), which was
used as a neuroblast marker. Both genotypes shtaplagmic accumulation of GFP::RpL11(green). C-E)
Loss of Mbm affects cytoplasmic localization of MRIRpS6. Visualization of Mbm (green), Miranda
(blue) and mRFP::RpS6 (red) expressed witlz1060-Gal4 Wild-type neuroblasts show apparent
cytoplasmic accumulation of mMRFP::RpS6 (C), wherebeT #°neuroblasts (D) retain mRFP::RpS6 in the
nucleolus (arrows in C, D). Note that cytoplasnocdlization is not affected in associated GMCs and
neurons (arrowheads). (E) mbn?™®¢ P[mbm"] neuroblasts, cytoplasmic localization of mRFP::RpS
restored (arrow). For each genotype, at least dihdrere analyzed.

The mRFP::RpS6 localization defect could be conspteteverted by introducing the
genomic rescue constru®@[mbnt"] in a mbnt"®° background (Figure 28 E, 85%
predominantly cytoplasmic, 15% cytoplasmic and ealdr, n=92 neuroblasts). These
observations indicate that Mbm is either required rhaturation of the small ribosomal
subunit or its release from the nucleolus to thelemaplasm. The inheritance of
MRFP::RpS6 and GFP::RpL11 expressed in neuroblast$&SMCs and neurons upon cell
division also allowed monitoring their localizatiom these cells. Strikingly, cytoplasmic
localization of mMRFP::RpS6 imbnt™#°GMCs or neurons was not affected (Figure 28 D,
arrowhead) indicating a more specific requiremeihnMbm for ribosome biogenesis in

neuroblasts.
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3.6.2 Loss of Mbm affects protein synthesis in neuroblast

Failure to assemble the required number of funatioivosomes in the cytoplasm
of neuroblasts could impair protein synthesis. ddrass this question, metabolic labeling
experiments were done. Newly synthesized proteimseuroblasts were labeled within a 1
h interval by incorporation of the methionine amplo-homopropargylglycine (HPG).
Labeled proteins were detected in the cytoplasmthachucleus of wild-type interphase
neuroblasts. Strikingly, enhanced nuclear signa adent in most neuroblasts (81% had
enhanced nuclear signal, 19% showed equal cytoptaamd nuclear staining, n=92
neuroblasts) (Figure 28 A). Once neuroblasts etitengtosis, the newly synthesized
proteins equally distributed (Figure 28 A). In awst, in mbnt®°neuroblasts signal
intensities appeared generally reduced, althougmast cases they were still slightly
higher than in the surrounding tissue. In additioammpared to wild-type neuroblasts,
enhanced nuclear signal was observed only in 10%heofinalyzed neuroblasts (n= 148)
(Figure 28 B).

HPG-Alexa488 Nop5 Mir merge

wild-type

mbmSHIBTg

Figure 28. Loss of Mbm reduced protein synthesis.

A,B) Protein translation, as determined by metabébeling and detection of HPG-Alexa488 (green) is
reduced inmbn?*#*° neuroblasts, which were marked by Miranda (red) Biog5 (blue). The stronger
nuclear HPG-Alexa488 signal in wild-type neurobda@) is no longer visible imbn?™#%(B). The single
metaphase neuroblast in (A) shows homogenous HR®aAB8 distribution. For each genotype, at least 20
brains were analyzed.

Even though it was not possible to compare absdhtensity levels between
different preparations, the main loss of enhaneedear signal imbnt™®°neuroblasts is
the first evidence that the capability of thesdscil synthesize proteins is impaired, which

could finally lead to the observed cell growth atfe
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3.7  Mbm transcription is regulated by Myc

Myc is a transcription factor that targets a largenber of genes required for
different cellular processes, including prolifeoati growth, metabolism and apoptosis
(Dang 1999, Dang 2013). A recent comprehensivestr@ptome analysis iDrosophila
S2 cells after downregulation of Myc has identified¥ regulated genes includimgom
(Hulf et al. 2005), which provides a potential link betweenvgioinput signals and the
growth regulatory function of Mbm in neuroblastsae€dintriguing finding was that these
genes also fall into functional classes with marythem playing a role in nucleolar
function and ribosome biogenesis. Myc regulatestipial stages of ribosome biogenesis
starting from regulation of rRNA transcription byNR polymerase | and Il and by RNA
polymerase Il driven expression of ribosomal congmi® and modifying enzymes
(Riggelen etal. 2010, Schlosser etl. 2003). In addition it plays role in the export of
mature ribosomal subunits from the nucleus into di@plasm by direct regulation of
Nucleophosmin (B23) expression, which associateh Wwoth ribosomal subunits and
directs the nuclear export of them (Maggakt2008, Zeller eal. 2001). Similar functions
were established fddrosophilaMyc (the corresponding gene is nandichinutive (dm)
(Gallant 2013). The promoter regions of Myc targeines are characterized by the
presence of E-box sequences (CACGTG and variatlmreof), the known Myc binding
site, which is commonly located within the first QLhucleotides downstream the
transcription start site. Frequently, the E-box ifnetembedded in the extended consensus
sequence AACACGTGCG (Hulf et al 2005, Furrer eR@10). The transcriptional start
site of mbmis predicted around position -82 relative to ttenslational start codon. Two
E-box sequences are found upstream of the tramsédtstart codon. One canonical E-box
is placed within the 5" -untranslated sequence fpmsition -42 to -47 ofnbm (E-box1)
conforming also the extended E-box consensus sequénsecond, non-canonical E-box
(E-box2) is positioned at -511 to -516 (CACATG)dtie 29 A). Both E-boxes are present
in the genomic constru®[mbm"], which is able to rescue all knownbm phenotypes
indicating the presence of all essential regulaglgments formbm expression (Figure
17A and (Raabe ail. 2004)).

Chromatin immunopercipitation (ChIP) analyses wedifdirect binding of Myc to thenbm
E-box1 element, which suggests thdimexpression might be directly controlled by Myc

via E-box1 (Eva Herter and Peter Gallant).

54



In order to evaluate whether the identified E-boaes functional and are required
for mbmtranscription, genomic fragments encompassingarrath E-box sequences or
mutated variants were fused to the luciferase gewoeder to perform gene reporter assays
(collaboration with Eva Herter and Peter GallariE}box1-mbm consists of a 500bp
genomic fragment upstream of the translationat stiaMbm and includes only E-box1, in
AE-box1-mbm, the E-box1 sequence was mutated to G&AANd in rev-E-box1-mbm,
the 500bp fragment was cloned in opposite oriesniatd control for directionality of E-
box-mediated transcription. E-box1+2-mbm contaidi2@0bp fragment and includes both
E-box sequences (Figure 29 A). All constructs wiesed to the firefly luciferase coding
region such that the translation start of the krei$e corresponds to the ATG codon of
Mbm.
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Figure 29. Myc directly controls Mbm expression.

A) Mbm gene locus with consensus E-box (E-box1) locatettié 5 -untranslated sequence (white box) and
the degenerate E-box (E-box2) further upstream.dénk grey boxes represent tindmopen reading frame.
Below, the differenitnbmpromotor constructs fused to firefly luciferase ahown. B) Reporter constructs
expressing firefly luciferase under the controtlté indicated promoter regions were transfectenl 82 cells
together with a plasmid driving constitutive exgies of Renilla luciferase. Shown are relative fleicise
activities under control conditions (black bargon depletion of Myc by dsRNA (light grey bars)davyc-
overexpression conditions (dark grey bars). E-b®&033 andAE-box-CG5033 served as positive and
negative controls, respectively (Hulf &t 2005). A representative experiment is shown. Epans indicate
standard deviations from duplicate transfections.

As positive and negative controls, constructs witle E-box containing promotor
sequences of the verified Myc target gene CG50380fCG5033) and the corresponding
E-box mutated versiom\g-box-CG5033) fused to firefly luciferase were ugddlf et al.
2005). S2 cells were transiently co-transfectedh wdch reporter construct in combination
with a plasmid constitutively expressing tRenilla luciferase and then analyzed under
control, Myc knock-down, or Myc overexpression ciiods (knock-down of Myc was

done by dsRNA and overexpression of UAS-HA::Myc vaiven by tub-Gal4 driver
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plasmid). Relative luciferase activities were meaduafter 48 h of transfection and
revealed that the E-box1-mbm construct was respgnth up- and down-regulation of

Myc (Figure 29 B), whereas in case &E-box1-mbm and rev-E-box1-mbm

responsiveness was abolished (Figure 29 B). Moredivere was not apparent difference
in Myc responsiveness between reporter construatsying only one or both E-box

sequences suggesting that E-box1 inrimmpromotor region is the major mediator for
Myc-induced transcription.

In addition, Myc-dependent expression of Mbm wa® alheckedn vivo. Because
the null mutation in the X-chromosomdlyc gene @nt) is lethal in homo- or hemizygous
state, a clonal system was used to look at Mbmessprn in neuroblasts devoid of Myc
function. For this purpose, a fly line additionakxpressing aubulin (tub) promotor
driven Myc transgene flanked by FRT sitesn{, tub<FRT>Myc<FRT>Gal4, hs-FLP;
UAS-GFB was used in order to restore viability. Clonainoval of theFRT-Myc-FRT
cassette by heat shock induced Flipase (Flp) esioresesults in cells devoid of Myc and
expressing GFP undéub-Gal4 control instead. Larval neuroblasts were analyzsidg
Mbm, GFP, aPKC and Nop5 antibodies. GFP expressiamks the Myc-deficient
neuroblast lineage and aPKC and Nop5 were useddsers for neuroblasts and nucleoli,

respectively (Figure 30).

aPKC/Nop5 merge

Figure 30. Myc controls Mbm expression in neuroblas.

A single Myc (dnf)-mutant neuroblast (encircled) and its associati lineage express GFP (green). In
comparison with surrounding neuroblasts, expressioiop5 (blue) and Mbm (red) are reduced. aPKC
(blue) was used as a neuroblast marker. 293 widd-gnd 8IMyc-mutant neuroblasts out of 15 brains were
analyzed.

It is important to mention that Nop5 expressiomlso regulated by Myc, as many
genes encoding nucleolar proteins (Hulfaét2005). As shown in Figure 30, Mbm and
Nop5 expression are significantly down-regulatedsifP-positive neuroblasts in contrast
to neighboring neuroblasts, which still express thg transgene. These results strongly

suggest thah vivo expression of Mbm is controlled by Myc
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3.8 Function of Mbm is regulated by protein kinase CK2

3.8.1 CK2a is a nucleolar protein

One important aspect in regulation of protein fiorctin a signal-dependent
manner is phosphorylation or dephosphorylation ggees. Excitingly, in the recently
established comprehensilrosophila protein interaction map (DPIM), the-subunit of
protein kinase CK2 was also indicated as an intera@artner of Mbm (Guruharsha at
2011). Furthermore, two phosphoproteomic studieS2rcells and ibrosophilaembryos
identified Mbm as a phosphorylated protein sugggsthat Mbm phosphorylation is
mediated by CK2 (Bodenmiller et al. 2008, Zhai ét 2007). CK2 kinase is a
heterotetrameric holoenzyme composed of two catadysubunits, which bind to a dimer
of regulatory-subunits. CK2 is ubiquitously expressed in a vgrigf cell types and
tissues and considered to be constitutively actiMevertheless, there are several
mechanisms by which CK2 activity can be regulaiedluding localization, stability,
phosphorylation and interaction of variety of pmsein different cellular compartments
(Olsten and Litchfield 2004, Litchfield 2003, St4ide & Litchfield 2009). In addition, it
was previously shown that both subunits of CK2 aahseparately (Bibby& Litchfield
2005).

In order to distinguish a functional regulation oMbm by CK2,
immunohistochemical analyses df star larval interphase neuroblasts of wild-type
mbn?™®%were done. Neuroblasts were stained for €&ad Mbm whereas Miranda and
Fibrillarin were used as markers for neuroblas ancleoli, respectively. Mbm and Cig2
are co-localized in the nucleoli of wild-type nebliasts (Figure 31 A). Interestingly, in
mbnt"*8®neuroblasts, nucleolar CkiZzould still be detected, but expression levels were

consistently weaker than in wild-type neuroblabigire 31 B).

CK2a Mir/Fib Mbm
..

merge

wild-type
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Figure 31. Expression of CK# in neuroblast.

Interphase neuroblasts from wild-type antnt"#°were stained for CK® (green), Fibrillarin (blue) and
Mbm (red) as nucleolar markers and Miranda (blisey @euroblast marker. In comparison to wild-tyfg (
nucleolar expression of CK2is greatly reduced imbnt"8°(B).

3.8.2 Mbm is phosphorylated by CK2x

Relying on the co-purification and nucleolar codbization results of Mbm and
CK2a, possible phosphorylation of Mbm by C&2was tested. CK2 kinase is an
acidophilic kinase, which phosphorylates seringhseonine residues within a minimal
consensus sequence S/T-X-X-acidic residue (+3ipoyitMore recently it was found that
an acidic residue at position +4 is also relevantdK2-mediated phosphorylation (Zhai et
al 2008). Mbm contains three clusters of acidic mmacids in its C-terminus each
containing several serine and threonine residueschwitould be potential CK2
phosphorylation sites (amino acids 281-295, 327-338-482, in the following referred to
as acidic cluster AC-1, AC-2 and AC-3, respectiy&igure 32).

R/G-rich
MHNSGGQSGWNLSGEERKPFSNYGRNNQQRRSSGGGGRGSHSQNRAANGNWPDAGSEGGONGNAF 65
R/G-rich
NKFRDPQQELDNHQPNKRGGRRNRGGGGGGGGWGGRRGNRGRDSNRRGGRNNSWQPKDQHVSPGQ 130

SNMLYFDNVGDFTEDPPLPRSSPAPSSLRQESLPPVTFAADLTPPPPVSVAPPDVAVTPEEPTVP 195
basic
LINIKKEKEMEHKSKIKQFVKAEPKSPKKKKVNSSRSSSTSGEESEPEPGEMVVNTKAVVVPSPK 260
ACfl
AKAIKTPVASTPKPKAVKPVSSSDSSTSDSDEDDE] QSHPPAKSKKMEKNTEEDVVCMGSQERQFT 325
AC-2 zinc finger zinc finger 2

IMKKARKQKNKGKTVDVIGIIDKKGITSFQIQMIIRNISGSYIGLKNIPNPPNL 390

basic
NIAIQSFVEFAMOOMTAFHCEQGFGFPAGTVTAPVSAKPKKDKKASTKKIKKSSQKRMKVEPKDH 455
AC-3
DEEDDEEDDDEDEDDISSESDDSESSEEPHPAPVSKQKRKRGTKASVSAAASLPPQVFPFPLLGAP 520

GAPFNSMMYSYRAPFNFSK 539

Figure 32. Mbm protein sequence.
Structural features include two zinc-finger mofi®CHC, shaded in red), arginine/glycine rich regigred),

basic amino acid rich regions (green) and thredi@a@mino acid clusters named AC-1, AC-2 and AC-3
(blue). CK2 phosphorylation consensus sequencesiAC1-3 clusters are indicated by black boxesinSe
and threonine residues phosphorylated by CK2, wiiere identified by MS/MS analysis of GST::Mbm
(amino acids 266-539) are highlighted in yellow @melen, respectively. Mbm sequences covered by MS/M
analysis are highlighted in grey.

In vitro kinase assays were carried out wigitP] ATP together with bacterially
expressed and purified GST::C&K2nd two GST::Mbm fusion proteins as substrates
(GST::Mbm1 amino acids 1-268 and GST::Mbm2 amin@sa@66-539). Importantly,
GST::Mbm2 includes all three acidic clusters. Bo@ST::Mbm proteins were
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phosphorylated by CK® however, phosphorylation of GST::Mbm2 was muaiorgjer
compared to GST::Mbm1, which could be explainedh®ypresence of all acidic clusters
in GST::Mbm2 (Figure 33 A).

A B
GST: GST: GST — GST:: GST:: GST GST::
Mbm1  Mbm2 Mbm1 Mbm2 CK2a
GST-CK20. ~+ - + -+ -+ -
autoradiography: GST::Mbm1 — . -58 58- b2
GST::Mbm2—  — | '
-46 46- -

-30 30-

GST— 25 25- .

Figure 33. Mbm becomes phosphorylated by CK&

A) In vitro kinase assays of GST::Mbm1 and GST::Mbm2 in thegwee (+) or absence (-) of GST::GK2
Control reactions were performed with GiK2lone or in combination with GST. B) Coomassiénatg of
indicated Mbm, GST and GST::Ckigroteins in the reaction. Phosphorylation of Mbnotpins was
detected by autoradiography. Molecular weight mariaee indicated.

In order to define the exact phosphorylation saged/bm, in vitro kinase assays
were repeated with non-radioactive labeled ATP &ath fragments of GST::Mbm
protein. Afterwards, the bands corresponding tontimdecular weight of GST::Mbm1 and
GST::Mbm2 fragments were cut out from the gel agwt $or mass spectrometry analysis
(Jens Pfannstiel, University of Hohenheim). Anatysdentified five phosphorylated
residues in GST::Mbm1; however none of them wasosaded by acidic amino acids,
which is the prerequisite for phosphorylation byZZiOne explanation for this result could
be unspecific phosphorylation due to excessive ausoof supplied CK& and Mbm. In
contrast, six identified phosphorylation sites iBTGMbm2 are placed in acidic clusters;
three in AC-1 (S288, S290, T292) and three in ACF327, S332, T333) (Figure 32).
Moreover, the phosphorylation sites in AC-2 cormesp to the results of the
phosphoproteom analyses in S2 cells and embryodefBoiller et al. 2008, Zhai et al.
2007). Thus, all further experiments were carried only with GST::Mbm2 (in the
following labeled as GST::Mbm). Based on the MS/Mfata, Mbm becomes
phosphorylated at multiple sites by CK2 at lemstvitro, raising the question of their
functional relevance. As a first step towards acfiomal characterization, all identified
serine and threonine residues were substitutedldying to abolish phosphorylation at
these sites. Using the GST::Mbm (amino acids 268%-83pression vector as a template,
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three constructs were assembled. In AKR1S288, S290 and T292 were substituted by
alanine. The same substitutions were done in AT32TA, S332A and T333A, labeled as
AC-2AP) and in addition, a combination of both substing (AC-1+2\P) was introduced.
Upon bacterial expression and purification of tleeresponding GST fusion proteins,
vitro kinase assays were done. In neither case,oCKRediated phosphorylation was
completely abolished, however, a strong reductibiphlosphorylation was observed in
case of GST::Mbm-ACAP and GST::Mbm-AC-1+#2P, whereas no or only a minor
reduction was seen in case of GST::Mbm-ASRAFigure 34).

GST: GST: GST: GST: GST —

Mbm Mbm Mbm  Mbm
AC-1AP AC-2AP AC-

1+2AP

GST-CK2a + - + - + - + - + - +

-58
autoradiography: GST::Mbm — . - -
. 45
coomassie: GST::CK2a— -58
GST::Mbm —
-46
25
osT - e

Figure 34. CK2 phosphorylates Mbm.
In vitro kinase assays of the indicated GST::Mbm fusiongimstin the presence (+) or absence (-) of

GST::CK2ax. Control reactions were performed with GK2lone or in combination with GST. Coomassie
staining proves the presence of equal amountsdifated Mbm, GST and GST::Ckigroteins in each
reaction. Phosphorylation of Mbm proteins was dettdy autoradiography. Representative imagesreéth
independent experiments are shown. For uncroppadamsee Appendix 1.

This suggests that Mbm may contain additional CK@gphorylation sites in its C-
terminus that escaped detection in the MS analysdeed, the C-terminus contains a
potential CK2 motif placed in the AC-3 cluster thahs not covered by tryptic or
chymotryptic peptides in the MS analysis. Althoygimosphorylation is not completely
abolished neither in GST::Mbm-ACAP nor in GST::Mbm-AC-1+2P, the results from
thein vitro kinase assay allowed to conclude that S288, S28®&am292 are the primary

CK2 phosphorylation sites.

60



3.8.3 Invivo regulation of Mbm by CK2a

The next step was to investigate whether CK2 afbtitimin vivo. To test this, two
experimental approaches were performed. On one, @20 knock-down in neuroblasts
was achieved byvorniu-Gal4 expression of two independently establish&dS-CK2Zr-
RNAI transgenes (gift from R. Jackson, Boston, USA,eled as CK2a-RNAbL),
Bloomington stock center #3513€K2a-RNAL). In the second approach, a dominant
negative version ofCK2a (UASCK2a™) (Meissner etal. 2008) was expressed in
neuroblasts. Neuroblasts were stained for €l&8d Mbm whereas Miranda and Fibrillarin
were used as markers for neuroblast and nuclesipectively. Although CK& expression
was not completely abolished under knock-down doms, its expression was strongly

reduced compare to wild-type (Figure 35 B, C). Imgatly, the reduction of CK2 leads
to localization defects of Mbm. In addition to thacleolar expression also cytoplasmic

localization was observed (arrows in Figure 35 B, C

CK2u Mir/Fib

CK20LRNAi2 CK2aRNAI, wi|d-type

CK2g™

Figure 35. CK2a affects Mbm localization.
Interphase neuroblasts from wild-type and animalpressing one of two differentt AS-CKZr-RNAI

transgenes or a dominant negative versiorCKRa (UAS-CK2r™) with wor-Gal4 in neuroblasts were
stained for CK& (green), Fibrillarin (blue) and Mbm (red) as nwiée markers and Miranda (blue) as a
neuroblast marker. In comparison to wild-type (Alcleolar expression of CKRis greatly reduced by
under CK2a knock-down conditions (B, C) or by overexpressidnC&k2a™ (D). Under these conditions,
Mbm shows partial localization in the cytoplasnrdars), which is not seen in wild-type neuroblasis. 8
brains, R 12 brains, Bcog-rnai: 10 brains.
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Surprisingly, overexpression of the dominant negaCK2x™ also resulted in reduced
CK2a signal in the nucleolus. Yet, Mbm localization wasanged similar to botEK2a
RNAilines with a clearly visible cytoplasmic signatr(av in Figure 35 D).

In summary, these results suggested that Mbm plogption by CK2x is

required for localization or stability.

3.8.4 Effect of the CK2B regulatory subunit on Mbm

Since CK2x was found in a complex with Mbm, this raised thesfion whether
the regulatory CKR subunit also has a function in neuroblasts. Nuoeneorks have
indicated that CKR subunit is essential for assembly of the tetracneoimplex of CK2
and regulation of interactions between the catabibunit and certain substrates (Graham
& Litchfield 2000, Canton eal. 2001, Niefind etl. 2009). Although CK2 predominantly
shows nuclear localization, CR2s also expressed at other subcellular sites witiere
catalytic subunit is not present (Krek akt 1992, Filhol etal. 2003) indicating the
possibility of CK2-independent functions of CKZLitchfield 2003, Bibby & Litchfield
2005). Moreover, several proteins were identifiesl independent CHK2 interaction
partners, which interact with C2at the same binding site important for @KBinding
(Liberman & Ruderman 2004, Bibby & Litchfield 2005)

An antibody against CK2 only gave unspecific signals and also
coimmunoprecipitation experiments using a FLAG-tdjgversion of CKR did not
provide reliable results for an interaction of i®ith Mbm. Therefore, immunostainings
of a CK28 null mutant CK28**?9 were performed. These animals are lethal at larva
stages and their brains are largely reduced in sig& control CK28"?° animals carrying
a genomic rescue constru@K23°°™ were used (Jauch el. 2002). Stainings were
done using Mbm, aPKC, Miranda and Fibrillarin aaties, where aPKC and Miranda
were used as neuroblast and Fibrillarin as nudeaotarkers. Interestingly, Mbm
localization patterns inCK28"*?® neuroblasts were similar to CHK2 knock-down
phenotype and showed not only nucleolar but alsoptgsmic staining of Mbm (arrow in
Figure 36 B). Neuroblast size is strongly redugedbst cases, although few neuroblasts
are also abnormal big in size. Introducing the geicorescue construcK23%"™in a

CK25**% packground entirely reverteble mutant phenotypes (Figure 36 C).
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Figure 36. Loss of CKB causes a change in Mbm localization.
Interphase neuroblasts from wild-typ@K25"*?° andCK24"?% CK28 %°™ were stained for Mbm (red), the

neuroblast markers aPKC (blue) and Miranda (grean}l Fibrillarin (green) as a nucleolar marker. In
comparison with wild-type (A), Mbm shows partiac#dization in the cytoplasm in theK28 null mutant
(arrow in B). The phenotype is completely reverbgdintroducing the genomic rescue construgt: b5
brains, Ryy""*% 12 brains, ko™ % k™ 15 brains.

Strikingly, not only Mbm, but also Miranda and aPk@re affected ifCK24 null
mutant neuroblasts. Particularly, Miranda stainivgs undetectable, wheread?KC
showed homogeneous cytoplasmic expression (Figuse B}. However, further
experiments to determine the role of K& neuroblasts were not done, also because in
Drosophilathere are several protein isoforms of @Kavhich have redundant and non-
redundant functions (Jauchadt 2006).

3.8.5 CK2 phosphorylation sites of Mbm are required for @rrect localization

Relaying on the fact that CK2 is a multifunctiorkhase, it is possible that the
Mbm localization defect upon knock-down of G&K2night be an indirect effect. Thus,
experiments were performed using the identified QW®sphorylation sites. For this
purpose, corresponding transgenic lines were gtatktay introducing the triple alanine
substitutions in AC-1, AC-2 or combination of bothutant in the genomic rescue
constructP[mbnt"], which were correspondingly labeled Rnbnt*“*#], P[mbnt*“*¥]

and P[mbnf*“**%] " All transgenes were integrated at the same chsomal position by
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site-specific recombination. Transgenic lines wkrgt tested for their ability to rescue
homozygous lethality ombn?*%!? This was the case in the presence for the wibe-ty
transgend[mbnt"]. TheP[mbn{*“*"] transgene provided rescue to a much lower degree,
whereas in the case &mbnt' "] only very rarely rescued flies were observed. The
P[mbrf*“***P] transgene was unable to rescue lethality ndfnt"*%*® Afterwards,
immunostainings of interphase neuroblasts of tHéerént transgenes expressed in a
mbnt"8° background were done. Stainings revealed that tfild-type transgene
P[mbm"] compensated the loss of Mbm expressiombnt*®*°and the same nucleolar
localization than the endogenous Mbm in wild-tygeimoblasts was observed (Figure 37
A-C).

SH1819 SH1818,

mbm i
P[mbmAC-I-E.\P]

SHI81Y, mbm

SHI819 mbmsma!g; mbm z
P[mb o mF]

wﬂd-type mbm P[mbmw:] P[mbmnc-'z,m}

Mir

aPKC/Nop5

Mbm

merge

Figure 37. Requirement of CK2 phosphorylation sitesor Mbm localization.

Neuroblasts of the indicated genotype were stafoedhe neuroblast markers Miranda (green) and aPKC
(blue), Mbm (red) and Nop5 (blue) as an independrrtieolar marker. A-C) Lack of nucleolar Mbm
expression iMmbn?™®%is completely restored by the genomic rescue coctsP[mbr"]. D-F) Alanine
substitution of identified CK2 phosphorylation siti the acidic cluster P{mbnf*“#?]), acidic cluster 1
(P[mbnt“)) or a combination of bothP(mbnt*“**?*F) resulted in partial delocalization of the mutated
Mbm proteins in the cytoplasm (arrows). From eaehagype at least 8 brains were analyzed.

The picture was different in case of all three redaransgenes, which revealed nucleolar
expression of Mbm but also prominent staining ie tytoplasm (Figure 37 D-F). These

results were comparable but much more pronouncedh& results obtained by
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CK2a knock-down (Figure 35 C-E), which could be expldingy residual amount of
CK2a after knock-down (Figure 35).

Furthermore, to determine whether the relative esgion levels of Mbm in the
cytoplasma and nucleolus differ significantly betweendogenous Mbm and the different
transgenes, Mbm signal intensities in the cytoplasm the nucleolus were quantified.
Compared to wild-type Mbm and[mbm"], which exclusively localize in the nucleolus,
Mbm proteins expressed from tH{mbnt*“*"], P[mbnt'“**] and P[mbn{‘“1"%"]
transgenes showed a significant increase in cydopta Mbm expression levels (Figure
38).
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P[mbm} P(’rmbnri"c“QJP[mbm”C ] P[n’hb.'ﬂ”C =

Figure 38. Avarage intensity of Mbm expressed in ffierent constructs.

Box blot analysis of nucleolar (N) and cytoplasriityt) Mbm signal intensities for each genotype was
calculated. Mbm expression levels either in cytspizor nucleolus betweeP[mbnf' 7], P[mbnf*“#7],
P[mbnf'**#P] and wild-type and®[mbnt"] are significantly different.

Even though then vitro phosphorylation studies identified three residureshe
AC-1 cluster as major phosphorylation sites, theggenic analysis proved that both
clusters of CK2 phosphorylation sites in AC-1 an@-2 are necessary for proper function

of Mbm in vivo.
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4 Discussion

4.1 Mbmis a new nucleolar protein involved inDrosophila brain

development

The results of this study have identified Mbm asea nucleolar protein, which is
involved in cell growth regulation of neural progen cells during brain development of
Drosophila It is known that the nucleolus is a multistrueluorganelle and has variable
morphology based on growing conditions and celleyGenerally, the nucleolus consists
of three subcompartments designated fibrillar qe(®€), the dense fibrillar component
(DFC) and the granular component (GC) (Hernandezhve etal. 2010). However, the
nucleolus of Drosophila displays a particular ultrastructural organizatiomhich is
different from the nucleoli of higher eukaryoteslarmaracterized by absence of a fibrillar
center (Knibiehler et al. 1982). It comprises otlyo components: a central fibrillo-
granular structure called also the nucleolar caceraferred to as fibrillar component (FC),
since it features both characteristics of mammad@nand DFC. The FC is surrounded by
large granules of ribonucleoprotein material refdrto as GC. The internal organization of
Drosophila nucleoli is difficult to resolve, since all the mponents appear to be
intermingled (Knibiehler et al. 1982). Nevertheleso-localization of Mbm with
Fibrillarin and Nop5 has proven that Mbm is expeesi neuroblast nucleoli of*3nstar
larval brains and displays cell cycle dependerdlination. Particularly, Mbm is expressed
in the nucleolus of interphase cells. During th# cgcle, starting from metaphase, cells
show low expression level of Mbm in the cytoplasins well known that both Fibrillarin
and Nop5 are C/D small nucleolar RNPs (snoRNPsiciwére essential for nascent rRNA
processing (Matera edl. 2007, Taft etal. 2009), which takes place in DFC of the
nucleolus. Thus, Fibrillarin is the most prominenarker to identify the dense fibrillar
component of nucleoli. Therefore, co-localizatidnMbm with Fibrillarin indicates that

Mbm is a new component of fibrillar component o tiucleolus.

4.1.1 Mbm does not affect asymmetric cell division

Animals lacking Mbm are not surviving till adulthdoin addition they show
developmental delay before they die around pupahdtion. Particularly, the larval brain

is apparently smaller compared to wild-type animaisthe same age; in addition the
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overall size of the larvae is also smaller. My ekpents have shown that complete loss of
Mbm function causes a general proliferation deféatentral brain neuroblasts iff thstar
larvae, which corresponds to the previous findilgit tmushroom body neuroblast
proliferation is affected in the strong hypomorph@mbinationmbnt/Df(2)A1 (Raabe et
al. 2004). Thus, my results provided evidence for riguirement of Mbm in the entire
neuroblast population. However, a more careful y@mlshould be done to differentiate
between type |, type Il and optic lobe neuroblaBtsithermore, a requirement of Mbm
function at different developmental stages showdabalyzed. These studies might also
address the question, why in the hypomorpimbnt allele the phenotype is largely
restricted to a reduction of the mushroom body oile. This emphasizes the need of a
neuroblast lineage specific analysis.

The most prevalent explanation for the observetifpration defect is disruption of
asymmetric cell division. It is well known that genitor cells, in this case neuroblasts,
undergo a series of asymmetric divisions, eachngiva raise to a new neuroblast and a
ganglion mother cell, which divides one more timaive rise to a pair of neurons or glia
cells. Asymmetric cell division is a well-organizguocess and based on differential
segregation of the evolutionally conserved PAR pelarity complex and intrinsic cell fate
determinants (Yamashita & Fuller 2008, NeumulleiK&oblich 2009, Knoblich 2010).
Moreover, malfunction of any step in asymmetricl aiivision leads to proliferation
defects (Knoblich 2010, Sousa-Nunes & Somers 20H)wever, stainings against
different polarity and cell fate determinants pa®d no evidence that loss of Mbm affects
this machinery; consequently the entire procesasgimmetric cell division is apparently
not disturbed. However, the analysis performed ao provides a static picture of a
dynamic process. Thus live imaging experiments khie performed to followmbm

neuroblasts throughout mitosis in more detail anchéasure cell cycle length.

4.1.2 Mbm is require for cell growth

It is well known that cell proliferation and growtlre tightly coordinated. In
Drosophilg thetwo waves of neurogenesis (embryonic and postemiryare separated
by a quiescence state. After exit from quiescenearoblasts first enlarge size before they
start to proliferate (Truman & Bate 1988, Colombanal. 2003, Chell & Brand 2010).
Re-entry to the cell cycle fails when neuroblasts @nable to enlarge due to the lack of
nutrition (Britton and Edgar 1998). Moreover, dgriembryogenesis neuroblasts reduce in
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size after each division and enter quiescence whey reach a critical minimal size
(Hartenstein eal. 1987). In contrast, postembryonic neuroblasts gaod regain their size
between rounds of divisions and only start to redgmowth at the end of neurogenesis
before they undergo apoptosis or final differemiat(Ito & Hotta 1992, Maurange et.
2008, Siegrist eal. 2010). Thus, all previous observations prove tieditsize reduction of
neuroblasts impairs proliferation. Comparison ofdvtype andmbnt 8293 instar larval
neuroblasts sizes revealed that loss of Mbm leadsghificant reduction of central brain
neuroblast size, which correlates with a prolifieratdefect (Figure 23). Furthermore, it
was distinguished that Mbm does not affect cel sizother tissues drosophila as well
as in tissue culture S2 cells suggesting its pderaole in neuroblasts. However, it is still
not clear whether neuroblasts lacking Mbm becomeasecutively smaller during
development being unable to re-grow to normal safter each postembryonic cell
division. Alternatively, there might be an initidilure to grow in response to nutrition
after the quiescence phase. On the other hand, Migint have an effect already at early
embryogenesis. To address these questions, fuath@&lyses ofmbm neuroblast sizes
should be done at different developmental stages.

For proper development organisms need proper gupiutrients. The neuroblast
proliferation depends on nutritional status of tinganism (Britton and Edgar 1988). TOR
and InR/PI3K/Akt pathways are regulators of nutridependent growth of cells.
Moreover, most of the genes regulated by TOR siggapathway are involved in
ribosome biogenesis (Guertinat 2006). The observed cell size phenotype causdasisy
of Mbm raises the question, how Mbm might regutzk growth and proliferation? And

does it have a role in cell growth regulated by TR and InR/PI3K/Akt pathways?

4.2 Loss of Mbm inhibites small ribosomal subunit biogaesis or transport

The nucleolus is a major regulator of cell growttd groliferation, since it is the
ribosome factory of a cell (Boisvert at. 2007, Hernandes-Verdun at. 2010). The
efficient supply of ribosomes ensures sufficientels of protein synthesis needed for
proper cell growth and further proliferation. Thiere, it is not surprising that all steps of
ribosome biogenesis, including rRNA modificatiossambly and transport of ribosomal
subunits are tightly regulated. However, besidesdme biogenesis, the nucleolus is also

regulating cell-cycle control and stress respomseisducing cell-cycle arrest or inhibiting
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rDNA transcription as well as the processing andunagion of other RNAs, such as small
RNAs transcribed by RNA pol 11l and also microRNMoisvert etal. 2007, Gerbi eal.
2003). More than 200 proteins from plants and 7@0Onf humans were identified by
proteomic analysis from isolated nucleoli. Althoug®? homology was observed between
the yeast and human nucleolar proteome, the funafomany of the proteins remains
unknown (Pendle etl. 2005, Andersen etl. 2005, Boisvert eal. 2007).

Mbm is required for cell growth and proliferationdsit co-localizes with Fibrillarin
and Nop5, which are involved in rRNA processinghea nucleolus. These findings lead to
the hypothesis that Mbm may contribute to cell gitolwy mediating ribosome processing
or transport. To test this hypothesis, the funciaelevance of Mbm in large and small
ribosomal subunit biogenesis was analyzed by exme®f GFP-tagged RpL11 and RFP-
tagged RpS6 proteins as representative proteinthéolarge and small ribosomal subunit,
respectively. Excitingly, the analyses revealeat bm indeed has a critical role in small
ribosomal subunit biogenesis. Loss of Mbm causé&ehtion of RpS6 in the nucleolus of
neuroblasts, which might cause a lack of sufficiminbers functional ribosomes (Figure
27 D). A complementary result for the large ribosbrsubunit was achieved by knock-
down of Nucleosteminl (NS1) (Rosby &t 2009). It is important to mention that the
RpS6 retention phenotype caused rbgmwas observed only in neuroblasts, since the
localization defect of RpS6 was not observed in GM@d neurons (arrowhead in Figure
27 B). First evidence that retention of the smidbsomal subunit in the nucleolus indeed
leads to impaired protein synthesis was providednggabolic labeling experiments of
neuroblasts (Figure 28), which could be the restilthe cell being unable to build up
sufficient numbers of mature ribosome. Neverthelé880 of analyzesmbmneuroblasts
show also weak cytoplasmic expression of RpS6 atutig that protein synthesis in some
neuroblasts is maintained at some degree. Howeugre mbm flies die around pupal
stage, the amount of synthesized proteins is appgmot enough for animal survival.

Overall, all experiments suggest that Mbm functiassa new fibrillar component
of the nucleolus, and loss of Mbm disturbs smalbsomal subunit maturation, its release
to the nucleoplasm or the transport to the cytaplésally resulting in insufficient number
of functional ribosomes. Therefore protein synthesiimpaired, which leads to reduced
cell growth and proliferation. Moreover, relayingh aesults that Mbm has more
pronounced expression in neuroblasts compared nowwing cells and that thebm
phenotype is only observed in neuroblasts, it canctncluded that Mbm has a more

neuroblast-specific function.
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However, the exact function of Mbm in ribosome langsis is not clear yet. One of
the complications to carry out further biochemieperiments is the lack of more
accessible systems compared to neuroblasts, whechrasenting only a minor fraction of
the entire cell population of a brain. Tissue adt$2 cells are also impossible to use,
since Mbm knock-down does not affect cell proliftema. However, some characteristic
features of the Mbm protein, such as two zinc-fmgwtifs, which may bind to RNA or
DNA, and also the arginine/glycine (RGG) rich carstlocated in the N-terminal half of
the protein may provide entry points for furthevastigations. As it was previously shown,
RNA-binding proteins are characterized by the preseof several conserved motifs,
which include also RGG box and zinc-finger motiu(8 & Dreyfuss 1994). In addition,
RGG boxes containing proteins may associate withllsnucleolar ribonucleoproteins,
which participate in pre-rRNA processing (Godin &rdni 2007, Matera al. 2007,
Thandapani edl. 2013). Another entry point for further researcigimbe elF6 (eukaryotic
translation initiation factor 6) and the CG8545seription unit, which are indicated in the
Drosophilaprotein interaction map (DPIM) as interaction pars for Mbm. It is known,
that elF6 regulates association of 40S and 60S néishiparticularly, it prevents their
premature association (Burwick &t 2012, Gandin e&l. 2008). In addition, Scd6 RGG
box containing proteins may prevent the formatibd&S preinitiation complex due to the
binding to elF4G, resulting in inhibition of traasbn initiation (Thandapani etl. 2013).
According to DPIM, the predicted CG8545 proteiningolved in rRNA processing and
also the String 9.0 database specifies Fibrillaamd Nop5 as interaction partners of
CG8545 (Szklarszyk etl. 2010).

4.3 Mbm as a transcriptional target of dMyc

Regulation of cell growth, cell cycle progressiderminal differentiation and
apoptosis are essential for normal development mf ceganism. The reason for
developmental abnormalities could arise from retpmadefects in genes controlling these
processes. Thaycfamily of proto-oncogenes is one important grougwéh genes, which
recognizes its downstream transcriptional targétouigh specific hexameric DNA
sequences called E-boxes (Blackwell at al. 199&c¢IBlood et al. 1992). Previously it was
shown that appropriate levels of the sinBlesophila dmycgene is crucial to maintain
normal cell and body size during development, whécinediated by regulation of cellular
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growth (Johnson etl. 1999, Pierce eal. 2004). Moreover, Myc also regulates multiple
processes in ribosome biogenesis. Myc activateglpgerRNA transcription from rDNA
through interaction with cofactors that are reqiiifer RNA pol | recruitment, as well as
RNA pol Il dependent transcription of structurddasomal protein genes. In addition, Myc
activates transcription of 5S rRNA and tRNA throlgNA pol Il (Riggelen etl. 2010,
Grandori etal. 2005, Arabi eal. 2005, Grewal eal. 2005, Tschocher and Hurt 2003). In
spite of the fact that Myc expression correlatethwiduction or repression of number of
genes, only few studies were done to systematiaiiytify the sequence characteristics of
Myc binding site. Hulf and coworkers (2005) idestif 544 dMyc target genes that are
characterized by the presence of an E-box, whicimast often positioned within 100
nucleotides downstream of the transcriptional stdet of the gene. On the other hand, it
was shown that many of the dMyc target genes aor@aecond E-box in their promoter
region, which could raise the responsiveness @ ¢go dMyc (Hulf et al. 2005).

Mbm transcription might be controlled by two E-baotifs (E-box1 and E-box2)
found in the vicinity of the transcription startesiE-box1 is located just downstream of the
predicted transcriptional start site and thus alsoforms to the positional bias of E-box
sequences (Hulf et al. 2005), the degenerate E2bisdocated further upstream. In order
to verify functionality of both E-boxes for trangmion of the mbm gene, luciferase
reporter assays were done. The results suggesaedEthox1 is the major mediator for
Myc-induced transcription (Figure 29). Direct bingiof Myc to E-box1 was verified by
chromatin immunoprecipitation (ChlP) analyses (@llaboration with Peter Gallant and
Eva Herter, Department of Biochemistry and Molecialogy). In addition, then vivo
effect of Myc on Mbm expression was tested by catgremoval of Myc function in
single neuroblasts and revealed that both Mbm amabMexpression were reduced (Figure
30). This corresponds to the finding thatosophila Myc regulates expression of many
genes involved in ribosome biogenesis (Gallant 2013

Investigations of Mbm as a transcriptional targetvtyc raise the question how
Mbm may regulate cell growth and correspondinglgoalproliferation. It is well
established that Myc is placed downstream of th&®B0d InR/PI3K/AKT pathways (Li
et al 2010, Parisi etal. 2011). Myc has a key role in regulation of cell ytio and
metabolism as a mediator of INR/PIBK/AKT and TORhpays in a tissue specific
manner (Teleman etl. 2008). Myc transcription is regulated by InR/PIBKIT via direct
binding of FoxO to Myc promotor sequences, wherpasttranslational activity is
controlled by TOR via TORC1 (Teleman &t 2008, Demontis & Perrimon 2009). One
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possible model could be that nutrition sensing eiedi by the TOR and InR/PI3K/AKT
pathways ensures Myc expression and activity irraidasts, which in its turn regulates
transcription of Mbm but also expression of otheot@ins involved in ribosome
biogenesis. Despite the evidence that Myc is a dowam effector of TOR and
INR/PISK/AKT pathways in other tissues (DemontisR&rrimon 2009, Teleman ai.
2008), information for neuroblasts is largely mmggsi Thus, it would be interesting to
analyze the behavior ahbm neuroblasts under nutrient restriction conditiblowever,
one should keep in mind that at late larval statiess CNS is highly spared under nutrient
restriction by Jeb/Alk signaling (Cheng al. 2011), which also acts on downstream
effectors of the TOR and INR/PI3K/AKT pathways.

4.4  Posttranslational regulation of Mbm by protein kinase CK2

Relaying on the co-localization and co-purificati@sults (Guruharsha at. 2011)
the question was addressed whether Mbm functigagalated by CK2 phosphorylation.
Protein phosphorylation is crucial for basic celuprocesses, such as cell proliferation
and cell survival. Mbm posttranslational modificatiis regulated by protein kinase CK2,
which is built up by two catalytico-) and two regulatoryp~) subunits. CK2 is a highly
conserved protein kinase, which is crucial for aietsg of cellular processes and
correspondingly, mutations in either subunit resultethality. Meggio and Pinna (2003)
listed more than 300 protein substrates phosphed/liay CK2. Previously, several studies
indicated that CK2 predominantly localizes in thecleolus. In addition, it has minor
expression in the cytoplasm (Krek et al. 1992, Rergt al. 1997, Yu et al. 1991).
However, both subunits may also act independemidylacalize in different compartments
of the cell. CK2 targets several components ofRbel machinery and also activates Pol
[l transcription, suggesting that the mechanismstolling the transcriptional output of
Pol | and Pol Ill could be regulated in a CK2 phusgylation dependent manner (Bierhoff
etal. 2008, Hu etl. 2003). In addition, phosphorylation of nucleophos (B23) by CK2
ensures the mobility of the protein between nucleand nucleoplasm (Negi & Olson
2006). Results of this study demonstrated that €&@-localizes with Mbm in the nucleoli
of neuroblasts (Figure 31).

The idea that Mbm stability or localization is réged by CK2-mediated

phosphorylation was supported byvitro kinase assays, which verified CK2-dependent
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phosphorylation of Mbm in its C-terminal half. Tipeecise phosphosites of Mbm were
identified by MS/MS analysis within two acidic ctass (AC-1 and AC-2) and correspond
to the CK2 consensus sequence (Figure 32). Orteeaflentified phosphosites in the AC-2
cluster was previously identified by phosphoproteoranalysis of S2 cells and in
Drosophilaembryos thus providing an independent confirma¢®odenmiller et al. 2008,
Zhai et al. 2007). Further investigations to revehe importance of identified
phosphorylation sites were done by substitutiorpledsphorylated residues by alanine.
Althoughin vitro kinase assays with the mutated Mbm proteins ibelicghat the major
phosphorylation sites are located in the AC-1 elysn neither case phosphorylation was
completely abolished (Figure 34). This can be erplh by the presence of another
potential CK2 phosphorylation site in the AC-3 ¢hrs which was not covered by MS
analyses (Figure 32).

The in vitro studies were complemented by functional studiedli@s. RNAI-
mediated knockdown of CKRleads to apparent redistribution of Mbm from theelaolus
to the cytoplasm (Figure 35), which was also evidgron neuroblast-specific expression
of a dominant-negative variant of CKJUAS-CK2r'¥, Meissner efl. 2008). A similar
redistribution of Mbm was observed inGK24 null mutant background indicatintpe
presence of the CK2 holoenzyme in the nucleoti2s null mutants have extremely
small brains (data not shown). Direct evidenceafdunction of CK3 in proliferation and
size control of neuroblasts was provided by a recamprehensive RNAI study
(Neumdller et al., 2011). However, all attemptsddnmunoprecipitate either endogenous
CK2pB or a FLAG-tagged variant of CR2ogether with Mbm failed so far.

DrosophilaCK2[3 transcription unit encodes five CB2soforms that differ in their
C-terminal tail (Jauch edl. 2006, Jauch edl. 2002). However, all isoforms include an
acidic stretch, which might bind polyamines (seéWwg and zinc-fingers essential for
CK2B diamerization (Jauch etl. 2002). All identified CKB isoforms equally interact
with the CK2Zx subunit; however they differ in their ability tescue lethality of th€K24
null mutant and to promote mushroom body develogn{éauch etal. 2006). This
suggested that CKHR isoforms may differently regulate Ckg2activity. It would be
interesting to identify whether one or combinatairseveral CK isoforms has a specific
function in neuroblasts. For this purpose, isofespecific antibodies or generation of

mutant flies lacking only a single form of CE2soforms will be very helpful.
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Finally, the identification of several Cl§2phosphorylation sites in Mbm allowed
me to evaluate their functional relevancevivo. Transgenes carrying combined mutations
in all phosphorylation sites in either the AC-1 ttve AC-2 cluster largely failed to
complement the loss of endogenous Mbm functiontbaedorresponding proteins showed
a pronounced cytoplasmic localization in contrasthie solely nucleolar accumulation of
the wild-type Mbm protein. This corresponded to tieserved Mbm localization defect
upon RNAI mediated knockdown of CK2

Yet, it is not clear how the regulation of Mbm ppbserylation by CK2 takes place.
Recently it was shown that CK2 activity is regutatey polyamines, which are derived
from amino acid catabolism. CK2 is an intrinsicaflygulated kinase, which involves
autoinhibition of CKx by CK2B. This inhibition is mediated by binding of the a#ge
charged polyamine binding region of CK2o the positive charged catalytic site of
CK2a (Leroy et al. 1997a, Leroy etal. 1997b). Binding of polyamines induces a
conformational change in the CK2 complex and themgbening access to many protein
substrates (Leroy edl. 1997b). Polyamines are important to enhance abiinprotein
phosphorylation by CK2 in insects (Son@kt1994). Putrescine, spermidine and spermine
are polycations that are essential for cell pradifien, tissue growth and development
(Nishioka 1996, Montenarh 2010). The initial stégpolyamine biosynthesis is converting
L-ornithin to putrescence, which is catalyzed bynittine decarboxylase (ODC).
Sequential addition of aminopropyl groups to pudies generates long carbon-chain
spermidine and spermine (Wallace adt 2003). Impairment of polyamine biosynthesis
affects neuroblast proliferation (Cayre &t 1997). Particularly, putrescine stimulates
mushroom body neuroblasts proliferation in houseket (Acheta domesticjiswhereas
spermidine and spermine act on neuronal differgatigCayre etal. 2001). Finding out,
whether regulation of CK2 catalytic activity by féifent polyamines is relevant to control
Mbm function by phosphorylation will be a futureatienge.

Taken together all results allowed me to assume Niem regulates cell growth

and proliferation by regulation of ribosome bioggieen neuroblasts (Figure 39).
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Figure 39. A model for regulation of cell growth
and proliferation by Mbm.
ILPs activate TOR/PI3K pathways leading to

expression of the transcription factor Myc. Myc
regulates transcription of Mbm and other proteins
required for ribosome biogenesis. Mbm
posttranslational regulation is controlled by
polyamine-modulated CK2 kinase activity.

Cell growth
Proliferetion

Mbm transcription is regulated by Myc, which proesda potential link to systemic growth
control mediated by the TOR/PI3K pathways. On ttleeohand, Mbm function requires
phosphorylation by protein kinase CK2. Regulatidncatalytic activity of CK2 might
depend on differential binding of polyamines thgrgoviding a link to cellular growth
signals (Figure 39). Further studies are requioedhtidate this model.
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5 Summary

Cell growth and cell division are two interconnekctget distinct processes.
Initiation of proliferation of central brain progéor cells (neuroblasts) after the late
embryonic quiescence stage requires cell growtth,na@intenance of proper cell size is an
important prerequisite for continuous larval nelmsb proliferation. Beside extrinsic
nutrition signals, cell growth requires constanp@y with functional ribosomes to
maintain protein synthesis.

Mutations in themushroom body miniature (mbmgé¢ne were previously identified
in a screen for structural brain mutants. This gtiatused on the function of the Mbm
protein as a new nucleolar protein, which is the 9f ribosome biogenesis. The
comparison of the relative expression levels of Mand other nucleolar proteins in
different cell types showed a pronounced expressidvibm in neuroblasts, particularly in
the fibrillar component of the nucleolus, suggestithat in addition to nucleolar
components generally required for ribosome biogenesore neuroblast specific nucleolar
factors exist. Mutations imbmcause neuroblast proliferation defects but doimteifere
with cell polarity, spindle orientation or asymmetif cell division of neuroblasts. Instead
a reduction in cell size was observed, which catesl with an impairment of ribosome
biogenesis. In particular, loss of Mbm leads torétention of the small ribosomal subunit
in the nucleolus resulting in decreased proteinttmgis. Interestingly, the defect in
ribosome biogenesis was only observed in neurabldbdreover, Mbm is apparently not
required for cell size and proliferation control wing imaginal disc and S2 cells
supporting the idea of a neuroblast-specific fuorcof Mbm.

Furthermore, the transcriptional regulation of thém gene and the functional
relevance of posttranslational modifications weralgzed.Mbm s a transcriptional target
of dMyc. A common feature of dMyc target geneshis presence of a conserved E-box
sequence in their promoter regions. Two E-box madife found in the vicinity of the
transcriptional start site ahbm Gene reporter assays verified that only one emth
mediates dMyc-dependent transcription. Complemgnsdudies in flies showed that
removal of dMyc function in neuroblasts resulteddgduced Mbm expression levels.

At the posttranslational level, Mbm becomes phosghted by protein kinase
CK2. Six serine and threonine residues locatedmécidic amino acid rich clusters in the
C-terminal half of the Mbm protein were identifiets CK2 phosphorylation sites.
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Mutational analysis of these sites verified thewportance for Mbm functiom vivo and
indicated that Mbm localization is controlled by Z¥hediated phosphorylation.

Although the molecular function of Mbm in ribosorb@genesis remains to be
determined, the results of this study emphasizesgiexific role of Mbm in neuroblast

ribosome biogenesis to control cell growth andiferdtion.
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6 Zusammenfassung

Zellwachstum und Zellteilung stellen zwei miteinangerknipfte Prozesse dar, die
dennoch grundsatzlich voneinander zu unterschegled. Die Wiederaufnahme der
Proliferation von neuralen Vorlauferzellen (Neumgien) im Zentralhirn voDrosophila
nach der spat-embryonalen Ruhephase erfordert asindellwachstum. Der Erhalt der
reguléren ZellgroRe ist eine wichtige Voraussetztiirgdie kontinuierliche Proliferation
der Neuroblasten Uber die gesamte larvale Entwigldphase. Neben extrinsischen
Ernahrungssignalen ist fir das Zellwachstum einatikaierliche Versorgung mit
funktionellen Ribosomen notwendig, damit die Pruggnthese aufrechterhalten werden
kann.

Mutationen im mushroom body miniature (mbmpen wurden Uber einen
genetischen Screen nach strukturellen Gehirnmutaidentifiziert. Der Schwerpunkt
dieser Arbeit lag in der funktionellen Charaktesisihg des Mbm Proteins als neues
nukleolares Protein und damit seiner moéglichen iBgteg in der Ribosomenbiogenese.
Der Vergleich der relativen Expressionslevel vornMind anderen nuklearen Proteinen
in verschiedenen Zelltypen zeigte eine verstarkipr&ssion von Mbmn der fibrillaren
Komponente des Nukleolus von Neuroblasten. Diesgb&ehtung legte die Vermutung
nahe, dass in Neuroblasten neben generell bendtigaktoren der Ribosomenbiogenese
auch Zelltyp-spezifische Faktoren existieren. Maot&n in mbm verursachen
Proliferationsdefekte von Neuroblasten, wirken gethoch nicht auf deren Zellpolaritat,
die Orientierung der mitotischen Spindel oder disyrAmetrie der Zellteilung aus.
Stattdessen wurde eine Reduktion der Zellgrol3e duddbt, was im Einklang mit einer
Beeintrachtigung der Ribosomenbiogenese stehteswsinlere fuhrt der Verlust der Mbm
Funktion zu einer Retention der kleinen ribosomdlerereinheit im Nukleolus, was eine
verminderte Proteinsynthese zur Folge hat. Intardesweise wurden Stdrungen der
Ribosomenbiogenese nur in den Neuroblasten beadachtdem ist Mbnoffensichtlich
nicht erforderlich, um Wachstum oder die Prolifemat von Zellen der
Fligelimginalscheibe und S2-Zellen zu steuern, welerum dafur spricht, dass Mbm
eine Neuroblasten-spezifische Funktion erfillt.

Dartber hinaus wurden die transkriptionelle RegoiaidesmbmGens und die
funktionelle Bedeutung von posttranslationalen Mi&dtionen analysiert. Mbm
Transkription wird von dMyc reguliert. Ein gemeinsas Merkmal von dMyc Zielgenen

ist das Vorhandensein einer konservierten ,E-Bo&tisnz in deren Promotorregionen. In
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der Umgebung danbmTranskriptionsstartstelle befinden sich zwei ,ExBdlotive. Mit
Hilfe von Genreporteranalysen konnte nachgewiesemlewn, dass nur eine von ihnen die
dMyc-abhangige Transkription vermittelt. Die dMyokéingige Expression von Mbm
konnte auch in Neuroblasten verifiziert werden.

Auf posttranslationaler Ebene wird Mbndurch die Proteinkinase CK2
phosphoryliert. In der C-terminalen Hélfte des MBnoteins wurden in zwei Clustern mit
einer Abfolge von sauren Aminosauresechs Serin- und Threoninreste als CK2-
Phosphorylierungsstellen identifiziert. Eine Mutaanalyse dieser Stellen bestétigte
deren Bedeutung fir die Mbm Funktiomvivo. Weiterhin ergaben sich Evidenzen, dass
die Mbm-Lokalisierung durch die CK2-vermittelte Bpborylierung gesteuert wird.

Obwohl die genaue molekulare Funktion von Mbm im B&osomenbiogenese
noch im Unklaren ist, unterstreichen die Ergebndisser Studie die besondere Rolle von
Mbm in der Ribosomenbiogenese von Neuroblasten ethiwZchstum und Proliferation zu
regulieren.
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9 List of abbreviations

20E
40S
4E-BP
60S
abd-A
ac
Alk
ana
Anp
AP
aPKC
AS-C
Ase
B23
Brat
BrdU
ca
Cas
ChIP
CNS

DFC
Dlg
dm
DPIM
Dpn
DV
E(spl)
EdU
elF6

FACS
FBDM
FC
FDS
FGF
Flp
FoxO
GC
GMC
Grh

Ecdysone

ribosomal small subunit

initiation factor 4E binding protein
ribosomal large subunit
abdominal-A

achaeta
anaplastic lymphoma kinase
anachronism

Anntenopodia
anterior-posterior

atypical protein kinase C
achaeta-scute-complex
Asense

nucleophosmin

Brain tumor
Bromodesoxyuridine

calyx

Castor

chromatin immunopercipitation
Central nervous system

Delta

dense fibrillar component
Discs large

diminutive
Drosophilaprotein interaction map
Deadpan
dorso-ventral

Enhancer of Split
5-ethynyl-2"-deoxyuridine
eukaryotic translation initiation factor 6
fibrillar component
Fluorescence-activated cell sorting
Fat body derived mitoge
fibrillar center

fat body derived signal
Fibroblast growth factor
Flipase

Forkhead box class O
granular component

Ganglion mother cell
Grainyhead
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Hb
Hh
HPG
IGF
ILP
INP
InR
Insc
IPC
Jeb
KCs
kd
Khc73
Kr
I'sc
Lgl
MB
mbm
Mir
Mud
N

NB
N/CD

NR

NS1
oDC

oL

OoPC
ORF

ped

pH3
PI3K
Pins

Pon
pre-rRNA
Pros

R/G
rDNA
RHG
RNA pol |
RNA pol 1l
RNA pol III
RPs
rRNAs

Hunchback

Hedgehog
L-homopropargylglycine
insulin growth factor
insulin like peptide
Intermediate neural progenitor
insulin-like receptor
Inscutable

Inner Proliferation Center
Jelly Belly

Kenyon cells
knock-down

kinesin heavy chain 73
Kruppel

lethal of scute

Lethal (2) giant larvae
Mushroom body
mushroom body miniature
Miranda

Mushroom body defect
Notch

Neuroblast

Notch intracellular domain
nutrient restriction
nucleostemin 1

ornithine decarboxylase
Optic lobes

Outer Proliferation Center
open reading frame
peduncle
phospho-histone H3
phosphatidylinositol 3-kinase
Partner of Inscutable
Partner of Numb
preribosomal RNA
Prospero
arginine/glycine
ribosomal DNA

grim, hidandreaper

RNA polymerases |

RNA polymerases Il

RNA polymerases Il
ribosomal proteins
ribosomal RNAs
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SC

SDS-PAGE
SLIF
SNoRNAs
SSuU
Su(H)
Svp
TIF-1A
TOR
TORC1
TORC2
TPRs

trol

TTF

UBF

Ubx

VNC

wt

scute
sodium dodecyl sulfate Polyacrylamide gel
electrophoresis

Slimfast

small nucleolar RNAs

small subunit processome
Suppressor of hairless
Seven-up
transcription initiation factor 1A
target of rapamycin

TOR complex 1

TOR complex 2
tetratricopeptide repeats
terribly reduced optic lobe
Temporal transcription-factor
upstream binding factor
Ultrabithorax

Ventral nerve cord

wild-type
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