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SUMMARY

Centrosome amplification has severe consequences
during development and is thought to contribute to
a variety of diseases such as cancer and micro-
cephaly. However, the adverse effects of centrosome
amplification in epithelia are still not known. Here, we
investigate the consequences of centrosome ampli-
fication in the Drosophila wing disc epithelium. We
found that epithelial cells exhibit mechanisms of
clustering but also inactivation of extra centrosomes.
Importantly, these mechanisms are not fully efficient,
and both aneuploidy and cell death can be detected.
Epithelial cells with extra centrosomes generate
tumors when transplanted into WT hosts and inhibi-
tion of cell death results in tissue over-growth
and disorganization. Using SILAC-fly, we found that
Moesin, a FERM domain protein, is specifically
upregulated in wing discs with extra centrosomes.
Moesin localizes to the centrosomes and mitotic
spindle during mitosis, and we show that Moesin
upregulation influences extra-centrosome behavior
and robust bipolar spindle formation. This study pro-
vides a mechanistic explanation for the increased
aneuploidy and transformation potential primed by
centrosome amplification in epithelial tissues.

INTRODUCTION

Centrosomes are the main microtubule (MT) organizing centers

in animal cells [1] and are composed of a pair of centrioles

surrounded by pericentriolar material (PCM) [2]. Centrosome

amplification (more than two centrosomes per cell) is commonly

found in cancers [3, 4] and is accompanied of genomic instabil-

ities, including aneuploidy. To avoid the generation of multipolar

mitosis and consequently high levels of aneuploidy, mechanisms

of centrosome clustering are in place, both in vivo and in cell lines

[5–9] highlighting the high selective pressure to acquire bipolarity

during mitosis. Sak/Plk4 kinase is the master regulator of

centriole duplication [10, 11], and its overexpression leads to

centrosome amplification [12].

The mounting insights coming from mouse and Drosophila

studies have showed that the consequences of centrosome
Cur
amplification are highly dependent on tissue-specific contexts.

Centrosome amplification in Drosophila larval brain neuroblasts

generates tumors due to stem cell pool expansion, however

and remarkably, in the absence of aneuploidy [6]. On the other

hand, mice with brain-driven centrosome amplification have no

tumors and showed microcephaly [9].

Investigating the consequences of centrosome amplification

in epithelial cells is of particular interest since most cancers are

of epithelial origin [13]. To do so, we characterized the wing

disc in Drosophila upon Sak overexpression (SakOE). We found

that centrosome amplification causes aneuploidy leading to

tumor formation in transplantation assays. To understand the

differential response to centrosome amplification between

wing discs and brains, we performed comparative in vivo SILAC

and identified Moesin as a regulator of centrosome behavior in

epithelial cells.

RESULTS

Sak Overexpression in the Wing Disc Causes
Centrosome Amplification
We analyzed the overexpression of Sak (here referred to as

SakOE) in the fly wing disc (Figure 1A), using the previously

described line [6] that expresses the centriole duplication

kinase Sak under a moderate ubiquitous promoter [14]. We

analyzed cells exclusively from the wing pouch region (Fig-

ure 1A), a highly proliferative region during larval stages [15].

Centrosomes were analyzed by the co-localization of the cen-

triolar and PCM marker Pericentrin like protein (Plp) [16] with

the PCM marker Centrosomin (Cnn). Mitotic cells showed a var-

iable number of supernumerary centrosomes in 19% of the cells

(Figure 1D). Importantly, wild-type (WT) wing disc cells never

showed extra centrosomes (Figures 1B–1D). We conclude that

wing disc epithelial cells can generate extra centrosomes in

response to Sak overexpression [6].

Mechanisms of Extra-centrosome Clustering
and Inactivation Are Present but Are Not Fully
Efficient in the Wing Disc
During the characterization of SakOE discs, we observed that,

at metaphase, most cells with centrosome amplification formed

bipolar spindles (Figures 1B and 1C). We analyzed cell division

using time-lapse microscopy in wing discs expressing different

transgene combinations (Figures 1E and 1F). In WT discs,

two centrosomes formed a bipolar spindle (Figure 1E). After
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Figure 1. Analysis of Wing Disc Epithelia with Extra Centrosomes

(A) Phalloidin (green) and DNA (red) staining of a WT third instar wing disc (WD). The dashed line labels the wing pouch, a highly proliferative region at this

developmental stage. Scale bar, 100 mm.

(B and C) Pictures of WT and SakOE WD cells stained with Cnn to label PCM (left and showed in red in the merged panel) and Plp (B) or a-tubulin (C) to label

both centrioles and PCM (B) or MTs (middle, showed in green in the merged panel) antibodies. DNA is shown in blue. White arrowheads labels un-clustered

centrosomes and blue arrowheads label clustered centrosomes at the spindle poles. Scale bar, 5 mm.

(D) Graph bars showing the quantification of centrosome numbers in WT (n = 110) and SakOE WD cells (n = 166).

(legend continued on next page)
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Figure 2. Aneuploidy and Cell Death by

Apoptosis in theWing Disc Epithelia with Ex-

tra Centrosomes

(A) Projections of WD nuclei showing FISH staining

using probes for chromosome II (showed in red) in

WT, SakOE, and UAS-p35;SakOE (n = 180, n = 570

and n = 490 WD cells, respectively). DNA is shown

in blue. Scale bar, 4 mm.

(B) Graph bars showing the quantification of FISH

signals for chromosome gain (dark blue) and

chromosome loss (dark pink) of the indicated ge-

notypes (see the Experimental Procedures for a

comprehensive description of FISH quantification).

(C) Pictures of WT (left) and SakOE (right) WDs

stained with cleaved caspase 3 (CC3) to label

apoptotic cells (shown in green) and a-tubulin

(shown in red) antibodies. DNA is shown in blue.

Scale bar, 100 mm.

(D) A dot-plot chart showing the quantification of

the ratio between CC3 positive area and the WD

area in WT and SakOE (n = 8 and n = 10 WDs,

respectively). The line represents themean, and the

error bars represent the SD. Statistical significance

(SS) was assessed by an unpaired Student’s t test,

****p < 0.0001.

See also Figure S1.
anaphase and cytokinesis, both daughter nuclei move toward

the basal side (data not shown). In SakOE discs, the great major-

ity of cells with supernumerary centrosomes formed bipolar

spindles by metaphase. The major mechanism contributing to

bipolar spindle formation was inactivation, defined as the

gradual loss of microtubule-nucleating capacity noticed in

more than half of the cells (57.5%, n = 23 out of 40 cells) (Fig-

ure 1E, bottom panel) with extra centrosomes. In addition,

centrosome clustering was also present (32.5%, n = 13 out of

40 cells) (Figure 1E, middle panel). Centrosome inactivation

was already described in neuroblasts, but in these cells this

mechanism was less frequent [6]. Importantly, tripolar divisions,

where extra centrosomes remained un-clustered and active cen-

trosomes were also noticed (10%, n = 4 out of 40 cells)

(Figure 1F, second panel). In addition, lagging chromosomes

were detected in 25% (n = 10 out of 40 cells) of SakOE cells

dividing bipolarly (Figure 1F, third and fourth panel, and

Figure 7A). Althoughwe do not have the resolution to detectmer-
(E) Stills of time-lapse movies of mitotic WT (top) and SakOE (middle and bottom) WD cells expressing hist

Spd2-GFP to label the centrosomes (shown in green). The dashed circles surround each cell. In the SakOE

spindle poles, while, in the SakOE cell shown in the bottom, the extra centrosome remain in the cytoplasm (wh

(F) Stills of time-lapse movies of mitotic WT (top) and SakOE (middle and bottom) WD cells expressing hist

a-tubulin-GFP to label the spindle (shown in green). The dashed circles surround each cell. The SakOE cell (

fourth panels, three centrosomes can be noticed (white arrowheads), which cause chromosomemis-segrega

Time is in minutes. Scale bar, 10 mm.

Current Biology 25, 879–88
otelic attachments, these most likely

result from transient multipolar states dur-

ing prometaphase as shown in tissue

culture [7, 17].

We conclude that, unlike the brain,

where all SakOE cells divided in a bipolar

way without chromosome mis-segrega-
tion [6], wing disc cells show abnormal cell division in response

to centrosome amplification.

Aneuploidy and Not Spindle Positioning Defects
Contribute to Apoptotic Cell Death in SakOEWing Discs
Abnormal cell division generates aneuploid cells with unequal

chromosome content [18]. To ascertain the levels of aneuploidy

in SakOE epithelia, we used fluorescent in situ hybridization

(FISH) and used WT and SAC bub3 mutant [19, 20] wing discs

as negative and positive controls, respectively (Figure 2A; results

not shown). Using a probe for chromosome II, we found that

13.7% of SakOE wing disc cells (n = 570 cells from three wing

discs) were aneuploid. Of these, 9.5% contained at least one

extra chromosome, while chromosome loss was less frequent

(2.3%) (Figures 2A and 2B). Drosophila cells contain only four

chromosomes, and loss of one single chromosome might be

quite deleterious. Several studies have shown that aneuploid

cells are frequently not tolerated and removed from the
one-RFP to label chromosomes (shown in red) and

cell (middle panel) extra centrosomes cluster at the

ite arrowhead). Time is inminutes. Scale bar, 10 mm.

one-RFP to label chromosomes (shown in red) and

second panel) divides in three cells. In the third and

tion and lagging chromosomes (yellow arrowhead).

9, March 30, 2015 ª2015 The Authors 881
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Figure 3. Analysis of Cytokinesis in SakOE

Wing Disc Cells

(A andB) Stills of time-lapsemovies of SakOEWDs

cells expressing Sqh-GFP (shown in green) and

a-tubulin-RFP (shown in red). Cells undergo tripolar

anaphaseswith tripolar (A) or bipolar cytokinesis (B)

can be detected. The white arrows point at Myo-II

accumulation at the cortex, and the dashed circles

surround the daughter cells. Scale bar, 5 mm

(C) A dot-plot chart showing the quantification of

the smallest angle formed in tripolar divisions at

the point of intersection of the three MT arrays.

The line represents the mean and the error bars

the SD. SS was assessed by an unpaired Stu-

dent’s t test, ****p < 0.001.
population of cycling cells by apoptosis [7, 9, 21–23]. In the wing

disc, aneuploid cells undergo apoptosis and are removed by

delamination through the basal surface [24]. Measurements of

the positive area for the cleaved caspase 3 (CC3) apoptotic

marker revealed that SakOE discs showed higher levels of cell

death (Figures 2C and 2D) when compared to WT.

To ascertain whether the apoptosis plays a role in eliminating

aneuploid cells, we blocked cell death using a transgene that

expresses the baculovirus caspase inhibitor p35 (UAS-p35)

under the control of the Actin5C-Gal4 promoter (Act-G4). Even

if aneuploidy could also be detected in UAS-p35, Act-G4 discs,

when combined with SakOE wing discs a considerable increase

in the frequency of cells with both chromosome gains and losses

were detected (35.7% chromosome gain and 12.2% chromo-

some loss, n = 490 cells from three discs) (Figure 2B). We

concluded that apoptosis plays a major role inhibiting the accu-

mulation of aneuploid cells in the wing disc.

Since defects in planar spindle alignment have been shown

to cause apoptotic cell death and delamination in wing disc

epithelia [25–27], and SakOE neuroblasts also showed spindle

mispositioning [6], we analyzed spindle positioning bymeasuring

the angle formed between the main axis of the spindle and the

apical surface (Figure S1A). We observed that 68.0% of SakOE

prometaphase cells showed clear defects in spindle positioning
882 Current Biology 25, 879–889, March 30, 2015 ª2015 The Authors
(angle R15�). However, by metaphase

and anaphase the large majority of cells

(90.0% and 91% of the cells) presented

planar spindle orientation or only small

deviations (Figures S1A and S1B). We

concluded that, even if both spindle

positioning defects and aneuploidy

contribute to cell death by apoptosis

in SakOE discs, the major contribution

most probably results from chromosome

segregation defects.

Extra-centrosomal Tripolar
Anaphases Can Be Resolved into
Bipolar Cytokinesis
To further characterize the outcome of

tripolar divisions, we extended the time-

lapse analysis to tripolar mitosis using

the regulatory myosin-II (myo-II) light
chain (spaghetti squash) to characterize cytokinesis. We

observed that �60% of tripolar anaphases (25 out of 40 tripolar

divisions) resolved in bipolar cytokinesis (Figure 3B), while the re-

maining 40% (15 out of 40 cells) completed division with tripolar

cytokinesis. Furthermore, weobserved a correlation between the

number of daughter cells (two or three) and the distribution of

myo-II at the cortex by anaphase in two or three distinct regions,

respectively (Figures3Aand3B). Interestingly in tripolarmitosis, a

robust MT array resembling a triangle can be noticed (Figures 3A

and 3B). Measurement of the angle at the point of intersection

showed a bias toward tripolar cytokinesis, when superior to 90�

(Figure 3C). Astral MTs inhibit myo-II accumulation at the cortex

[28]. Likely, a tripolar anaphase with poles quite far apart results

in the maintenance of three cortical myo-II regions (Figure 3A),

which leads to tripolar cytokinesis. On the contrary, if two of

the poles are close enough, myo-II might just accumulate in

two opposite regions, similarly to a true bipolar spindle. Interest-

ingly, trisomies due to multipolar mitosis coupled to incomplete

cytokinesis were reported in Wilms’ tumors [29].

Centrosome Amplification Drives Tumorigenesis
in Epithelial Tissues
We then investigated whether SakOE epithelial cells would have

the potential to become over-proliferative in transplantation
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Figure 4. Centrosome Amplification

Causes Tumor Formation in the Wing Disc

Epithelia

(A) Pictures of WT adult host flies transplanted with

tubulin-GFP (left) or tubulin-GFP, SakOE (right)

pieces of L3 WDs.

(B) A box chart showing the quantification of the

ration between the en compartment and total wing

pouch area in UAS-Sak, UAS-p35, and UAS-

Sak,UAS-p35 (n = 8, n = 7, and n = 10 WDs,

respectively). The line represents the mean and

the error bars the SD. SS was assessed by a

Mann-Whitney test, *p < 0.05 and ***p < 0.001.

(C) Pictures of WDs expressing UAS-Sak (left),

UAS-p35 (middle), and UAS-Sak,UAS-p35 (right)

transgenic under the control of enGAl4-NLS RFP

and stained with phalloidin to label actin (shown in

red). Green shows the expression ofUAS-Sak, and

DNA is shown in blue. The dashed white line marks

the border between the en compartment (to the

right), and the yellow line marks the wing pouch.

Scale bar, 100 mm.

(D) A dot-plot chart of the ratio between the CC3

area and the WD area in compartment of the

indicated genotypes in the anterior (a) used as

a control and the en posterior compartments

(n = 6 WDs for UAS-Sak and UAS-p35 and n = 8

WDs for UAS-Sak,UAS-p35). The line represents

the mean, and the error bars represent the SD.

SS was assessed by an unpaired Student’s t test,

****p < 0.001.

(E) Pictures of the basal side of epithelial WDs

expressing the indicated transgenes under the

control of enGAl4 stained with MMP1 to label

basement membrane degradation. The white

dashed line delimits the en compartment, and the

orange line surrounds the wing pouch region.

Scale bar, 100 mm.
assays previously described [6, 24, 30–32]. Twenty percent

(eight out of 40 hosts) (Figure 4A) of the transplanted healthy

hosts developed tumors and died prematurely, which was not

the case upon transplantations ofWTdiscs (zero out of 40 hosts).

We next inhibited cell death using UAS-p35 together with a

transgene of UAS-Sak and expressed it specifically in the wing

disc posterior compartment using the engrailed (en)-Gal4 pro-

moter. In this case, anterior cells, which do not express the en

promoter, function as an internal control. UAS-Sak,en>Gal4
Current Biology 25, 879–88
discs showed disorganization associated

with cell death (Figures 4C, left panel, and

Figure 4D), while UAS-p35, en>Gal4

(Figures 4C, middle panel, and Figure 4D)

did not cause any obvious defect. When

apoptosis was inhibited (UAS-Sak, UAS-

p35, en>Gal4) (Figure 4D), tissue disorga-

nization (Figure 4C, right panel) was

noticed accompanied by enlargement of

the compartment that appeared severely

deformed (Figure 4B). Furthermore, the

levels of the Matrix metalloproteinase 1

(MMP1) [33] (Figure 4E) were elevated at

the basal side of the epithelium showing
that, similarly to checkpoint aneuploid mutants, inhibition of

apoptosis leads to the activation of MMP1 expression [24].

Altogether, our in vivo analysis indicates that centrosome

amplification represents a tumorigenic event in the fly epithelium.

Increased Moesin Levels Correlate with Inefficient
Centrosome Inactivation in Epithelial Cells
The results presented so far clearly point to intrinsic differences

related with extra-centrosome behavior between epithelial and
9, March 30, 2015 ª2015 The Authors 883
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Figure 5. Increased Moesin Levels Lead

to Maintenance of Active Un-clustered

Centrosomes

(A) Pictures of WT, UAS-MoeOE, and UAS-

MoeOE, UAS-SakOE wing disc cells stained with

Cnn (left, shown in green in the merged panel) and

a-tubulin antibodies (middle, shown in red in the

merged panel). DNA is shown in blue. Blue and

white arrowheads point at clustered and active

centrosomes, respectively. Scale bar, 5 mm.

(B and C) Graph bars showing the quantification

of spindle morphology and the distribution of

mitotic phases in UAS-MoeOE (n = 33 cells

from three WDs), UAS-Sak (n = 101 cells from six

WD), and UAS-MoeOE, UAS-Sak (n = 93 cells

from eight WDs).

(D) A dot-plot chart showing the quantification

of normalized Cnn fluorescence intensity in UAS-

Moe, UAS-Sak, and UAS-MoeOE, UAS-Sak (n =

29, n = 93, and n = 95 WD cells, respectively, from

at least four different discs). The line represents

the mean, and the error bars represent the SD. SS

was assessed by an unpaired Student’s t test,

***p < 0.001 and ****p < 0.0001.

See also Figures S2 and S3.
non-epithelial cells (neuroblasts). To identify molecular differ-

ences in cells with extra centrosomes, we developed a stable

isotope labeling by amino acids in cell culture (SILAC) in flies

(SILAC-fly) to quantitatively analyze by mass spectrometry

(MS)-based proteomics, protein levels in different tissues. We

compared WT and SakOE wing discs and brains (Figure S2A).

We obtained a list of seven candidates that were specifically
884 Current Biology 25, 879–889, March 30, 2015 ª2015 The Authors
upregulated in SakOE wing discs (Fig-

ure S2B). Of these putative candidates,

there was only a known cytoskeleton pro-

tein, the FERM domain ERM family mem-

ber Moesin (Moe). Moe is plays important

functions in cortical rigidity, cytoskeleton

organization, and spindle morphogenesis

[34, 35].

Analysis of wing disc extracts by west-

ern blot confirmed a 4-fold upregulation

of endogenous Moe specifically in SakOE

wing disc extracts, but not in brain ex-

tracts (Figure S2C).

To test whether genetic modulation of

Moe levels could impact on the behavior

of supernumerary centrosomes, we ana-

lyzedMoe overexpression (MoeOE) using

the UAS-Gal4 system with Act-G4. We

also induced Sak overexpression using

the UAS-Sak transgene (UAS-Sak) to

obtain higher levels of centrosome ampli-

fication (Figure S3) and similarly to SakOE

discs, the major mechanism that pro-

moted bipolar spindle formation was

centrosome inactivation. Importantly,

the proportion of abnormal spindles was

fairly equivalent (Figure 6B). MoeOE did
not cause centrosome amplification or defects in bipolar spindle

formation. However, mitotic progression was delayed, probably

due to lack of spindle planarity and consequent delay in estab-

lishing correct kinetochore-MT attachment (Figures 5A–5C;

data not shown).

UAS-MoeOE,UAS-Sak discs showed an aggravated pheno-

type when compared to SakOE or UAS-Sak discs. Although in
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Figure 6. Characterization of Moemut,UAS-

Sak Wing Discs

(A) Pictures ofMoemut andMoemut,UAS-Sakmutant

cells stainedwithCnn (shown in green) anda-tubulin

(shown in red).DNA is shown in blue. Scalebar, 5 mm

(B and C) Graph bars showing the quantification of

spindle morphology and the distribution of mitotic

phases in Moemut (n = 45 cells, from four WDs)

and Moemut, UAS-Sak (n = 78 cells, from five WDs)

mutants.

See also Figure S4.
cells that contained extra centrosomes, clustering still occurred

(Figure 5A, blue arrowheads), in 55% of the cells, un-clustered

centrosomes remained active and nucleated robust MT bundles

that contacted the DNA (Figures 5A and 5B, white arrowhead).

Un-clustered centrosomes seemed to bemaintained in an active

status, as assessed by a strong MT nucleation foci (Figures 5A,

white arrowheads, and 5B). Moreover, we also observed an

increase in the percentage of cells in prometaphase and ana-

phases were only rarely seen (Figure 5C). Importantly, the per-

centage of cells that contained extra centrosomes was overall

increased in UAS-MoeOE,UAS-Sak discs. Due to mitotic abnor-

malities, it is also possible that these cells failed cytokinesis,

which will contribute to increase overall centrosome numbers.

We next quantified Cnn levels (see the Supplemental Experi-

mental Procedures) at the centrosomes. We classified centro-

somes as active (two main centrosomes of a mitotic spindle

and un-clustered centrosomes localized in the cytoplasm that

displayed robust MT nucleation foci), clustered (when two cen-
Current Biology 25, 879–88
trosomes could be identified at a spindle

pole), and inactive (when a centrosome

was not localized at the spindle pole and

did not display a robust MT nucleation

foci). We normalized Cnn levels in each

cell (see the Experimental Procedures).

We found that even if Cnn levels were quite

variable inactive centrosomes contained

reduced Cnn levels (Figure 5D) when

compared to active ones. Importantly, in

cells with high Moe levels, the increase in

the percentage of active un-clustered cen-

trosomes resulted from increased Cnn at

the centrosome. Importantly, Moe over-

expression in UAS-Sak brains did not

influence spindle formation or mitotic pro-

gression (data not shown), suggesting

once more a tissue-specific response.

Altogether our results show that

increased Moe levels influence spindle as-

sembly and function exclusively in epithe-

lial cells that contain extra centrosomes.

To test whether decreasing Moe levels

promoted bipolar spindle formation in the

presence of extra centrosomes, we com-

bined centrosome amplification (induced

by UAS-SAK combined with Act-G4) with

Moe mutations (Moemut). These discs
were highly abnormal displaying several folds, and the tissue

appeared highly disorganized. Most mitotic spindles were non-

planar, and we observed high levels of cell death (data not

shown). The majority ofMoemut,UAS-Sak cells with extra centro-

somes presented bipolar configurations (Figures 6A and 6B).

Importantly, both clustering and inactivation seemed to improve.

Concerning clustering, extra centrosomes appeared extremely

close to each other in these cells (see inset in Figure 6A). In addi-

tion, in cells where we could clearly identify un-clustered centro-

somes (Figure 6A), these appeared inactive (Figures 6A and 6B).

Analysis ofMoemut,UAS-Sak cells showed an improvementwhen

compared to UAS-Moe, UAS-SAK, although a clear delay in

mitotic progression was still present (Figures 5C and 6C).

Moesin Localizes to the Spindle and Centrosomes
during Mitosis
Since cortical rigidity plays an important role in mitotic

spindle assembly [36], we investigated whether Moe cortical
9, March 30, 2015 ª2015 The Authors 885
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Figure 7. Moesin Localizes to the Centrosome in Mitotic Wing Disc Cells

(A) Pictures of WT and SakOEWD cells stained with Moe (left, shown in red in the merged panel), Cnn, and a-tubulin (middle, shown in green the merged panel)

antibodies. DNA is shown in blue. Red arrowheads show Moe at active un-clustered centrosomes. Scale bar, 5 mm

(B) Western blot of centrosome purification fractions probed with antibodies against Moesin, g-tubulin, and actin.

(C) Picture of a WT neuroblast stained as in (A). Scale bar, 10 mm

(D) On the left, low-magnification picture ofMoeG0323mutantWD showing Cnn (in green) antibodies and phalloidin (in red). On the right, highermagnification of the

cells within the white squares stained with Cnn (top, green in the merged picture) and Plp (middle, red in the merged picture). Scale bar, 10 mm.

(E) A dot-plot chart showing the quantification of Cnn fluorescence intensity at the centrosome inWT andMoeG0323 (n = 43 and n = 39 cells from eightWDs) during

mitosis. The line represents the mean and the error bars the SD. SS was assessed by an unpaired Student’s t test, **p < 0.010 and ****p < 0.0001.

(F) A comparative model of the behavior of extra centrosomes. In neuroblasts centrosomes (pink circles), all centrosomes are actively nucleating microtubules at

prophase. During prometaphase, extra centrosomes cluster at the poles of the spindle. Un-clustered centrosomes remain randomly positioned in the cytoplasm

and lose MT nucleation capacity (they become inactivated, yellow dot). In epithelial WDs, the frequently un-clustered centrosomes maintain MT nucleation

capacity due to the presence of Moesin (red) at the centrosome. This leads to prolonged mitotic arrest and abnormal cell division.

See also Figure S5.
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recruitment was perturbed in SakOE cells. However, quantifi-

cation of Moe levels at the cortex did not show significant

differences between WT and SakOE wing discs (Figure S4).

Moreover, we did not notice any cortical phenotype as actin

recruitment and mitotic rounding up were similar to WT cells

(data not shown).

Interestingly, while characterizing Moe localization, we

noticed that it was also localizing to centrosomes during prom-

etaphase and metaphase (Figure 7A) while, by anaphase, Moe

levels appeared reduced at the centrosome. In some cells, Moe

was even associated with spindle MTs during metaphase (Fig-

ure 7A). Localization of Moe to the mitotic spindle has been

described in S2 cells and Drosophila embryos [37], but not to

the centrosomes. In addition, we found Moe enriched in centro-

some-purified embryonic extracts (Figure 7B). Importantly,

using the same imaging conditions, we did not detect Moe at

the centrosome in neuroblasts even if it was associated with

the cortex in these large non-epithelial cells (Figure 7C). How-

ever, Moe could be occasionally detected at centrosomes in

neuroblasts if we increased the laser intensity, suggesting

that Moe levels, at the centrosome, are highly reduced in these

cells.

We next analyzed SakOE discs. In prometaphase Moe could

be detected already in some, but not all, centrosomes. In meta-

phases and anaphase, Moe was localized to all centrosomes

independently of whether they were clustered or un-clustered.

Moreover, active centrosomes (associated with MT foci) always

contained Moe (Figure 7A) even in anaphase, contributing to

abnormal chromosome segregation.

We then analyzed the consequences of lowering Moe levels

in PCM recruitment using a strong hypomorphic mutation,

MoeG0323. As described previously, low Moe levels resulted in

the formation of bipolar spindles that showed defects in spindle

positioning [26]. Importantly, characterization of MoeG0323

showed a clear defect in Cnn recruitment or maintenance in

about 50% of mitotic cells (data not shown). Interestingly, an

improvement of certain centrosomes during metaphase could

be seen (Figure 7D). To better characterize this defect, we

imaged wing discs expressing Cnn-RFP. Cnn is the major

PCM component in Drosophila and plays essential roles in

mitotic centrosome MT nucleation [38, 39]. In WT discs, Cnn-

RFP was recruited in the beginning of mitosis, and its levels

increased during prometaphase and metaphase, starting to

decrease at anaphase (Figure S5). A similar behavior was also

observed in about 50% ofMoeG0323 cells. In this case, however,

mitosis started with low levels of Cnn at the centrosome, but,

during mitosis, a recovery in Cnn recruitment could be seen.

In the remaining cells, Cnn levels were extremely low at the

centrosome, and they never reached the levels observed in

other mutant cells. These results strongly suggest a previously

unknown role for Moe in Cnn recruitment.

Altogether, our study proposes that Moesin plays an essential

role in influencing extra-centrosome behavior.

DISCUSSION

Here, we present an in vivo study of the consequences of centro-

some amplification in the Drosophila wing disc. Our results

uncovered different tissue related responses to centrosome
Cur
amplification during mitosis. In addition, we provide a mecha-

nistic insight into the observed differences. We show that in

epithelial wing disc cells with extra centrosomes, centrosome

inactivation also plays a major role in spindle bipolarization.

Nevertheless, neither clustering nor inactivation is fully efficient

and abnormal chromosome segregation was observed.

The same genetic background can have different conse-

quences, at the same developmental stage in different tissues.

To shed light on the reasons behind these discrepancies, we

investigated protein content in wing discs and brains with extra

centrosomes. We found that Moe, the only ERM member in

flies, was specifically upregulated in SakOE epithelial cells. A

role for Moesin in spindle morphogenesis has been described

in the past, but a role in PCM recruitment and therefore in

spindle formation in WT cells or, in addition, in clustering and

inactivation in cells with extra centrosomes, has never been re-

ported. We found that Moe associates with mitotic centrosomes

in the wing disc epithelia, and promotes, or maintains, MT

nucleation of un-clustered centrosomes. Interestingly, Moemut

display decreased PCM content. Importantly, while increased

Moe levels sustains maintenance of MT nucleation activity

from un-clustered centrosomes, reduction of Moe levels favors

clustering of extra centrosomes. Recently, Moe was described

as a cortical MAP with important functions in the stabilization

of MTs at the cortex [40]. It is possible that this stabilization

inhibits or delays clustering. Alternatively, a decrease in PCM

content might also favor clustering. Our results are in agreement

with these and extend our knowledge of Moesin versatility,

opening new questions regarding the functions of the ERM pro-

tein family.

It remains to be explained why Moe levels are upregulated, in

the presence of extra centrosomes, exclusively in SakOE wing

discs, but not inSakOE brains. It is possible thatMoe association

with mitotic centrosomes and MTs is physiologically more

important in epithelial cells, to promote timely and correct bipolar

spindle formation. This advantage in cells that contain two

centrosomes would become deleterious in cells with extra

centrosomes. Importantly, the closely related ERM protein

Merlin/NF2 plays an important function in clustering of extra

centrosomes through restriction of Ezrin to the cell cortex in

cancer cells [41]. Together, this shows how important ERM

and Merlin family members are in regulating both actin and MT

cytoskeletons.

Our work shows that, in epithelia, centrosome amplification is

a tumor-initiating event. This is also the case in fly neuroblasts,

but for different reasons.

Importantly, the effects of centrosome amplification, a com-

mon trait of carcinomas, are enhanced by higher levels of

Moesin. Moesin is highly expressed in aggressive basal type

breast carcinomas, it is transcriptionally upregulated upon

EMT induction in breast cancer cell lines, and it is concomitant

to the appearance of invasiveness markers, being a poor

outcome prognostic marker [42–44].
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