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SUMMARY

Centrosome asymmetry has been implicated in stem
cell fate maintenance in both flies and vertebrates,
but the underlyingmolecularmechanisms are incom-
pletely understood. Here, we report that loss of
CG7337, the fly ortholog of WDR62, compromises
interphase centrosome asymmetry in fly neural
stem cells (neuroblasts). Wdr62 maintains an active
interphase microtubule-organizing center (MTOC)
by stabilizing microtubules (MTs), which are neces-
sary for sustained recruitment of Polo/Plk1 to the
pericentriolar matrix (PCM) and downregulation of
Pericentrin-like protein (Plp). The loss of an active
MTOC in wdr62 mutants compromises centrosome
positioning, spindle orientation, and biased centro-
some segregation. wdr62 mutant flies also have an
�40% reduction in brain size as a result of cell-cycle
delays. We propose that CG7337/Wdr62, a microtu-
bule-associated protein, is required for the mainte-
nance of interphasemicrotubules, thereby regulating
centrosomal Polo and Plp levels. Independent of this
function, Wdr62 is also required for the timely mitotic
entry of neural stem cells.

INTRODUCTION

Centrosomes, microtubule (MT)-organizing centers (MTOCs) of

metazoan cells, segregate asymmetrically in both fly and verte-

brate neural stem cells and have been implicated in stem cell

fate maintenance (Yamashita et al., 2007; Conduit and Raff,

2010; Januschke et al., 2011; Wang et al., 2009; Salzmann

et al., 2014). The building blocks of centrosomes are centrioles,

cylindrical MT-based structures ensheathed by pericentriolar

matrix (PCM) proteins (Nigg and Stearns, 2011). Centrosomes

are intrinsically asymmetric since centrioles replicate semi-

conservatively, generating an older mother centriole and a

younger daughter centriole. Centrosome asymmetry is also
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manifested in the localization of daughter or mother centriole-

specific centrosome markers and differential MTOC activity

(Januschke et al., 2011, 2013; Rusan and Peifer, 2007; Rebollo

et al., 2007; Conduit and Raff, 2010; Jakobsen et al., 2011). How-

ever, the molecular mechanisms underlying centrosome asym-

metry and its function are incompletely understood (reviewed

in Roubinet and Cabernard, 2014).

An ideal system for studying centrosome asymmetry in vivo

are Drosophila neuroblasts, the neural stem cells of the fly

(Homem and Knoblich, 2012; Brand and Livesey, 2011). Neuro-

blasts establish and maintain centrosome asymmetry during

interphase (Januschke et al., 2011, 2013; Conduit and Raff,

2010; Singh et al., 2014; Lerit and Rusan, 2013; Rusan and Pei-

fer, 2007). For instance, their centrosomes separate during early

interphase into two centrosomes, containing only one centriole

each. These centrioles differ in age and molecular composition;

the homolog of the human daughter centriole-specific protein

Centrobin (Cnb) localizes to the younger daughter centriole but

is absent from the older mother centriole (Januschke et al.,

2011). Cnb is phosphorylated by Polo kinase (Plk1 in verte-

brates), a requirement to maintain an active MTOC, tethering

the daughter centriole-containing centrosome to the apical inter-

phase cortex (Januschke et al., 2013). The mother centriole

downregulates Polo andMTOC activity, mediated by Pericentrin

(PCNT)-like protein (PLP) and Bld10 (Cep135 in vertebrates)

(Singh et al., 2014; Lerit and Rusan, 2013). As a consequence

of MTOC downregulation, the mother centriole subsequently

moves away from the apical cortex and randomly migrates

through the cytoplasm (Rebollo et al., 2007; Rusan and Peifer,

2007; Conduit and Raff, 2010). This centrosome asymmetry is

maintained until early prophase, when centrosome maturation

starts with the reaccumulation of PCM and the formation of a

second MTOC on the basal cortex (Conduit and Raff, 2010;

Rebollo et al., 2007; Rusan and Peifer, 2007).

Previously, we showed that Bld10/Cep135 is implicated in the

establishment of centrosome asymmetry in Drosophila neuro-

blasts (Singh et al., 2014). Mutations in Cep135 have been linked

to primary microcephaly (Hussain et al., 2012), an autosomal

recessive neurodevelopmental disorder, manifested in small

brains and mental retardation (Nigg et al., 2014). Several loci
rs
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(MCPH1–12) have been implicated in primary microcephaly,

most of which encode for centrosomal proteins (Nigg et al.,

2014). To test whether a causal relationship between centro-

some asymmetry and microcephaly exists, we set out to study

CG7337, an uncharacterized fly gene corresponding to WD40

repeat protein 62 (WDR62/MCPH2) in vertebrates (Nicholas

et al., 2010; Megraw et al., 2011). Mutations in wdr62 are the

second most prevalent cause for microcephaly, but its role in

this neurodevelopmental disorder is incompletely understood.

WDR62 localizes to the nucleus (Bilg€uvar et al., 2010) but

also to the spindle poles (Nicholas et al., 2010; Yu et al.,

2010; Chen et al., 2014), and it has been implicated in spindle

formation and neuronal progenitor cell (NPC) proliferation

(Nicholas et al., 2010; Bilg€uvar et al., 2010; Yu et al., 2010).

WDR62 is a c-Jun N-terminal kinase (JNK) scaffold protein

(Wasserman et al., 2010; Cohen-Katsenelson et al., 2011), re-

ported to regulate rat neurogenesis through JNK1 by control-

ling symmetric and asymmetric NPC divisions in the rat

neocortex (Xu et al., 2014). In mice, WDR62 interacts with

Aurora A kinase, necessary to regulate spindle formation,

mitotic progression, and brain size (Chen et al., 2014). How-

ever, whether WDR62 is implicated in other important cellular

processes is currently unclear.

Here, we report that CG7337/Wdr62 is required to maintain

centrosome asymmetry in Drosophila neuroblasts by directly

or indirectly stabilizing the interphase MTs necessary to accu-

mulate and maintain PCM-associated Polo. Failure to maintain

centrosome asymmetry in wdr62 mutants perturbs centrosome

positioning and segregation as well as spindle orientation. Addi-

tionally, and independent of this function, we found that wdr62

mutant neuroblasts show cell-cycle defects, resulting in a devel-

opmental delay and a dramatic reduction in fly brains. We

conclude that Wdr62 controls at least two distinct but important

aspects of fly neurogenesis.

RESULTS

CG7337, the Fly Ortholog of Wdr62, Is Required to
Maintain Centrosome Asymmetry during Interphase
The fly ortholog of Wdr62 is encoded by the uncharacterized

gene CG7337 (Megraw et al., 2011; Nicholas et al., 2010), con-

taining several isoforms (Figure S1A), with the longest producing

a protein of predicted 2,397 amino acids. HumanWDR62 shares,

overall, 35% amino acid identity with this CG7337 isoform, and

the N terminus alone is 48% identical. Both CG7337 and

WDR62 contain three WD40-repeat-containing domains with

equal numbers of WD40 repeats (Figure 1A). Due to this conser-

vation and the similarity in domain architecture, we refer to

CG7337 as Wdr62 hereinafter.

To assess the function of Wdr62 in the neuroblast centrosome

cycle, we generated molecularly defined excision alleles and

CRISPR/Cas9 deletions (Experimental Procedures; Figure S1A).

The phenotype described in the following sections has been ob-

tained with both the wdr62D2a and wdr62D3–9 alleles (wdr62D2a/

Df(2L)Exel8005 and wdr62D3–9/Df(2L)Exel8005, respectively);

both alleles show an identical phenotype, although the pheno-

typic penetrance is higher with the wdr62D3–9 allele (Figures

S1A–S1C). Therefore, unless otherwise noted, we collectively
Cell R
refer hereinafter to either allelic combination as wdr62 mutant

(see figure legends for details on allelic combinations used).

We performed live cell imaging experiments, using DSas4::

GFP (Peel et al., 2007) as a centriolar marker in conjunction

with the MTOC marker Cherry::Jupiter (Cabernard and Doe,

2009) (Jupiter encodes an MT-binding protein; Karpova et al.,

2006). As previously reported (Januschke et al., 2011, 2013;

Conduit and Raff, 2010; Singh et al., 2014; Lerit and Rusan,

2013; Rusan and Peifer, 2007), we confirmed that the apical

daughter centriole-containing centrosome retained a robust

MTOC throughout interphase. The basal mother centriole-con-

taining centrosome, on the other hand, downregulated MTOC

activity, preventing the inactive centriole from staying stably

anchored at the apical cortex (Figure 1B; Movie S1). wdr62

mutant centrosomes showed normal DSas4 localization and

initially also contained an apical active MTOC. As in wild-type,

MTOC activity is normally downregulated on the separating

centriole. However, in contrast to wild-type, wdr62 mutants

downregulated MTOC activity on the apical centrosome, on

average, within �30 min, giving rise to two ‘‘naked’’ centrioles,

devoid of MTs (Figures 1C, 1F, and 1G; Movie S2). As in wild-

type,wdr62mutant neuroblasts initiated centrosomematuration

in prophase, assembled bipolar spindles, and divided asymmet-

rically. Nevertheless, they displayed weaker MT intensity on

maturing centrosomes and metaphase spindles (Figure 1G).

The centrosome asymmetry phenotype of wdr62 could be

rescued by expressing the longest CG7337 isoformwith the neu-

roblast-specific worniuGal4 (worGal4; Albertson and Doe, 2003)

driver line, suggesting that this phenotype is neuroblast intrinsic

and due to loss of wdr62 specifically (Figure S1B).

The wdr62mutant phenotype is very similar to both partner of

inscuteable (pins; LGN/AGS3 in vertebrates) and cnb mutants

(Rebollo et al., 2007; Januschke et al., 2013). Cnb and Pins local-

ization was not compromised in wdr62 mutants. However, the

centrosome asymmetry phenotype of neither pins nor cnb could

be rescued with our functional wdr62 transgene (data not

shown). Taken together, these results demonstrate that apical

centrosomes devoid of Wdr62 behave like basal wild-type cen-

trosomes and that Wdr62 is required to maintain centrosome

asymmetry during interphase.

Wdr62 Is Required to Maintain PCM Proteins on the
Apical Interphase Centrosome
Wild-type neuroblasts downregulate basal MTOC activity by

shedding PCM proteins such as g-tubulin (g-Tub) and centroso-

min (Cnn; Cdk5rap2 in vertebrates) (Singh et al., 2014; Conduit

and Raff, 2010). We imaged wdr62mutant neuroblasts express-

ing g-Tub or Cnn in conjunction with the MTOC marker Cherry::

Jupiter to test whether the loss of apical MTOC activity is due to

PCM protein downregulation. Wild-type neuroblasts retained

g-Tub and Cnn on the apical centrosome throughout interphase

(Figure 1D; Movie S3) but wdr62 mutant neuroblasts lost g-Tub

and Cnn significantly from the apical, daughter centriole-con-

taining centrosome, coincident with the loss of MTOC activity

(Figures 1E, 1H, and 1I; Movie S4; data not shown). Consistent

with our live-imaging results, we found that fixed wdr62 mutant

interphase neuroblasts contained centrioles with no g-Tub,

whereas all interphase wild-type neuroblast centrosomes were
eports 14, 1100–1113, February 9, 2016 ª2016 The Authors 1101
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Figure 1. CG7337, the Fly Ortholog of WDR62, Is Required to Maintain Centrosome Asymmetry during Interphase

(A) Domain organization of CG7337 and human WDR62.

(B and C) Wild-type (wt) (B) andwdr62mutant (wdr62D2a/Df(2L)Exel8005) (C) third instar larval neuroblast, expressing the centriolar marker DSas4::GFP (top row)

and the MTOC marker Cherry::Jupiter (middle row). For this and subsequent panels, the green and red lines below the image sequence represent intensity (Int.)

values of the indicated marker for the apical (green box) and basal (red box) centrosomes, respectively.

(D and E) Wild-type (wt) (D) and wdr62 (wdr62D2a/Df(2L)Exel8005) (E) mutant third instar larval neuroblast, expressing the PCMmarker g-Tub::GFP (top row) and

the MTOC marker Cherry::Jupiter (middle row).

(F) Quantification of apical MTOC downregulation time inwdr62mutants (light green dots indicatewdr62D2a/Df(2L)Exel8005; dark green dots indicatewdr62D3-9/

Df(2L)Exel8005). The average times are denoted with horizontal green lines.

(G) Cherry::Jupiter intensity measurements at interphase (Int), prophase (Pro), and nuclear envelope breakdown (NEB).

(H and I) Bar graphs representing average intensities for g-Tub::GFP (H) and Cnn::mCherry (I) during interphase (20 min before NEB). Numbers in bar graphs refer

to the number of scored neuroblasts (‘‘ns’’). Colored boxes refer to the corresponding cell-cycle stage.

Error bars correspond to SEM. *p < 0.05; ***p < 0.0001. Time is in hours:minutes. Scale bar, 5 mm.
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Figure 2. Wdr62 Is Required toMaintain Polo

Kinase on the Apical Interphase MTOC

(A and B) Wild-type (wt) (A) and wdr62 (wdr62D2a/

Df(2L)Exel8005) (B) mutant third instar larval neu-

roblasts, expressing Polo::GFP (top row) and the

MTOC marker Cherry::Jupiter (middle row). The

green and red lines below the image sequences

represent Polo::GFP intensity (Int.) values of the

apical (green box) and basal (red box) centro-

somes, respectively.

(C) Quantification of Polo downregulation time

in wdr62 mutants (light green dots indicate

wdr62D2a/Df(2L)Exel8005; dark green dots indicate

wdr62D3-9/Df(2L)Exel8005). Average times are de-

noted with horizontal green lines.

(D) Average Polo::GFP intensity during interphase

for wild-type (blue bar) and wdr62 (green bar;

wdr62D2a/Df(2L)Exel8005) mutants.

(E) Representative confocal images of wild-type

and wdr62 mutant (wdr62D3-9/Df(2L)Exel8005)

neuroblasts stained for Polo (white in single chan-

nel and green in overlay), Plp (white in single

channel and magenta in overlay), and a-tubulin

(white in overlay). Green and red dashed boxes

denote the apical and basal centrosomes,

respectively, highlighted in the inserts. Contrast

and brightness have been adjusted for better visi-

bility.

(F–I) Polo (F) and Plp (H) intensity measurements

performed on apical and basal centrosomes in

wild-type (dark blue and light blue bars, respec-

tively) and wdr62 mutant (wdr62D3-9/Df(2L)

Exel8005; dark green and light green bars,

respectively) neuroblasts. Polo (G) and Plp (I)

asymmetry ratio for wild-type (blue dots) andwdr62

mutants (wdr62D3-9/Df(2L)Exel8005; green dots).

Colored boxes refer to the corresponding cell-cycle

stage.

Error bars correspond to the SEM. *p < 0.05; ***p <

0.0001. Time is in hours:minutes. Scale bars, 5 mm.
asymmetric (Figures S1D and S1E). These data suggest that loss

of MTOC activity in wdr62 mutants is due to downregulation of

the PCM proteins g-Tub and Cnn on the apical centrosome.

Wdr62 Is Required toMaintain Polo Kinase on the Apical
Interphase MTOC
Maintenance of MTOC activity during interphase requires Polo

kinase (Plk1 in vertebrates) (Januschke et al., 2013; Singh

et al., 2014). We used a protein trap line, which endogenously la-

bels Polo with GFP (Buszczak et al., 2007) to image Polo locali-

zation in wdr62mutants. Wild-type neuroblasts maintained high

levels of Polo on the apical MTOC during interphase, whereas

basal centrosomes downregulated Polo shortly after centro-

some separation (Singh et al., 2014) (Figure 2A; Figure S4B;

Movie S5). wdr62 mutant neuroblasts downregulated Polo as

early as 10 min after centrosome separation and contained

significantly reduced Polo levels on both interphase centro-

somes (Figures 2B–2D; Movie S6). These findings were

confirmed in fixed preparations imaged with confocal micro-

scopy (Figures 2E and 2F). The apical centrosome can still be

identified because, in most cases, Polo levels are reduced, but
Cell R
not completely absent, resulting in a reduced asymmetry ratio

between the apical and basal MTOCs (Figures 2E and 2G).

Polo is required for MTOC maintenance, since neuroblasts

mutant for the hypomorphic polo1 allele failed to maintain an

active apical MTOC, generating two naked centrioles shortly

after centrosomes separated (Januschke and Gonzalez, 2010)

(Movie S7; data not shown).

How Polo localization is controlled during interphase is

currently not known, but it has been proposed that Plp is

involved in the downregulation of Polo on the basal mother

centriole. In interphase wild-type neuroblasts, Plp is asymmetri-

cally localized, with the basal centrosome containing more Plp

than the apical centrosome (Lerit and Rusan, 2013; Singh

et al., 2014). Plp levels are roughly two times higher on the basal

than on the apical wild-type centrosome, resulting in a clear

asymmetry ratio. In wdr62 mutants, this ratio was reversed

because Plp levels were higher on the apical, Polo-positive

centrosome compared to the basal centrosome. In comparison

to wild-type apical centrosomes, Plp levels were significantly

increased, whereas basal levels did not change significantly (Fig-

ures 2E, 2H, and 2I). These data suggest that Wdr62 is required
eports 14, 1100–1113, February 9, 2016 ª2016 The Authors 1103



Figure 3. Polo Is Localized to the Centriole

and the PCM; Centriolar Localization De-

pends on Cnb, Whereas PCM Polo Requires

Both Wdr62 and Cnb

(A–D) 3D-SIM pictures of representative apical and

basal interphase centrosomes in (A) wild-type, (B)

wdr62D2a, (C) wdr62D3–9, and (D) cnb RNAi back-

ground, labeled with Polo (green in overlay) and Plp

(red in overlay). 3D intensity plots are shown un-

derneath the images. A schematic cartoon, sum-

marizing the phenotype, is shown next to the

intensity graphs. Since Polo levels were almost

equal on both centrosomes in cnb RNAi-treated

neuroblasts, we cannot clearly distinguish be-

tween apical and basal centrosomes. Scale

bar, 0.3 mm.
to maintain Polo on the apical centrosome to retain MTOC activ-

ity during interphase. Furthermore, it shows that Wdr62 nega-

tively regulates Plp levels on the apical centrosome.

Interphase Centrosomes Contain Centriolar and
PCM-Associated Polo
To gain better insight into the relationship of Polo and Plp, we

used three-dimensional structured illumination microscopy

(3D-SIM; see Experimental Procedures). Using the aforemen-

tioned Polo::GFP protein trap line (Buszczak et al., 2007), as

well as a previously published Polo::GFP transgene (Moutinho-

Santos et al., 1999), we found that the apical, daughter

centriole-containing wild-type neuroblast centrosome showed

a bright ring of centriolar Polo surrounded by Plp. A diffuse cloud

of Polo was localized outside of this irregularly shaped Plp ring.

This outer Polo cloud partially overlaps with the PCM marker

Cnn, suggesting that Polo extends into the PCM (Figure 3A; Fig-
1104 Cell Reports 14, 1100–1113, February 9, 2016 ª2016 The Authors
ures S2A and S2B). This finding is consis-

tent with previous reports, showing that

Polo also extends into the PCM space in

Drosophila metaphase S2 cells (Fu and

Glover, 2012) and Drosophila embryonic

interphase centrosomes (Lerit et al.,

2015). Basal wild-type neuroblast centro-

somes contained almost no PCM-associ-

ated and also less centriolar Polo

compared to the apical centrosome (Fig-

ure 3A). Apical centrosomes in wdr62

mutants still harbored centriolar Polo sur-

rounded by Plp, but PCM-Polo was no

longer detectable. Similarly, basal centro-

somes in wdr62 mutants only contained

centriolar Polo, comparable to wild-type

neuroblasts (Figures 3B and 3C). In neu-

roblasts deficient for cnb, centriolar Polo

was reduced and PCM-Polo was virtually

absent; Plp showed a similar arrangement

as in wild-type (Figure 3D).

Consistent with our confocal dataset,

3D-SIM imaging also showed that apical

wild-type centrosomes contained less
Plp than basal wild-type centrosomes, but this was often

reversed in wdr62 mutant neuroblasts (Figures 3A–3C). Since

Polo levels are almost equal on both centrosomes in cnb

RNAi-treated neuroblasts, it is difficult to distinguish between

the apical and basal centrosomes. Nevertheless, we found neu-

roblasts containing both symmetric and asymmetric Plp levels

(Figure 3D).

These localization data prompted us to test for molecular

interactions between Wdr62, Cnb, Polo, and Plp. We performed

a yeast-two hybrid assay and found an interaction between Cnb

and Plp but not between Wdr62, Plp, and Polo (Figure S2C).

Taken together, these results demonstrate that loss of Wdr62

or Cnb perturbs the asymmetric localization of Polo and

Plp. Furthermore, it shows that the PCM-associated Polo frac-

tion on the apical centrosome is regulated by Wdr62 and Cnb.

Cnb also controls the centriolar Polo pool on the apical

centrosome.
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Figure 4. Wdr62 Is a MT-Associated Protein, Controlling PCM Polo through Stabilization of MTs

(A) Representative wild-type neuroblast stained with theWdr62 peptide antibody (green in overlay), the PCMmarker Cnn (magenta in overlay), and the neuroblast

marker Miranda (Mira; red in overlay).

(B andC) Colcemid-treatedwild-type (B) and cnbRNAi (C) neuroblasts stained forWdr62 (green in overlay), the spindlemarker a-tubulin (white in overlay), and the

apical polarity marker atypical protein kinase C (aPKC) (red in overlay).

(D) Representative confocal neuroblast pictures showing Polo (white in single channel and green in overlay), Plp (white in single channel and magenta in overlay)

and a-tubulin (white in overlay) after colcemid treatment. Green and red dashed boxes denote the apical and basal centrosomes, respectively, highlighted in the

inserts. Contrast and brightness has been adjusted for better visibility.

(E and F) Polo (E) and Plp (F) intensity measurements performed on apical and basal centrosomes in wild-type (wt) (dark blue and light blue bars, respectively) and

colcemid-treated wild-type neuroblasts (dark orange and light orange bars, respectively).

(G and H) Polo (G) and Plp (H) asymmetry ratio for wild-type (blue dots) and colcemid-treated wild-type neuroblasts (orange dots).

(I) Representative 3D-SIM centrosome pictures of Polo and Plp after colcemid treatment. Colored boxes refer to the corresponding cell-cycle stage.

Error bars correspond to SEM. *p < 0.05; **p < 0.001; ***p < 0.0001; n.s; not significant. Time is given in hours:minutes. Scale bars, 5 mm in (C) and (D) and

0.3 mm in (I).
Wdr62 Is a Spindle-Associated Protein and Depends on
MTs for Its Localization
To get further mechanistic insight into Wdr62’s role in centro-

some asymmetry, we analyzed its localization in third instar larval

neuroblasts using three different reagents: (1) a functional

wdr62::mDendra2 transgene (Figures S1B and S3A); (2) a protein

trap line, tagging all wdr62 isoforms (Figures S3B and S3C); and

(3) two peptide antibodies, recognizing two distinct Wdr62 anti-

gens (Figure 4A; Figure S3D). All reagents showed comparable

results; Wdr62 was localized on the apical, active MTOC during

interphase. From prophase onward, Wdr62 also became en-

riched on the maturing basal centrosome and subsequently

decorated the spindle from metaphase throughout mitosis.

Wdr62 did not completely overlap with canonical PCM markers

such asCnn but suggested an association withMTs instead (Fig-

ure 4A). Indeed, chemical spindle ablation experiments using
Cell R
colcemid resulted in diffuse cytoplasmic Wdr62 localization

when MTs were absent (Figure 4B). Similarly, removal of the

interphaseMTOCby knocking down cnb resulted inmostly cyto-

plasmic Wdr62 localization; Wdr62 relocalized to the spindle

during prophase andmetaphase (Figure 4C). These data provide

evidence that Wdr62 is an MT-associated protein and is asym-

metrically localized during interphase.

PCM-Associated Polo Localization Depends on
Intact MTs
Wdr62’s spindle association prompted us to test whether cen-

trosomal Polo levels could also be directly regulated through

MTs. To this end, we depolymerized MTs using colcemid and

analyzed the localization of Polo and Plp in interphase neuro-

blasts with confocal microscopy. Colcemid treatment resulted

in a significant drop in apical Polo levels and close to a 2-fold
eports 14, 1100–1113, February 9, 2016 ª2016 The Authors 1105



Figure 5. Polo Is Localized onMTs and Travels

to the Centrosome

(A) Representative live-imaging snapshots of a late-

telophase wild-type neuroblast expressing Cherry::

Jupiter (MTs; top row) and Polo::GFP (protein trap

line; bottom row). Yellow arrowheads denote MT

fibers decorated with Polo.

(B) 3D-SIM pictures of an interphase wild-type neu-

roblast expressing Polo::GFP (protein trap line; green

in overlay) and stained for a-tubulin (MTs; red in

overlay). Higher magnifications of two selected re-

gions are shown in high-magnification inserts.

(C) Cartoon illustrating photoactivation experiments

for wild-type neuroblasts.

(D) Representative image sequence of a wild-type

neuroblast expressing theMTmarker G147 (MTs; top

row; green) and Polo::mDendra2 (photoconverted

in bottom row [white]). Red crosshairs represent

the target area, which was photoconverted. Yellow

crosses represent the center of the centrosome. Time

is given in hours:minutes.

Scale bars, 5 mm.
increase of Plp on the apical interphase centrosome. Basal Polo

and Plp did not change significantly upon colcemid treatment

(Figures 2E and 4D–4F). As a consequence of decreased apical

Polo levels, the apical/basal asymmetry ratio dropped to a level

comparable to that of wdr62 mutants (Figures 2G and 4G).

Similarly, Plp asymmetry ratios were often inverted (Figures 2I

and 4H).

To further asses the dynamics of Polo localization in inter-

phase when MTs are partially depolymerized or absent, we

applied low doses of colcemid to zeste-white 10 (zw10) mutant

neuroblasts and followed the behavior of endogenously tagged

Polo (Polo::GFP) and Cnn (Cnn::mCherry), as well as MTs with

live cell imaging. zw10mutants lack the spindle assembly check-

point, permitting neuroblasts to enter anaphase when themitotic

spindle is missing (Basto et al., 2000). We found that a low dose

of colcemid was mimicking the wdr62 mutant phenotype; inter-

phase MTs were depolymerized, but centrosome maturation

and bipolar spindle formation were not inhibited in metaphase

(Figures S4A, S5A and S5B; 100%, n = 70). In contrast to

zeste-white 10 control neuroblasts, Polo levels dropped on the

apical interphase centrosome as MTs were depolymerized

(100%, n = 40). The localization of Cnn was dependent on

Polo; a colcemid-induced reduction in Polo was accompanied

by a drop in Cnn levels (Figures S4A–S4C and S5B; 100%,

n = 40). Furthermore, in zw10 control neuroblasts, Cnn was

shed on the basal centrosome shortly after Polo had been down-

regulated (Figure S4B; time point, �0:38) and reappeared after

Polo relocalized on the maturing basal centrosome (Figure S4B;

time point, �0:08). However, the apical centrosome always re-

tained Polo, Cnn, and MTOC activity in zw10mutant neuroblasts

that have not been exposed to colcemid (Figures S4B and S5A;

100%, n = 67).

Finally, we also confirmed with 3D-SIM that PCM-Polo was

absent from the apical interphase centrosome upon colcemid

treatment. Centriolar Polo was not affected, and the lack of

MTs did not seem to change the localization pattern of Plp

(Figure 4I).
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Collectively, these results suggest that MTs are required for

the recruitment and/or maintenance of Polo on the apical centro-

some. It also shows that maintenance of Cnn on the active inter-

phase centrosome and accumulation during maturation both

depend on Polo. Furthermore, these data show that MTs regu-

late PCM-associated Polo and Plp levels. Importantly, depletion

of wdr62 and loss of MTs show very similar phenotypes.

Astral MTs Recruit Polo to the Apical Interphase
Centrosome
To test whether MTs recruit Polo to the apical centrosome, we

first checked whether Polo colocalizes with MTs. Indeed, our

live imaging data showed that Polo overlapswith astralMTs, pre-

dominantly during late telophase and in interphase (Figure 5A).

Furthermore, 3D-SIM imaging of the Polo::GFP protein trap

line (Buszczak et al., 2007) or a Polo::GFP transgene (Mou-

tinho-Santos et al., 1999) shows Polo decorating MTs in inter-

phase neuroblasts (Figure 5B and data not shown).

To confirm that MTs actively recruit Polo to the centrosome,

we devised an in vivo pulse-chase experiment. To this end, we

generated transgenic flies expressing Polo fused to the photo-

convertable fluorescent protein mDendra2, expressed under

the control of Polo’s endogenous regulatory elements (see

Experimental Procedures; Moutinho-Santos et al., 1999). We

crossed Polo::mDendra2 to G147, a protein trap line labeling

the MT-binding protein Jupiter with GFP endogenously (Morin

et al., 2001; Karpova et al., 2006), and photoconverted Polo::

mDendra2 on astral MTs �4–7 mm away from the centrosome.

If Polo travels on MTs to the centrosome, then photoconverted

Polo::mDendra2 on MTs should relocalize to the center of the

apical centrosome (Figure 5C). We performed this experiment

in interphase wild-type neuroblasts and observed in all cases

(100%; n = 10) that Polo relocalized from the periphery of the

MTOC to the centrosome center (Figure 5D). Furthermore, if

Polo::mDendra2 is photoconverted in the cytoplasm or colce-

mid-treated neuroblasts, showing a reduction, albeit not a

complete lack, of astral MTs, relocalization of photoconverted
rs
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Figure 6. Wdr62 Is Stabilizing MTs
(A–D) Representative confocal images of wild-type (top row), wdr62 mutant (wdr62D3-9/Df(2L)Exel8005), or Wdr62-overexpressing (UAS-Wdr62:mDendra2)

neuroblasts incubated at 0�C for (A) 60 s, (B) 10 min, (C) 40 min, or (D) 40 min, followed by 30 s regrowth at room temperature. In all genotypes, neuroblasts co-

expressed Polo::GFP and were stained for a-tubulin. Bar graphs represent quantifications of MT bundle length for the indicated conditions. Nr, number. Scale

bar, 5 mm.
Polo::mDendra2 to the centrosome was barely detectable

(100%; n = 5; Figures S6A–S6D).

These results demonstrate that Polo is localized to astral MTs

in interphase neuroblasts and is actively being recruited to the

apical centrosome. Although, at this level of resolution, we

cannot determine whether Polo will be recruited to the PCM or

the centriole, the structure of the centrosome predicts that pho-

toconverted Polo will first become enriched in the PCM. Collec-

tively, these data provide strong evidence that MTs are required

to recruit Polo to the apical interphase centrosome.

Wdr62 Stabilizes Interphase MTs
Since wdr62 mutants and depletion of MTs show a similar

phenotype, and Wdr62 is localized to MTs, we next wanted to
Cell R
test the hypothesis whether Wdr62 is required to stabilize inter-

phase MTs. MTs can dynamically switch between growth and

shrinkage (catastrophe), modulated by many MT-associated

proteins (MAPs) (Godek et al., 2015). We applied a cold assay

to test whether the lack of, or excess of, Wdr62 would alter

this dynamic instability in Drosophila neuroblasts. Incubating

neuroblasts at 0�C will induce MTs to depolymerize. For

instance, increasing the incubation time on ice from 60 s

to 10 min increases the number of short interphase MTs for

wild-type, wdr62 mutants, and neuroblasts overexpressing

Wdr62 (UAS-Wdr62::mDendra2). This effect was strongest in

wdr62 mutants, whereas Wdr62-overexpressing cells were

affected the least (Figures 6A and 6B). If neuroblasts are

incubated on ice for 40 min, MTs are almost completely
eports 14, 1100–1113, February 9, 2016 ª2016 The Authors 1107



depolymerized; wild-type and Wdr62-overexpressing cells only

contain a tubulin ring, surrounding Polo. However, cells lacking

Wdr62 completely lost this tubulin ring but retained weak levels

of Polo (centriolar Polo, most likely; Figure 6C). To measure MT

regrowth, we first incubated wild-type, wdr62 mutant, and

Wdr62-overexpressing cells on ice for 40min, followed by a tem-

perature shift to 25�C for 30 s. Whereas wild-type neuroblasts

can regrow MTs up to 7 mm (with the majority being between 2

and 6 mm in length), overexpressing Wdr62 shifted MT length

toward 9 mm. wdr62 mutant neuroblasts predominantly con-

tained fewer and shorter MT bundles (Figure 6D). Polo intensity

usually correlated with MT length and density.

These data show that MTs in wdr62 mutant neuroblasts are

more sensitive to cold than wild-type and that Wdr62-overex-

pressing cells are less sensitive than wild-type. Furthermore,

the amount of Wdr62 protein determines MT regrowth rates,

manifested in MT length. Collectively, these data suggest that

Wdr62 is required to either directly or indirectly stabilize inter-

phase MTs. Based on these results, we propose that stabilized

MTs are required to recruit Polo to the apical interphase

centrosome.

Wdr62 Affects Centrosome Positioning, Spindle
Orientation, and Centrosome Segregation
Defects in centrosome asymmetry have been shown to compro-

mise centrosome positioning, spindle orientation, and centro-

some segregation (Januschke et al., 2013; Januschke and

Gonzalez, 2010; Lerit and Rusan, 2013; Singh et al., 2014), and

we tested whether wdr62 mutants show similar phenotypes.

To this end, we first tracked centrioles during interphase until

prophase in wild-type and wdr62 mutant neuroblasts. Consis-

tent with earlier reports (Rebollo et al., 2007; Singh et al.,

2014), we found that wild-type apical centrosomes remain teth-

ered to the apical cortex. Basal wild-type centrioles, however,

lost their apical position, wandering randomly through the cyto-

plasm. In wdr62mutant neuroblasts, the apical centrosome was

no longer stationary; both track length and overall centrosome

displacement were similar between the apical and basal centri-

oles and significantly increased compared to wild-type centri-

oles (Figures 7A and 7B).

Centriole displacement compromises the correct positioning

of centrosomes shortly before bipolar spindle formation. We

measured centrosome position at prophase in relation to the

metaphase spindle axis and confirmed that, in wild-type neuro-

blasts, the apical centrosome stayed close to the apical cortex

throughout interphase. The basal centrosome, on the other

hand, started maturing close to the basal cortex (Figure 7C;

Singh et al., 2014). In wdr62 mutants, apical centrosomes

showed a more widespread distribution and matured close to

the basal cortex in several instances (Figure 7D).

Centrosome displacement can also affect spindle orientation,

and we tested this in fixed preparations by measuring the orien-

tation of the mitotic spindle in relation to the neuroblast intrinsic

polarity axis. Indeed, in contrast to wild-type,wdr62mutant neu-

roblasts contained misaligned spindles with low frequencies

(Figures 7E and 7F). However, live cell imaging experiments

demonstrated that misaligned spindles realigned with the neuro-

blast intrinsic apical-basal polarity axis (Figure 7G). This realign-
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ment often failed to correctly reposition centrosomes, which

manifested in centrosome segregation defects. Wild-type

neuroblasts retained the younger daughter centriole-containing

centrosome and segregated the older mother centriole into the

differentiating ganglion mother cell (GMC) (100%; n = 79)

(Conduit and Raff, 2010; Januschke et al., 2011; Singh et al.,

2014). In wdr62 mutants, centriole segregation was mildly

compromised; 16% of wdr62 mutant neuroblasts retained the

centrosome containing the older mother centriole (n = 43; Fig-

ure 7H). These results are consistent with previous findings,

showing that centrosome asymmetry defects can result in

centrosome missegregation (Januschke et al., 2013; Singh

et al., 2014).

Wdr62 Is Required for Normal Cell-Cycle Progression
Sincewdr62 has been implicated in primary microcephaly (Nich-

olas et al., 2010; Yu et al., 2010; Bilg€uvar et al., 2010), we staged

larval brains and performed brain size measurements, analyzing

both optic lobe neuroepithelium and central brain size. Interest-

ingly, we found that wdr62 mutant brains are �40% smaller

compared to wild-type brains (Figures S7A and S7B). The brain

size decrease is mostly attributed to a smaller central brain but

not a reduction in the optic lobe (data not shown). Central brain

size reduction could be a consequence of the observed centro-

some asymmetry phenotype. Alternatively, cell-cycle delays,

apoptosis, or a depletion of the neural stem cell pool could

compromise brain development. To test this, we also knocked

down cnb but did not find a brain size reduction (Figures S7A

and S7B). Also, neuroblast number was only slightly reduced in

wdr62 but not in cnb RNAi brains (Figure S7C). However, our

cell-cycle measurements showed that, in wdr62 mutants, the

cell cycle is significantly increased, affecting both interphase

and mitosis length (Figures S7D and S7E). This neuroblast cell-

cycle delay might not be specific to neuroblasts, since wdr62

mutants are developmentally delayed (data not shown). How-

ever, the increase in neuroblast cell-cycle length is uncoupled

from wdr62’s centrosome asymmetry phenotype since we also

found �50% of neuroblasts in wdr62D3–9 mutants with a cell

cycle comparable to that of wild-type neuroblasts, showing

loss of apical MTOC activity (Figures S7F and S7G). Since lack

of Cnb did not show any cell-cycle delays (Figure S7D), we

conclude that the observed brain size reduction is due to an in-

crease in cell-cycle length and an overall developmental delay.

DISCUSSION

Here, we show that CG7337, the fly ortholog of themicrocephaly

protein MCPH2/WDR62, is required to maintain centrosome

asymmetry in Drosophila neural stem cells. We demonstrate

that Wdr62 is a spindle-associated protein, localizing to the

active interphase MTOC and subsequently also decorating the

entire mitotic spindle. In agreement with this localization, we

demonstrate that Wdr62 is required to directly or indirectly stabi-

lize MTs and to maintain MTOC activity on the apical interphase

centrosome. In wdr62mutants, Polo, Cnn, and g-Tub are down-

regulated, causing a loss in apical MTOC activity. These findings

are consistent with previous reports, showing that maintenance

of apical MTOC activity in interphase neuroblasts depends on
rs
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Figure 7. Loss of Wdr62 Compromises Centrosome Positioning, Spindle Orientation, and Biased Centrosome Segregation

(A–D) Mean track length (A) and centrosome (CS) (B) displacement for the apical (green bars) and basal (red bars) centrosomes in wild-type (wt) (n = 7) andwdr62

mutants (wdr62D2a/Df(2L)Exel8005; n = 8). Radial centrosome distribution plot of wild-type (C) and wdr62 (wdr62D2a/Df(2L)Exel8005) mutants (D) depicting the

maximal deviation of the apical (green) and basal (red) prophase MTOC in relation to the metaphase spindle axis (‘‘0’’ degree line). Green and red arrows highlight

the apical (green)/basal (red) polarity and division axis.

(legend continued on next page)
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the mitotic kinase Polo/Plk1 (Januschke et al., 2013). Polo has

been shown to phosphorylate PCM components such as Cnn

(Conduit et al., 2014) but also the daughter centriole-specific

protein Cnb, which is necessary to maintain MTOC activity

(Januschke et al., 2013). How Polo’s localization is controlled

is unclear, but in Drosophila neuroblasts, it was reported that

Polo levels are partially regulated through Plp (Lerit and Rusan,

2013; Singh et al., 2014). Plp is asymmetrically localized in

wild-type neuroblasts, containing higher Plp on the mother

centriole-containing basal centrosome. This asymmetric locali-

zation could be controlled through a direct molecular interaction

between Cnb and Plp, since ectopically localizing Cnb to both

centrosomes decreases Plp levels (Singh et al., 2014; Lerit and

Rusan, 2013), and our yeast-two hybrid data indicate that Cnb

directly interacts with Plp. Cnb localization does not change in

wdr62mutants, but Plp levels increase on the apical centrosome

with the consequence that both centrosomes contain similar

levels of Plp.

Plp and Polo could also be regulated through other mecha-

nisms. For instance, using 3D-SIM, we further discovered that

apical interphase neuroblast centrosomes contain a centriolar

and a PCM-associated pool of Polo protein. PCM-associated

Polo has recently been seen in metaphase centrosomes of

Drosophila S2 cells (Fu and Glover, 2012) and embryonic inter-

phase centrosomes (Lerit et al., 2015). wdr62 specifically per-

turbed the localization of Polo associated with PCM, whereas

Cnb is required to maintain both PCM and centriolar Polo.

Based on our results and previously published data, we pro-

pose the following model: neuroblasts exit mitosis with a robust

array of MTs, which originates from the preceding centrosome

maturation cycle. This array is used to increase the amount of

Polo protein on the apical Cnb+ centrosome through new recruit-

ment as the neuroblast exits mitosis. Indeed, our live imaging

and 3D SIM data show that interphase MTs are decorated with

Polo and that colcemid treatment decreases PCM Polo levels.

Furthermore, Polo levels are usually lowest at metaphase, in-

crease after mitosis, and stay high throughout interphase. Polo

recruitment to the centrosome occurs via astral MTs, which is

supported by our photoconversion experiments. To allow for

sustained Polo recruitment, we propose that Wdr62 stabilizes

interphase MTs, which is consistent with Wdr62’s localization,

live imaging, and cold assay data. To maintain this cycle, Polo

needs to phosphorylate not only PCM proteins (e.g., Cnn;

Conduit et al., 2014) but also Cnb (Januschke et al., 2013).

This is consistent with previous data, showing that increasing

levels of Polo on the basal centrosome transforms the basal

centrosome into an active MTOC, failing to shed the Polo target
(E) Representative wild-type and wdr62 mutant (wdr62D2a/Df(2L)Exel8005) neuro

(Mira; red) and a-tubulin (white).

(F) Quantification of spindle orientations in fixed neuroblasts. Tick marks (wild-ty

metaphase spindles with respect to the polarity axis.

(G) Spindle correction angles; wild-type (blue) and wdr62 (wdr62D2a/Df(2L)Exel80

the maximal correction angle (a-max) is shown in lighter shading. Wild-type: a-ma

n = 11).

(H) Quantification of centrosome segregation in wild-type (blue bar) and wdr62 (w

(I) Model: Wdr62 (brown balls) is associated with MTs and is stabilizing interphas

(J) This mechanism ensures the maintenance of an active apical MTOC in interp

Error bars indicate SEM. *p < 0.05; **p < 0.001; ***p < 0.0001; n.s., not significan
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Cnn (Lerit and Rusan, 2013; Singh et al., 2014). Furthermore, cnb

phosphomutants are unable to rescue cnb’s loss-of-function

phenotype (Januschke et al., 2013). Our model further proposes

that phosphorylated Cnb is necessary to prevent Plp protein

levels from increasing on the apical interphase centrosome.

Indeed, we found that Cnb directly interacts with Plp. The basal

centrosome, however, also recruits Polo throughMTs, but due to

the lack of Cnb, Plp is upregulated, inducing the shedding of

Polo and PCM and preventing the maintenance of MTs and,

thus, the new recruitment of Polo (Figures 7I and 7J).

This model predicts that loss of Wdr62 and depletion of MTs

should have the same phenotype. In support of this, we found

that loss of MTs mimics the phenotype of wdr62 mutants; in

colcemid-treated neuroblasts, Polo and Cnn are downregulated

on the apical centrosome with a concomitant increase in Plp,

reaching levels similar to that of the basal centrosome. Further-

more, PCM-associated Polo is lost. Taken together, we propose

that maintenance of the apical, daughter centriole-containing

centrosome’s MTOC activity—and, thus, neuroblast centro-

some asymmetry—can be established and maintained by

balancing Plp-mediated shedding of Polo and MT-dependent

Polo recruitment and maintenance. Wdr62 plays a key role in

this process by stabilizing MTs.

Similar to wdr62, pins mutant neuroblasts also show loss in

interphase MTOC activity (Rebollo et al., 2007). However, since

Pins does not co-localize with Wdr62 and Cnb during the neuro-

blast cell cycle, it is currently unclear how this protein affects

interphase MTOC activity. Pins could compromise Polo localiza-

tion in interphase in a Cnb- and Wdr62-independent manner.

Alternatively, since Pins has been reported to affect spindle

asymmetry (Cai et al., 2003), it could also influence centrosome

architecture in mitotic neuroblasts, preventing the apical centro-

some from maintaining MTOC activity in interphase. Recently,

we also implicated Bld10 in Polo and PCM shedding (Singh

et al., 2014), but additional work is needed to fit Bld10 and

Pins into the proposed model.

MTOC asymmetry is important for proper centrosome posi-

tioning and spindle orientation (Januschke et al., 2013; Ja-

nuschke and Gonzalez, 2010; Lerit and Rusan, 2013; Singh

et al., 2014) (Figure 7). Whereas wild-type neuroblasts always

retain the daughter centriole-containing centrosome,wdr62mu-

tants show centrosome segregation defects with low frequency.

Similarly, spindle orientation defects occur but are corrected in

wdr62 mutants, suggesting that backup mechanisms are in

place to detect and correct spindle misalignment if centrosome

mispositioning occurs (Singh et al., 2014). Our phenotypic anal-

ysis also revealed that Wdr62 is involved in normal brain
blasts stained for the apical marker aPKC (green), the basal marker Miranda

pe; blue. wdr62 (wdr62D2a/Df(2L)Exel8005); green) represent the orientation of

05; green). Mean correction angles (a-mean) are shown in darker shading and

x = 24.7�; a-mean = 15� ± 6.8�; n = 10.wdr62: a-max = 83�; a-mean: 38� ± 30�;

dr62D2a/Df(2L)Exel8005; green bars) mutant neuroblasts.

e MTs, permitting the recruitment of Polo to the centrosome.

hase neuroblasts. See Discussion for details.

t. Scale bar, 5 mm.
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development, in agreement with previously published vertebrate

model systems (Chen et al., 2014; Xu et al., 2014). Wdr62mutant

brains are�40% smaller compared to wild-type brains, showing

only a minor decrease of neural stem cells. Based on our cell-

cycle measurements, the simplest interpretation is that cell-

cycle delays cause a reduction in brain size. In embryonic neural

stem cells, Wdr62 controls mitotic progression through interac-

tions with Aurora A kinase (Chen et al., 2014), and we

hypothesize that the same mechanism could control neuroblast

cell-cycle progression, which is consistent with the aurA mutant

neuroblast phenotype (Lee et al., 2006). Inactivation of the apical

MTOC does not seem to compromise normal brain develop-

ment, since cnb RNAi-treated animals show normal cell-cycle

length and normal brain size. However, the aforementioned

backup mechanisms, correcting centrosome mispositioning

and spindle misorientation, could prevent more severe develop-

mental perturbations. This hypothesis is consistent with a recent

report showing that centrosome cycle misregulation compro-

mises spindle orientation in mouse neural progenitors, biasing

the progenitor division mode toward asymmetric divisions

(Gruber et al., 2011).

Although we failed to find a causal relationship between

centrosome asymmetry and microcephaly, perturbed centro-

some segregation could affect brain development in ways that

have escaped our attention so far. For instance, recent reports

suggest that biased sister chromatid and midbody segregation

could be connected with centrosome asymmetry (Salzmann

et al., 2014; Yadlapalli and Yamashita, 2013). Thus, the finding

that centrosome positioning and biased centrosome segrega-

tion is highly stereotypic would argue for an important function

of this process. However, more refined assays will be necessary

to determine the consequence of compromised centrosome

asymmetry. Taken together, we discovered that Wdr62 is

required to stabilize MTs, ensuring MTOC activity and centro-

some asymmetry, a requirement for spindle orientation and

biased centrosome segregation.

EXPERIMENTAL PROCEDURES

Fly Strains and Genetics

A detailed list of all the generated and used fly strains and transgenes can be

found in the Supplemental Experimental Procedures.

Antibodies Used

Mouse anti-Wdr62 (1:1,000) monoclonal peptide antibodies were generated

by Abmart for the following epitopes: MTPASLSASTPT (Wdr62(1–12)) and

NTENGKSVAAPP (Wdr62(1154–1165)). For the representative images in Fig-

ure 5, Wdr62(1–12) was used; Wdr62(1154–1165; 1:1,000) yielded almost

identical results. All the other antibodies used in this study can be found in

the Supplemental Experimental Procedures.

Immunostainings

At 96–120 hr (AEL; after egg laying), larval brains were dissected and fixed as

previously described (Singh et al., 2014). Please refer to the Supplemental

Experimental Procedures for details.

Cold Assay for MT Dynamics

Brains (96-hr AEL) were dissected and transferred to 50 ml of Schneider’s

medium and incubated on ice for 1, 10, or 40 min and either fixed immediately

or incubated at 25�C in a water bath for 30 s. Subsequently, brains were fixed

and stained with mouse anti-a-Tub (Serotec; 1:1,000) and rabbit anti-Cnn
Cell R
(1:1,000). Complete depolymerization of long MTs was seen in all wild-type

interphase neuroblasts after 40 min on ice. MT length was measured in Imaris

7.4 and higher.

Colcemid Treatment

To inhibit MT formation, wild-type brains were dissected in Schneider’s

medium and incubated for 1 hr with colcemid (Sigma) at a final concentration

of 20 mg/ml. Brains were fixed and stained as described earlier. For the

Polo::mDendra2 photoconversion experiments, we used imaging media and

20 mg/ml colcemid (final concentration). For live-imaging colcemid experi-

ments, larval brains (96 hr AEL) were dissected in imaging medium and incu-

bated with 5 mg/ml of colcemid (final concentration).

Live Imaging Sample Preparation

Live imaging experiments were performed as previously published (Cabernard

and Doe, 2013) and explained in the Supplemental Experimental Procedures.

Photoconversion

Photoconversion experiments were performed on G147 (tagging Jupiter with

GFP [Morin et al., 2001; Karpova et al., 2006]) larvae (96 hr AEL), crossed to

polo::mDendra2 (this work; discussed earlier). We used an Andor Revolution

spinning disc system equipped with the FRAPPA unit. A regions of interest

(ROI) was manually chosen in the GFP channel. MT signal from G147 allowed

for unambiguous identification of interphase neuroblast MTs. Astral MTs were

irradiated at various distances away from the active centrosome. Before photo-

conversion, single Z planes containing ROIs were scanned for ten time points

with maximum speed. Subsequently, ROIs were irradiated with the 405-nm

laser line (�15%; 20 repeats; 50-ms dwell time). After photoconversion, the

entire neuroblast was scanned with a z-step size of 0.65 mm. Photoconverted

Polo::mDendra2 emits red fluorescence, which was detected simultaneously

withG147’s GFP emissionGFP andmDendra2 emissionweremerged in Andor

IQ2 and converted into Imaris files using a custom-made MATLAB code.

Super-Resolution 3D-SIM

Super-resolution 3D-SIM was performed as published before (Roth et al.,

2015). Additional details can be found in the Supplemental Experimental

Procedures.

Yeast Two-Hybrid Assay

polo, cnb, plp, and wdr62 full-length cDNA were first cloned into pDONR221

using BP clonase. Gateway cloning technology was then used to subclone

the cDNA from these entry vectors into pDEST32 (Gal4 DNA-binding domain

containing destination vector) or pDEST22 (Gal4 activation domain containing

destination vector) using LR Clonase (Life Technologies).

Yeast two-hybrid assays were performed using the ProQuest Two-Hybrid

System (Life Technologies). pDEST32 and pDEST22 vectors containing the

bait and prey cDNA, respectively, were co-transformed into the MaV203 yeast

strain. The expression of the reporter genes lacZ and URA3 was tested ac-

cording to the manufacturer’s manual.

Statistics and Sample Number

Statistical significance was calculated using the unpaired-samples Student’s

t test. F tests were performed first to determine the equality of variance. For

each experiment, the datawere collected from at least three independent brain

lobes. Scored neuroblasts are shown in the figures ormentioned in the legends.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and seven movies and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2015.12.097.
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