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SUMMARY

Cytokinesis failure may result in the formation of
polyploid cells, and subsequent mitosis can lead to
aneuploidy and tumor formation. Tumor suppressor
mechanisms limiting the oncogenic potential of
these cells have been described. However, the uni-
versal applicability of these tumor-suppressive bar-
riers remains controversial. Here, we use Drosophila
epithelial cells to investigate the consequences of
cytokinesis failure in vivo. We report that cleavage
defects trigger the activation of the JNK pathway,
leading to downregulation of the inhibitor of
apoptosis DIAP1 and programmed cell death. Yorkie
overcomes the tumor-suppressive role of JNK and
induces neoplasia. Yorkie regulates the cell cycle
phosphatase Cdc25/string, which drives tumorigen-
esis in a context of cytokinesis failure. These results
highlight the functional significance of the JNK
pathway in epithelial cells with defective cytokinesis
and elucidate a mechanism used by emerging tumor
cells to bypass this tumor-suppressive barrier and
develop into tumors.

INTRODUCTION

Cytokinesis is the process that physically separates two

daughter cells at the end of cell division. In anaphase, the chro-

mosomal passenger complex (a conserved tetrameric complex

composed of Aurora B, INCENP, Borealin, and Surviving) local-

izes to the equatorial cortex and mediates the communication

between the spindle midzone and the equatorial cortex. Cytoki-

nesis begins when signaling between the spindle and the

cortex generates the formation of an equatorial zone of active

RhoA. This directs the formation of the contractile ring, which

is composed of F-actin, Myosin II, septin filaments, and the

cross-linker anillin. Activated Myosin II drives F-actin sliding

and the constriction of the contractile ring. In the last step

of cytokinesis, a different system of filaments composed of

ESCRT-III proteins controls the physical separation of the two

distinct daughter cells (Green et al., 2012). This process ensures

the proper partitioning of the nuclear and cytoplasmic cellular

contents after mitosis.

Cytokinesis failure (CF) can lead to the duplication of the chro-

mosomal content and the acquisition of extra centrosomes. The
Ce
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presence of extra centrosomes increases the chances of

multipolar mitosis in subsequent cell division cycles, whereby

chromosomes can be unequally distributed (Ganem et al.,

2009; Silkworth et al., 2009). Genomic instability due to unequal

chromosome distribution leads to aneuploidy, which has been

shown to be oncogenic in animal models (Schvartzman et al.,

2010). Remarkably, it is proposed that around 40% of all human

cancers have gone through at least one whole genome duplica-

tion event during their evolution (Zack et al., 2013). Organisms

have therefore acquired mechanisms to restrict cell proliferation

after CF.

Given the danger for the organism that CF poses, it has been

of interest to determine the molecular basis underlying tumor

suppression in this context. Cells with CF have been shown to

activate the Hippo pathway, which stabilizes p53 to limit their

oncogenic potential (Ganem et al., 2014). Whereas CF in p53-

inactive mammary epithelial cells is oncogenic, p53-inactive

normal diploid cells do not develop tumors in nude mice (Fuji-

wara et al., 2005). Thus, CF has been proposed to be causal to

tumorigenesis. However, the universal applicability of this tu-

mor-suppressive barrier remains controversial based on the abil-

ity of polyploid liver cells to proliferate (Fausto and Campbell,

2003; Uetake and Sluder, 2004).

Here, we have developed a genetic model to induce CF in

epithelial cells of Drosophila. We have used the fly wing imaginal

disc, which is an epithelial monolayer that proliferates actively

during larval development, and has been used to model different

aspects of tumor progression and metastasis (Herranz et al.,

2016). By using this system, we performed a detailed analysis

of the consequences of CF. In contrast to human cells, p53

does not have a central role in limiting the oncogenic potential

of these cells in the Drosophila wing epithelium. Instead, the

Jun N-terminal kinase (JNK) pathway restricts the expansion of

those cells by repressing the inhibitor of apoptosis DIAP1.

Furthermore, the oncogene Yorkie (Yki) is able to induce

neoplasia in cells with CF. We identified the cell cycle regulator

Cdc25/string as a gene modulated by Yki that, together with

DIAP1, can induce the formation of tumors in discs with CF.
RESULTS

Targeted Induction of CF in the Drosophila Wing Disc
Leads to Apoptosis
TheDrosophilawing imaginal disc is a highly proliferative epithe-

lium that has proven useful for studying the molecular mecha-

nisms underlying tumorigenesis (Herranz et al., 2016). The
ll Reports 23, 1491–1503, May 1, 2018 ª 2018 The Author(s). 1491
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Figure 1. Induction of CF in the Wing Disc

Leads to Apoptosis

(A–D) Third-instar wing imaginal discs labeled as

indicated in the figure. Scalebar: 100 mm in (A) and

(B); 10 mm in (C) and (D).

(E) Quantification of centrosome number of mitotic

cells in third-instar wing imaginal discs. Cells were

divided in categories, as indicated in the figure.

Distribution of centrosome number: control (two

centrosomes, 98.33%; three to four centrosomes,

1.67%; five or more centrosomes, 0%); pnut-RNAi

(two centrosomes, 67.67%; three to four cen-

trosomes, 25.67%; five or more centrosomes,

6.67%). The majority of cells expressing pnut-

RNAi had two centrosomes, indicating that pnut-

RNAi did not block cytokinesis completely.

Expressing pnut-RNAi generated apoptosis and

tissue damage. Given that wing hinge cells are

more resistant to apoptosis (Verghese and Su,

2016), images were taken (C and D) and quantifi-

cation performed (E) in that region of the disc.

(F–H) Third-instar wing imaginal discs labeled as

indicated in the figure. Scalebar: 100 mm.

(I) Quantification of GFP-positive area in third-

instar wing imaginal discs, normalized to the mean

area of the control. Statistical significance deter-

mined by unpaired t test (n = 15; n.s., not signifi-

cant; ****p < 0.0001).

Genotypes and duration of transgene expres-

sion are described in Supplemental Experimental

Procedures.
gene peanut (pnut) belongs to the Septin family of proteins and is

required for cytokinesis in Drosophila (Neufeld and Rubin, 1994).

Depletion of pnut by RNAi in the wing disc leads to CF (Eichen-

laub et al., 2016).Wemade use of the Gal4/UAS binary system to

induce CF in the wing disc. We used the apterous-Gal4 driver

(ap-Gal4) to direct the expression of the pnut-RNAi transgene

along with GFP. ap-Gal4 is specifically expressed in the dorsal

compartment of the wing disc (Figure 1A, GFP-positive cells).

This allows a direct comparison between cells undergoing CF

and the adjacent normal cells (GFP-negative) of the ventral

compartment, serving as internal control. The protein Pnut can

be detected in all the cells of the wing disc (Figure 1A), and the

use of pnut-RNAi is efficient in depleting Pnut (Figure 1B). The
1492 Cell Reports 23, 1491–1503, May 1, 2018
use of an antibody to Centrosomin

(CNN), which labels centrosomes in

mitosis, revealed the presence of cells

with more than the normal two centro-

somes in cells expressing pnut-RNAi (Fig-

ures 1C–1E).

Expression of pnut-RNAi in the dorsal

cells of the wing disc caused a reduction

in tissue size (Figures 1A, 1B, and 1I).

This was associated with elevated levels

of the activated form of Caspase 3 in

dorsal cells (Figure 1F), which reflects

cells undergoing apoptosis. Since many

of the Pnut-depleted cells appeared to

be lost due to apoptosis, we blocked
apoptosis by coexpressing the apoptosis inhibitor p35 together

with pnut-RNAi. This restored the loss of tissue from the wing

disc (Figures 1G and 1I). Expression of p35 on its own had no

effect on wing disc size (Figures 1H and 1I).

CF Leads to Reduced DIAP1 and Apoptosis
In human cells, p53 is stabilized to limit proliferation of cells with

CF (Andreassen et al., 2001; Ganem et al., 2014; Kuffer et al.,

2013). Consistent with that, cells with CF in the wing disc upre-

gulated p53 (Figure 2A). p53 in Drosophila induces apoptosis

but does not regulate cell proliferation (Brodsky et al., 2000).

To our surprise, apoptosis was not reduced when we expressed

pnut-RNAi in a p53-null mutant background, or together with a



Figure 2. CF Results in DIAP1 Down-

regulation

(A–H) Third-instar wing imaginal discs labeled as

indicated in the figure. Scale bar: 100 mm.

(I) Quantification of GFP-positive area in third-

instar wing imaginal discs, normalized to the mean

area of the control. Statistical significance deter-

mined by unpaired t test (n = 15; n.s., not signifi-

cant; ****p < 0.0001).

Genotypes and duration of transgene expres-

sion are described in Supplemental Experimental

Procedures.
dominant-negative form of p53 (Figures 2B–2D). This suggests

that the induction of apoptosis after CF is independent of p53.

In Drosophila, DIAP1 suppresses the caspase cascade and is

essential for cell survival (Muro et al., 2002; Wang et al., 1999).

Consistently, DIAP1 was observed in all the cells of the normal

wing epithelium (Figure 2E). Expression of pnut-RNAi led to a

reduction in DIAP1 protein in some scattered cells of the wing

epithelium (Figure 2F), suggesting that cells with CF downregu-

late DIAP1 and are eliminated by apoptosis. We reasoned that,

if we blocked apoptosis, cells with CF would downregulate

DIAP1 but would be maintained in the wing disc, resulting in a

higher number of cells with reduced DIAP1 levels. To test this,

we analyzed DIAP1 in wing discs coexpressing pnut-RNAi and

p35 and found that most of those cells showed a robust

decrease in DIAP1 levels (Figure 2G). Expression of p35 did
Cell
not affect DIAP1 levels (Figure S1).

We studied next whether induction of

apoptosis in cells with CF was due to

downregulation of DIAP1. Expression of

DIAP1 and pnut-RNAi largely suppressed

caspase activation and restored tissue

size (Figures 2H and 2I), suggesting that

CF causes a reduction in DIAP1, and

apoptosis.

CF can arise from defects in different

elements of the mitotic machinery.

To analyze whether downregulation of

DIAP1 was a general response to CF, we

analyzed DIAP1 in wing discs depleted

of different genes involved in cytokinesis.

Pebble regulates actomyosin contrac-

tile ring assembly (Prokopenko et al.,

1999); Diaphanous controls actin cyto-

skeleton reorganization (Wasserman,

1998); Orbit/MAST is involved microtu-

bule polymerization and spindle assembly

(Inoue et al., 2004); and Incenp belongs

to the chromosomal passenger complex

and plays crucial roles during cytokinesis

(Adams et al., 2001; Chang et al., 2006).

Notably, depletion of these genes caused

CF, when visualized with anti-CNN, and

downregulation of DIAP1 (Figure S1).

These results suggest that CF in the
Drosophila wing epithelium results in DIAP1 downregulation,

regardless of the specific molecular cause.

Cells with Defective Cytokinesis Upregulate Yki Targets
DIAP1 expression is regulated by the Hippo pathway (Udan

et al., 2003; Wu et al., 2003). Hippo signaling controls

tissue growth during animal development, and its activation

limits cell proliferation and causes apoptosis (Pan, 2010).

Besides, core components of the Hippo pathway, including

LATS1/2, MOB1, and YAP, control the proper segregation

of daughter cells in cytokinesis (Brace et al., 2011; Bui

et al., 2016; Florindo et al., 2012; Mukai et al., 2015; Yabuta

et al., 2016). Interestingly, CF causes activation of the

Hippo pathway in a human epithelial cell model (Ganem

et al., 2014).
Reports 23, 1491–1503, May 1, 2018 1493



In Drosophila, activation of the Hippo pathway represses the

cotranscriptional activator Yki. As a consequence, the expres-

sion of Yki target genes such as DIAP1 are downregulated. We

studied whether CF affected Yki activity, as observed for the

Yki human ortholog, YAP (Ganem et al., 2014). We analyzed

the expression of the Yki-target genes: DIAP1-lacZ, Cyclin

E-lacZ, Expanded-lacZ, bantam-lacZ, and four jointed-lacZ

(Brennecke et al., 2003; Cho et al., 2006; Hamaratoglu et al.,

2006). To limit tissue damage caused by apoptosis, we ex-

pressed p35 together with pnut-RNAi. This facilitated the anal-

ysis of Yki target genes. To our surprise, even though DIAP1

protein levels were reduced in cells with CF, DIAP1-lacZ was

upregulated (Figures 3A and 3B). This was confirmed by in

situ hybridization (Figure 3C). Consistent with this, the expres-

sion of the Yki-target genes Cyclin E-lacZ, Expanded-lacZ,

bantam-lacZ, and four jointed-lacZ, was increased in cells

with CF (Figures 3D–3G). Expression of p35 on its own caused

a reduction in Cyclin E-lacZ, yet p35 did not affect the expres-

sion of the other Yki-target genes analyzed (Figure S2). In sum,

contrary to what has been observed in human cells where CF

leads to repression of the Yki human ortholog YAP (Ganem

et al., 2014), CF in the wing imaginal epithelium results in Yki

upregulation.

JNK Pathway Regulates DIAP1 Protein after CF
Although the expression of DIAP1 was increased in cells with

CF, DIAP1 protein was reduced in those cells, suggesting

that DIAP1 was repressed posttranscriptionally. The JNK

pathway can regulate DIAP1 posttranscriptionally (Kanda and

Miura, 2004). JNK is activated in response to different types

of stress and is a major proapoptotic factor in Drosophila.

JNK activation induces the expression of members of the

reaper, hid, grim family of proapoptotic genes. Those proteins

bind DIAP1 and induce its degradation. Thereby, they release

caspase inhibition and induce cell death (reviewed in Hay and

Guo, 2006).

We first analyzed whether JNK was active in cells with

CF. To monitor JNK activity, we used an antibody against

the JNK target Mmp1 (Uhlirova et al., 2005), a transgenic

reporter of JNK activity consisting of binding sites for the

JNK pathway transcription factor AP1 (TRE-RFP) (Chatterjee

and Bohmann, 2012), and an antibody that recognizes the

phosphorylated and active form of JNK (pJNK) (Willsey

et al., 2016). Cells expressing pnut-RNAi upregulated Mmp1,

TRE-RFP, and pJNK (Figures 3H–3J), indicating that the

JNK pathway was active in cells with CF. We used a domi-

nant-negative version of JNK (bsk-DN in Drosophila) to inves-

tigate whether DIAP1 downregulation was JNK dependent.

Interestingly, DIAP1 protein levels were partially restored

when we inhibited the JNK pathway by expressing bsk-DN

in cells with CF (Figure 3K). Consistently, apoptosis was

reduced in those wing discs, as compared to wing discs ex-

pressing pnut-RNAi on its own (Figures 3L–3N). Mmp1

expression was blocked upon expression of bsk-DN, indi-

cating that this transgene was efficient in downregulating

JNK activity (Figures 3L and 3M). Together, these findings

indicate that JNK triggers apoptosis by repressing DIAP1 pro-

tein in cells with CF.
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Reduced Proliferation in Cells with Defective
Cytokinesis
Cells with CF arrest in G1 in a p53-dependent manner in murine

models (Andreassen et al., 2001; Lanni and Jacks, 1998; Minn

et al., 1996). However, p53 does not seem to play a central

role in response to CF in the wing epithelium of Drosophila. We

made use of the fluorescence ubiquitin cell cycle indicator

(FUCCI) technology (Sakaue-Sawano et al., 2008) to visualize

cell cycle phasing in the wing disc with CF. The Drosophila

FUCCI system (Fly-FUCCI) labels cells in G1 phase in green

and cells in S-phase in red, and cells in G2 phase appear yellow

(Figure 4A) (Zielke et al., 2014). Expression of Fly-FUCCI under

the control of ap-Gal4 in otherwise-normal wing discs showed

cells labeled in different colors (red, green, and yellow), indi-

cating the presence of cells in different phases of the cell cycle

(Figures 4B and 4F).

Cells with CF downregulated DIAP1 and were eliminated by

apoptosis. To interrogate how the cell cycle was regulated in

those cells, we prevented apoptosis by expressing DIAP1. In

that context, most of the tetraploid cells were labeled in yellow,

which indicated that they were not arrested in G1 and pro-

gressed to G2 (Figures 4C, 4F, and S3). Inhibition of apoptosis

by expression of p35 led to comparable results (Figures 4D,

4F, and S3). The number of cells labeled in red (S-phase) was

dismissible and was not shown in this analysis.

Expression of pnut-RNAi on its own led to massive apoptosis

(Figure 1). Notably, the number of tetraploid cells in those wing

discs was reduced as compared to wing discs expressing

pnut-RNAi and repressing apoptosis (pnut-RNAi+DIAP1, or

pnut-RNAi+p35) (Figures 4E and 4F). This supports the notion

that tetraploid cells generated by CF are eliminated by

apoptosis.

In contrast to mammalian cells, tetraploid cells in the wing disc

were not arrested in G1. To test whether these cells were ar-

rested in G2, we labeled them with the mitotic marker PH3. We

detected the presence of PH3-positive cells (Figure 4G). This,

together with the observation of cells with more than four centro-

somes in discs expressing pnut-RNAi (Figure 1), indicates that

cells with CF in the wing epithelium are not arrested in G2 and

can progress to mitosis. 5-Ethynyl-20-deoxyuridine (EdU) labels

cells in S-phase and allows for an accurate quantification of

proliferating cells. Cells coexpressing pnut-RNAi and p35

showed a strong reduction in the number of EdU-positive cells,

as compared to control wing discs (Figures 4H and 4I), indicating

that cells with CF proliferate poorly.

Signals Inducing Tumor Formation after CF
Induction of CF in p53 mutant mouse mammary epithelial cells

produces malignant tumors in nude mice (Fujiwara et al.,

2005). In contrast to that, CF in wing discs depleted of p53 did

not develop tumors in the wing primordia of Drosophila (Figures

2C and 2D). Intrigued by this, we sought to identify potential sig-

nals inducing tumorigenesis in this context. We performed a

screen where tumor suppressors were inactivated by RNAi in

wing discs with CF, and we tested for the formation of tumors

(the list with the tumor suppressors tested are listed in Table

S1). Among the wing discs analyzed, only the ones depleting

the warts tumor-suppressor gene grew as tumors in a context



Figure 3. JNK Downregulates DIAP1 in Cells with CF

(A–M) Third-instar wing imaginal discs labeled as indicated in the figure. Scalebar: 100 mm.

(N) Quantification of activated form of Caspase 3 signal in third-instar wing imaginal discs, normalized to the mean signal of ‘‘pnut-RNAi.’’ Statistical significance

was determined by unpaired t test (n = 15; ****p < 0.0001).

Genotypes and duration of transgene expression are described in Supplemental Experimental Procedures.

Cell Reports 23, 1491–1503, May 1, 2018 1495



Figure 4. Cells with CF Show Defects in Proliferation

(A) Model illustrating the fly-FUCCI system. Cells in G1 are labeled in green, cells in S-phase are labeled in red, and cells in G2 appear yellow.

(B–E) Third-instar wing imaginal discs labeled as indicated in the figure. Scalebar: 100 mm. FACS was used to quantify cells in G1 and G2. FACS profiles are

shown. Diploid (2n), tetraploid (4n), and octaploid (8n) DNA content is indicated. Cells in G1 are shown in green, and cells in G2 are shown in yellow.

(F) Quantification of cell cycle phases in diploid and tetraploid cells in third-instar wing imaginal discs. Cells were divided in categories, as indicated in the figure.

Distribution of cell cycle phases in diploid and tetraploid cells: control (diploid G1, 46.17%; diploid G2, 40.17%; tetraploidG1, 6.91%; tetraploid G2, 6.75%); pnut-

RNAi + DIAP1 (diploid G1, 21.40%; diploid G2, 33.16%; tetraploid G1, 13.28%; tetraploid G2, 32.16%); pnut-RNAi + p35 (diploid G1, 17.33%; diploid G2,

33.94%; tetraploid G1, 23.17%; tetraploid G2, 25.56%); pnut-RNAi (diploid G1, 29.60%; diploid G2, 41.68%; tetraploid G1, 14.31%; tetraploid G2, 14.41%).

(G and H) Third-instar wing imaginal discs labeled as indicated in the figure. Scalebar: 10 mm.

(I) Quantification of EdU signal in third-instar wing imaginal discs, normalized to themean area of the control. Statistical significance determined by unpaired t test

(n = 10; ****p < 0.0001).

Genotypes and duration of transgene expression are described in Supplemental Experimental Procedures.
of CF. Those wing discs were not reduced in size when

compared to wing discs depleting the different tumor suppres-

sor on their own (Figures 5A–5C and S4).

Warts is a kinase in the Hippo pathway that phosphorylates

and inactivates Yki. Consistently, coexpression of yki and

pnut-RNAi resulted in the formation of tumors (Figure 5D). yki

is an oncogene that induces hyperplastic tissue overgrowth in

the wing disc. We analyzed whether the oncogenic potential of

Yki in cells with CF reflected a general response to oncogene

activation or was specific for Yki. We combined the expression

of pnut-RNAi with transgenes expressing different oncogenes

such as EGFR, RasV12, Notch, decapentaplegic, wingless, and

PI3K (reviewed in Herranz et al. [2016]) (Figures 5E, 5F, and

S4). Remarkably, yki and RasV12 were the only oncogenes that

induced the formation of tumors in cells depleted of Pnut (Fig-

ures 5D–5F and S4).

Consequently, we askedwhether the effect of Yki was specific

for Pnut depletion or a general consequence of CF. Tumors were

observed when yki was coexpressed with UAS-RNAi trans-

genes targeting the cytokinesis genes Orbit/MAST, diaphanous,

pebble, and Incenp (Figure S5). Collectively, these data suggest

that yki overexpression drives tumor formation after CF.

Yki Drives the Formation of Neoplastic Tumors in Wing
Discs with Defects in Cytokinesis
Cancer involves the cooperation of different mutations to drive

malignancy from benign tumors. We determined next whether
1496 Cell Reports 23, 1491–1503, May 1, 2018
tumors driven by Yki in a context of CF were benign overpro-

liferating tissues or showed malignant features.

Larvae expressing yki under the control of ap-Gal4 entered pu-

pariation and died as pupae. In contrast, larvae coexpressing yki

and pnut-RNAi did not pupate and, instead, continued to grow to

form giant larvae (Figure 6A). We analyzed wing discs expressing

yki with and without pnut-RNAi 4 days after the induction of

transgene expression. Those wing discs were comparable in

size, indicating that the wing discs grow at a similar rate (Fig-

ure 6B). However, while larvae with wing discs expressing yki

entered pupariation, the tumors coexpressing yki and pnut-

RNAi continued growing beyond that time point and led to the

formation of giant larvae (Figures 6A and 6B), which is charac-

teristic of larvae with malignant tumors (Bilder, 2004).

In carcinomas, one of the primary diagnostic features of malig-

nancy is a pronounced disorganization of epithelial architecture.

yki overexpression induced tissue overgrowth, yet the tissue

maintained the normal epithelial organization, as revealed by

the polarity marker Discs large (Figure 6C). Epithelial polarity

was compromised in tumors expressing yki and pnut-RNAi,

reflected by the mislocalization of Discs large (Figure 6D). This

suggests that tumors grow as neoplastic tumors, which can

result from loss of epithelial polarity (Bilder, 2004).

Malignant fly tumors express the secreted matrix metallopro-

teinase 1 (Mmp1). Mmp1 degrades the basement membrane

of the imaginal disc, allowing tumor cells to migrate and invade

(Beaucher et al., 2007; Uhlirova and Bohmann, 2006). In normal



Figure 5. Yki and Ras-V12 Drive Tumor Formation after CF

(A–F) Third-instar wing imaginal discs labeled as indicated in the figure. Scalebar: 100 mm. Genotypes and duration of transgene expression are described in

Supplemental Experimental Procedures.
wing discs,Mmp1 is not expressed in the proliferating epithelium

and is only detected in the wing disc trachea (Figure 6E). Expres-

sion of yki led to Mmp1 upregulation in a group of cells of the

wing disc (Figure 6F). The tumors expressing yki and pnut-

RNAi showed a robust increase in the levels of Mmp1 protein

(Figure 6G). As shown previously, Mmp1 expression was

observed in wing discs expressing pnut-RNAi on its own (Fig-

ure 6H). This indicates that CF is sufficient to induce the expres-

sion of the proinvasive marker Mmp1.

We studied the invasive potential of those tumor cells. The

Drosophila wing disc is subdivided into compartments (Mann

and Morata, 2000). Cells of different compartments do not mix

during normal development, and this can be used to model cell

invasion (Vidal et al., 2006). We used the posterior-specific

Gal4 driver, hedhehog-Gal4 (hh-Gal4) (Figure 6I), to determine

whether tumor cells could migrate through the anterior-posterior

compartment boundary. Expression of yki under the control of

hh-Gal4 induced tissue overgrowth (Figure S5), but these cells

did not mix with cells of the anterior compartment (Figures 6J

and 6O). Interestingly, posterior cells coexpressing yki and

pnut-RNAi were observed in the anterior compartment (Figures

6K–6O). This suggests that tumors expressing yki and pnut-

RNAi are invasive.

Centrosomes are the main microtubule organizing centers in

animal cells, and they are replicated during the cell cycle to

form the poles of the mitotic spindle. CF, in addition to whole

genome duplication, leads to the acquisition of extra centro-

somes. We detected the presence of cells with supernumerary

centrosomes in the tumors expressing yki and pnut-RNAi. We

observed that larger cells with bigger nuclei and higher number

of centrosomes are formed during tumor progression (Figures

6P–6R and S5). The presence of supernumerary centrosomes

can lead to genome instability and aneuploidy, which is a com-

mon feature of carcinomas.

We obtained comparable results in the eye epithelium, sug-

gesting that the induction of neoplasia by Yki in cells with CF

might be a general phenomenon and not a wing-specific

outcome (Figure S5).
In summary, the formation of giant larvae, defects in polarity,

expression of the proinvasive marker Mmp1, invasiveness, and

induction of genomic instability, suggest that tumors expressing

yki and pnut-RNAi have acquired malignant features.

Yki Regulates the Expression of Cdc25/string
Previous studies have reported that preventing apoptosis in

aneuploid cells can lead to tumor formation in the wing disc

(Dekanty et al., 2012; Morais da Silva et al., 2013). Although

Yki represses apoptosis by inducing the expression of DIAP1,

blocking apoptosis in cells with CF was not sufficient for tumor-

igenesis (Figure 4). We observed that most of the tetraploid cells

coexpressing pnut-RNAi and DIAP1 were found in G2. This sug-

gests that Yki, in addition to prevent apoptosis by regulating

DIAP1, should promote G2/M transition to drive cell proliferation

and tumor formation.

The phosphatase Cdc25 is the main activator of G2/M transi-

tion in eukaryotic cells (Bouldin and Kimelman, 2014), and

expression of string (stg), the Drosophila ortholog of Cdc25, is

effective in driving G2/M progression. Cells coexpressing stg

and fly-FUCCI appeared green (cells in G1) or red (cells in

S-phase) (Figure S6). stg accelerated G2/M progression but did

not affect the growth of the wing disc (Figure 7F). Wing disc cells

compensate alterations in the length of the cell cycle phases

by altering the lengths of the other phases. This homeostatic

mechanism ensures that, when the cell cycle is perturbed, the

rates of cell proliferation are not altered (Reis and Edgar, 2004).

We analyzed whether Yki regulated the expression of stg in the

wing epithelium. To monitor stg expression, we made use of the

stg-lacZ enhancer trap reporter P{PZ}stg01235, and RNA in situ

hybridization. stg is expressed ubiquitously in the wing disc,

showing higher expression levels in cells close to the anterior-

posterior and dorsal-ventral boundaries (Figure 7A). yki over-

expression resulted in increased stg expression (Figure 7B).

Consistently, depletion of Yki led to a reduction in the expression

of stg (Figure 7C).

Yki is a cotranscriptional activator and functions in concert

with DNA-binding transcription factors like Scalloped (Sd) to
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Figure 6. Yki Induces the Formation of Neoplastic Tumors in Cells with CF

(A) Low-magnification images of whole larvae of the genotypes indicated.

(B) Quantification of GFP-positive area in third-instar wing imaginal discs, normalized to the mean area of the control. Statistical significance determined by

unpaired t test (n = 15; n.s., not significant; ****p < 0.0001).

(C–H) Third-instar wing imaginal discs, labeled as indicated in the figure. Cross-section is shown in (C) and (D). Scalebar: 100 mm.

(I–N) Third-instar wing imaginal discs, labeled as indicated in the figure. Anterior and posterior compartment is shown (border marked with white line). Pictures

represent the categories for quantification of invading cell patches (shown in O): no invading cell patches (I–K); one to three invading cell patches (L); four to six

invading cell patches (M); and seven or more invading cell patches (N). Scalebar: 100 mm.

(O) Quantification of invading cells from the posterior to anterior compartment in third-instar wing imaginal discs. Wing imaginal discs were divided in categories,

as indicated in the figure. Distribution of invading cells: yki (0 invaded cell patches, 100%); yki + pnut-RNAi 4d (0 invaded cell patches, 40%; one to three invaded

cell patches, 47%; four to six invaded cell patches, 13%); yki + pnut-RNAi 8d (0 invaded cell patches, 7%; one to three invaded cell patches, 60%; four to six

invaded cell patches, 33%); yki + pnut-RNAi 14d (one to three invaded cell patches, 13%; four to six invaded cell patches, 7%; seven or more invaded cell

patches, 27%; wing disc containing only GFP-positive cells, 53%).

(P–R) Third-instar wing imaginal discs, labeled as indicated in the figure. Scalebar: 10 mm.

Genotypes and duration of transgene expression are described in Supplemental Experimental Procedures.
induce tissue growth (Goulev et al., 2008; Wu et al., 2008; Zhang

et al., 2008). Interestingly, a recent paper by Georg Halder’s

group (Atkins et al., 2016) generated a list of high-confidence

Yki-Sd target genes that included stg as a gene potentially regu-

lated by Yki-Sd. Together, these observations suggest that stg is

a direct Yki-Sd target gene.

Yki Drives Tumor Formation by Regulating Cdc25/string

and DIAP1

Expression of yki in cells with CF upregulated stg andDIAP1 (Fig-

ures 7D and 7E). We reasoned that, in order to form tumors, Yki

could limit apoptosis by inducing DIAP1 and promote cell cycle

progression by upregulating stg. To test whether upregulation

in DIAP1 and stg was sufficient to drive tumor formation, we

substituted the UAS-yki transgene for UAS-DIAP1 and UAS-

stg. Even though coexpression ofDIAP1 and stg did not increase

the size of normal wing discs, expression of stg and DIAP1 in
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cells with CF was sufficient to drive the formation of tumors (Fig-

ures 7F and 7G).

The expression of stg was sufficient to overcome the delay in

G2 observed in wing discs expressing pnut-RNAi and DIAP1

(Figure S6). Interestingly, the cell cycle pattern observed in

wing discs expressing pnut-RNAi, DIAP1, and stg, was different

to the one in wing discs expressing pnut-RNAi, and yki (Fig-

ure S6). This suggests that other Yki target genes, in addition

toDIAP1 and stg, are contributing to the formation of the tumors.

Yki can modulate G1/S progression by regulating target genes

such as Cyclin E (Huang et al., 2005), and this might explain

the differences observed in the cell cycle pattern.

JNK Suppresses Cdc25/string Overexpression in Cells
with Cytokinesis Defects
As observed for other Yki-target genes, cells coexpressing pnut-

RNAi and p35 upregulated the expression of stg (Figures 7H and



Figure 7. Yki Regulates the Expression of string, Which Promotes Tumor Formation

(A–E) Third-instar wing imaginal discs, labeled as indicated in the figure. Scalebar: 100 mm.

(G) Quantification of GFP-positive area in third-instar wing imaginal discs, normalized to the mean area of the control. Statistical significance determined by

unpaired t test (n = 15; ****p < 0.0001).

(H–N) Third-instar wing imaginal discs, labeled as indicated in the figure. Scalebar: 100 mm.

(O) Western blot showing Stg protein in third-instar wing imaginal discs of the genotypes indicated. Tub was used as a loading control.

(P and Q) Third-instar wing imaginal discs, labeled as indicated in the figure. Scalebar: 100 mm.

(R) Quantification of GFP-positive area in third-instar wing imaginal discs, normalized to the mean area of yki+pnutRNAi. Statistical significance determined by

unpaired t test (n = 15; ****p < 0.0001).

Genotypes and duration of transgene expression are described in Supplemental Experimental Procedures.
7I). However, Stg protein levels were not increased in those wing

discs (Figure 7J). To our surprise, overexpression of stg in a

context of CF did not result in an increase in Stg protein, as

compared to wing discs expressing stg in an otherwise-normal

background (Figures 7K and 7L). This suggested that, as

observed for DIAP1, Stgmight be regulated posttranscriptionally

in cells with CF. Cells with CF activate the JNK pathway, and

interestingly, JNK has been shown to repress Cdc25b and

Cdc25c in human cell lines (Gutierrez et al., 2010; Uchida

et al., 2009). Remarkably, repression of JNK in wing discs ex-

pressing stg in a context of CF, led to a robust increase in Stg

protein (Figure 7M; compare with Figure 7L—those discs were

labeled in parallel and imaged under the same conditions). This

suggests that JNK is a central regulator of Stg in cells with CF.

To confirm that JNK limits Stg in cells with CF overexpressing

stg, we measured Stg protein levels by western blot in the ge-

netic conditions shown in Figures 7L and 7M. Consistent with

our previous observations, we found a dramatic increase in Stg

protein levels in wing discs suppressing JNK (Figure 7O). How-

ever, we did not detect an overt increase of Stg protein levels
in wing discs expressing pnut-RNAi, p35, and bsk-DN (Fig-

ure 7N). JNK was efficient in repressing Stg in wing discs with

CF and stg overexpression. This suggests that JNK could

behave as a tumor suppressor in the context of CF. Consistently,

blocking JNK activity in tumors expressing yki and pnut-RNAi led

to an increase in tumor size (Figures 7P–7R), supporting that JNK

has a tumor-suppressive role in cells overexpressing yki in a

context of CF.

DISCUSSION

Proliferation of cells with defects in cell division creates an unsta-

ble situation that leads to genomic instability, which is a common

feature in cancer. Mechanisms to eliminate abnormal cells are

important to prevent carcinogenesis. Mammalian cells with

genomic instability are eliminated by apoptosis in a p53-depen-

dent manner (Burds et al., 2005; Li et al., 2010). In contrast

to that, our current study shows that induction of CF in the

Drosophila wing primordia leads to p53-independent apoptosis.

We show that wing disc cells with CF are eliminated as a
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consequence of JNK activation and DIAP1 downregulation. In

good agreement with our results, induction of genomic instability

in the Drosophila wing disc by affecting genes involved in spin-

dle assembly, spindle assembly checkpoint, and chromosome

condensation, also results in p53-independent and JNK-depen-

dent apoptosis (Dekanty et al., 2012;Morais da Silva et al., 2013).

Interestingly, induction of chromosomal instability in those con-

texts induces neoplastic growth, when cells are prevented from

apoptosis (Dekanty et al., 2012; Morais da Silva et al., 2013). In

contrast, blocking apoptosis in cells with CF is not sufficient to

induce tumor formation.

In mammals, CF leads to activation of the Hippo pathway that

results in the repression of the oncogene YAP (Ganem et al.,

2014). In contrast to that, the results presented here show that

cells with CF in the Drosophila wing primordia upregulate the

expression of Yki-target genes. This suggests that Yki activity is

upregulated after CF, and evidence that activation of the Hippo

pathway in this context might not be a universal response.

Furthermore, while mammalian cells with CF arrest in G1 in a

p53-dependent manner (Andreassen et al., 2001; Lanni and

Jacks,1998;Minnet al., 1996),Drosophilaepithelial cellsprogress

to G2. This reinforces the notion that p53 in flies has a different

function to the one described in mammals. In sum, the response

to CF seems to be different in mammals and Drosophila, which

suggests that different organisms might use distinct molecular

mechanisms to control the propagation of these cells.

In order to prevent genomic instability, cells also use other

mechanisms such as cell cycle checkpoints. Cancer cells need

to undergo genetic changes to escape those tumor-suppressive

barriers. Thus, the initiation of carcinogenesis can occur through

the activation of an oncogene that, evenwhen those checkpoints

are active, induces cell proliferation and the expansion of

precancerous cells. In fact, the dysfunction of cell cycle regula-

tors is frequently associated with uncontrolled cell proliferation

observed in cancer. We show that Yki is able to induce the for-

mation of tumors in a context of CF and identify the cell cycle

regulator Cdc25/stg as Yki-target gene. Our results show that

upregulation of Cdc25/stg and inhibition of apoptosis in cells

with CF can trigger cell cycle progression and the formation of

tumors in Drosophila epithelial cells. Interestingly, the ability of

Cdc25/stg to drive tumorigenesis appears to be context depen-

dent. Even though Cdc25/stg acts as a potent oncogene when

overexpressed in cells with CF, it does not affect the growth of

the normal wing epithelium.

The role of the JNK pathway in cancer remains controversial.

Here, we show that, inDrosophila, JNK has a tumor-suppressive

role in a context of CF. JNK can control the expansion of cells

with CF in at least two ways. It controls cell survival by regulating

DIAP1, and cell proliferation by repressing Cdc25/stg in a

context of stg overexpression. The overexpression of yki in cells

with CF overcomes that tumor-suppressive barrier and pro-

motes tumorigenesis by, presumably, upregulating cycle regula-

tors such as Cyclin E and Stg, and by increasing the levels of

DIAP1. Oncogenic Ras is also able to drive tumorous growth in

cells with CF. Understanding whether Ras-V12 enhances Yki ac-

tivity and, by doing so, drives tumor formation, or whether it uses

an independent molecular pathway to trigger tumorigenesis in

those cells, may merit further investigations.
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Our results uncover a mechanism by which cells with defects

in cytokinesis evolve to polyploidy and neoplasia. Polyploidy

is normally found in some animal tissues including the liver.

Notably, activation of YAP promotes oncogenesis in hepato-

cytes (Camargo et al., 2007; Dong et al., 2007; Zhang et al.,

2017), and amplification of the inhibitor of apoptosis cIAP1 has

been shown to accelerate tumorigenesis in the liver (Zender

et al., 2006). Consistent with this, high-ploidy tumors showHippo

pathway inactivation and YAP amplification, compared to nearly

diploid tumors (Ganem et al., 2014). Cancer is characterized by

aberrant cell cycle, and cell cycle regulators are promising tar-

gets in cancer therapy. It would be interesting to study whether

YAP controls Cdc25 expression in liver cells and to determine

the role of Cdc25 in liver cancer (Xu et al., 2008; Xu et al., 2003).

EXPERIMENTAL PROCEDURES

Drosophila Strains

The following Drosophila strains are described in the cited references: ap-Gal4

(Cohen et al., 1992), hh-Gal4 (Calleja et al., 1996), UAS-DIAP1 (Wang et al.,

1999), UAS-dpp (Capdevila and Guerrero, 1994), UAS-EGFR (Buff et al.,

1998), UAS-Fly-FUCCI (Zielke et al., 2014), UAS-Notch-intra (Doherty

et al., 1996), UAS-PI3K (Leevers et al., 1996), UAS-wg (Klein and Arias,

1998), UAS-yki (Huang et al., 2005), eyFLP, act > y+ > Gal4, UAS-GFP;

FRT82B tub-Gal80 (Pagliarini and Xu, 2003), FRT-wtsX1 (Xu et al., 1995),

TRE-RFP (Chatterjee and Bohmann, 2012), Cyclin E-lacZ (Jones et al.,

2000), stg-lacZ (P{PZ}stg01235) (Mitchell et al., 2013); bantam-lacZ (P{lacW}

banL1170a) is described in FlyBase. The following stocks were provided by

the Bloomington Drosophila Stock Center: en-Gal4 (#1973), UAS-Ras-V12

(#4847), UAS-basket-DN (#6409), p53 5a-1-4 (#6815), DIAP1-lacZ (#12093),

Expanded697-lacZ (#44248), four jointed-lacZ (#44253), UAS-ago-RNAi

(#34802), UAS-avl-RNAi (#29546), UAS-Csk-RNAi (#41712), UAS-dia-RNAi

(#33424), UAS-dlg1-RNAi (#39035), UAS-lgl-RNAi (#38989), UAS-Orbit-RNAi

(#34669), UAS-p35 (#6298), UAS-p53-DN (#8420), UAS-pbl-RNAi (#28343),

UAS-scrib-RNAi (#39073), UAS-stg (#56562), and UAS-Tsc1-RNAi (#54034).

The following stocks were provided by the Vienna Drosophila RNAi Center:

UAS-Incenp-RNAi (#17044), UAS-pnut-RNAi (#11791), UAS-Pten-RNAi

(#101475), UAS-Rab5-RNAi (#34096), UAS-tsg101-RNAi (#23944), and

UAS-wts-RNAi (#106174).

Gal4/Gal80TS System in the Wing Imaginal Disc

The apterous enhancer was used to express Gal4 conditionally in the dorsal

compartment of the wing imaginal disc. Gal80TS was used to allow UAS-

driven transgene expression after temperature switch from 18�C to 29�C (Zei-

dler et al., 2004). All gene manipulation experiments used the tubulin-Gal80TS

construct.Drosophila crosses laid eggs for 2 days at 18�C, and the larvae were

maintained for 5 additional days at 18�C. Subsequently, the larvae were trans-

ferred to 29�C and maintained for 3–14 days. Third-instar wandering larvae

were dissected and processed for staining using immunohistochemistry.

Immunohistochemistry

The following primary antibodies were used: rabbit anti-CNN (provided by

T. Kaufmann); mouse anti-DIAP1 (provided by B. Hay); rabbit anti-Stg (pro-

vided by E.F. Wieschaus); rabbit anti-Yki (provided by D.J. Pan); mouse anti-

b-Galactosidase, mouse anti-Dlg1, mouse anti-Mmp1, mouse anti-p53, and

mouse anti-Pnut (Developmental Studies Hybridoma Bank); rabbit anti-phos-

pho-JNK (Promega; V7931); and rabbit anti-Cas3-act (Cell Signaling Technol-

ogy; no. 9661).

Dissection of third-instar larvae was performed in PBS. Samples were fixed

in 4% formaldehyde solution for 20 min at room temperature, washed three

times for 10 min in phosphate-buffered saline-tween (PBT), and blocked for

20 min in BBT. Subsequently, the samples were incubated in the first antibody

diluted in PBT-BSA (BBT) at room temperature overnight and washed three

times for 15 min in BBT the next morning. The secondary antibody and DAPI



diluted in BBT were added and incubated for 2 hr at room temperature. Sam-

ples were washed four times for 15 min in PBT and mounted in 90% glycerol

with PBS containing 0.05% propyl gallate. Wing imaginal discs were imaged

with a Leica SP8 confocal laser-scanning microscope. Images were pro-

cessed with ImageJ and Adobe Photoshop CC.

Centrosome Quantification

Wing imaginal discs of third-instar larvae were stained against CNN to mark

centrosomes in cells that undergo mitosis. Three-dimensional images were

taken of the dorsal compartment of wing imaginal discs with a Leica SP8

confocal laser-scanning microscope. The number of centrosomes per cell

was determined for 300 cells per genotype.

Wing Imaginal Disc Size Quantification

Wing imaginal discs of third-instar larvae were imaged with a Leica SP8

confocal laser-scanning microscope, and the size of the GFP-positive area

with ImageJ was determined. For this purpose, a threshold was set to

comprise the whole GFP-positive area of the organ with the option

‘‘Threshold.’’ Subsequently, the size of 15 organs per genotype was deter-

mined with the option ‘‘Analyze Particles.’’ Statistical significance was deter-

mined by unpaired t test with GraphPad Prism 7.

Activated Caspase 3 Signal Quantification

Wing imaginal discs were stained against activated form of Caspase 3 and

were imaged with a Leica SP8 confocal laser-scanning microscope. Subse-

quently, the signal of activated form of Caspase 3 was determined with

ImageJ. For this purpose, the overall intensity of activated form of Caspase

3 signal of 15 wing imaginal discs per genotype was determined by using

the measurement ‘‘Mean Gray Value’’ in ImageJ. Statistical significance was

determined by unpaired t test with GraphPad Prism 7.

In Situ Hybridization

In situ hybridization was according to the procedures described by Azpiazu

and Frasch (1993). Probes for in situ hybridization were generated by PCR

with the DIG DNA Labeling Kit (Roche) and detected with the DIG Nucleic

Acid Detection Kit (Roche). Wing imaginal discs were mounted in glycerol

and imaged with a Leica DM 5500B bright-field microscope.

Primer sequences were as follows: Stg-fw, GCGCCAGATTCTCCTCGTTT;

Stg-rev, TAATACGACTCACTATAGGGGATTAAGGGGTCTGATTTCGGGAT

CGG; DIAP1-fw, GCATTCAAACCCACCAGTCGAC; and DIAP1-rev, TAATAC

GACTCACTATAGGGTAGGCTTACGATAACTGGCAGGC.

Flow Cytometry Analysis

Wing imaginal discs of third-instar larvae were dissected in PBS and dissoci-

ated with trypsin-EDTA solution for 45 min. The cells were fixed with 4% form-

aldehyde solution for 20 min and 70% ethanol for 2 hr. Following, the fixed

cells were incubated with DAPI in PBT for 1 hr. Flow cytometry was used

to determine fluorescence of DAPI, GFP, and RFP with a BD FACSAria

Fusion. An integral/peak dot plot of DAPI fluorescence was used to exclude

doublets.

EdU Incorporation and Signal Quantification

Wing imaginal discs of third-instar larvae were incubated in 300 mM EdU in

PBS for 30 min. Samples were fixed in 4% formaldehyde solution for 20 min

at room temperature, washed three times for 10 min in PBT, and blocked for

20min in BBT. EdU detection was performed with the Click-iT EdU Alexa Fluor

488 Imaging Kit (Invitrogen) by incubating the samples for 1 hr with the reaction

mix provided by the Imaging Kit. Subsequently, the samples were washed in

BBT for 10 min and incubated with DAPI in BBT for 2 hr at room temperature.

Samples were washed four times for 15 min in PBT and mounted in 90% glyc-

erol with PBS containing 0.05% propyl gallate.

The wing pouch region of wing imaginal discs of third-instar larvae was

imaged with a Leica SP8 confocal laser-scanning microscope and the EdU

signal determined with ImageJ. For this purpose, the overall intensity of EdU

signal of 10 wing imaginal discs per genotype was determined by using the

measurement ‘‘Mean Gray Value’’ in ImageJ. Statistical significance was

determined by unpaired t test with GraphPad Prism 7.
Whole Larvae Image

Whole larvae images were taken in the bright-field and green fluorescent chan-

nel with a Leica M165 FC stereomicroscope. Images were processed with

ImageJ and Adobe Photoshop CC. An overlay of the bright-field and green

fluorescent image was generated using the blendmode ‘‘Luminosity’’ (Opacity

70%) in Adobe Photoshop CC.

Invasion Assay

Wing imaginal discs of third-instar larvae were fixed and imaged with a Leica

SP8 confocal laser-scanning microscope. The number of cell patches that

invaded the anterior compartment in one focal plane was counted in 15 organs

per genotype.

Western Blot

Third-instar wing imaginal discs of 20–40 larvae were dissected in protein

extraction and immunoprecipitation buffer (RIPA; Sigma-Aldrich), and Com-

plete Protease Inhibitor Cocktail (Roche) was added. The tissue was homoge-

nized, centrifuged (15 min, 13,000 rpm), and the supernatant further used.

Protein concentration was determined with the BCA Protein Assay (Thermo

Fisher). 6 mg of protein was loaded per sample for the western blots. Antibody

against String (providedbyE.F.Wieschaus) andagainst Tubulin (Sigma;DM1A)

was used to detect protein. Secondary horseradish peroxidase (HRP) goat

anti-rabbit and goat anti-mouse antibodies (Dako) and the Pierce ECLWestern

Blotting Substrate (Thermo Fisher) were used to visualize protein.
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D.M. (2004). Mutations in orbit/mast reveal that the central spindle is

comprised of two microtubule populations, those that initiate cleavage and

those that propagate furrow ingression. J. Cell Biol. 166, 49–60.

Jones, L., Richardson, H., and Saint, R. (2000). Tissue-specific regulation of

cyclin E transcription during Drosophila melanogaster embryogenesis. Devel-

opment 127, 4619–4630.

Kanda, H., and Miura, M. (2004). Regulatory roles of JNK in programmed cell

death. J. Biochem. 136, 1–6.

Klein, T., and Arias, A.M. (1998). Different spatial and temporal interactions be-

tween Notch, wingless, and vestigial specify proximal and distal pattern ele-

ments of the wing in Drosophila. Dev. Biol. 194, 196–212.

Kuffer, C., Kuznetsova, A.Y., and Storchová, Z. (2013). Abnormal mitosis trig-
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