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Depletion of spindle assembly checkpoint (SAC) genes in Drosophila epithelial tissues leads to JNK-dependent pro-
grammed cell death and additional blockade of the apoptotic program drives tumorigenesis. A recent report proposes
that chromosomal instability (CIN) is not the driving force in the tumorigenic response of the SAC-deficient tissue, and
that checkpoint proteins exert a SAC-independent tumor suppressor role. This notion is based on observations that the
depletion of CENP-E levels or prevention of Bub3 from binding to the kinetochore in Drosophila tissues unable to acti-
vate the apoptotic program induces CIN but does not cause hyperproliferation. Here we re-examined this proposal. In
contrast to the previous report, we observed that depletion of CENP-E or Nsl1—the latter mediating kinetochore target-
ing of Bub3—in epithelial tissues unable to activate the apoptotic program induces significant levels of aneuploidy and
drives tumor-like growth. The induction of the JNK transcriptional targets Wingless, a mitogenic molecule, and MMP1, a
matrix metaloproteinase 1 involved in basement membrane degradation was also observed in these tumors. An identi-
cal response of the tissue was previously detected upon depletion of several SAC genes or genes involved in spindle
assembly, chromatin condensation, and cytokinesis, all of which have been described to cause CIN. All together, these
results reinforce the role of CIN in driving tumorigenesis in Drosophila epithelial tissues and question the proposed SAC-
independent roles of checkpoint proteins in suppressing tumorigenesis. Differences in aneuploidy rates might explain
the discrepancy between the previous report and our results.

Introduction

A recent systematic analysis of 43205 human tumors found
that 68% of solid tumors show aneuploidy,' an abnormal num-
ber of chromosomes. While the impact of chromosomal struc-
tural changes on cancer progression is widely accepted, the effect
of chromosome numerical changes is highly debated (reviewed
in ref. 2). Several mouse models mutant for or overexpressing
mitotic checkpoint genes have been generated to address the role
of chromosomal instability (CIN) in tumor progression. Many
of these CIN models display increased susceptibility to sponta-
neous tumorigenesis in lung epithelial cells (reviewed in ref. 3),
enhanced tumor formation,? tumor relapse,” and induced loss of
heterozygosity of tumor suppressor genes.® These observations
thus reinforce the role of CIN in cancer development. However,
aneuploidy has been shown to inhibit tumorigenesis in tissues
prone to tumor formation,” and high rates of CIN exert a tumor
suppressor function.®

In the last few years, the contribution of CIN to tumorigen-
esis has also been analyzed in Drosophila cancer models. CIN
per se does not induce tumorigenesis in brain’ or epithelial tis-
sues.'” Since aneuploidy can be detrimental for cells, additional
mutations might contribute to the survival of these cells and to
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CIN-induced tumorigenesis. Indeed, CIN leads to p53-depen-
212 and mutations in the p53
tumor suppressor gene increase the frequency of spontaneous

dent apoptosis of mammalian cells,

tumorigenesis observed in CIN mouse models."! In Drosophila
epithelial tissues, CIN leads to Drosophila p53 (dp53)-indepen-
dent apoptosis and maintenance of aneuploid cells in the tissue
through additional blockade of PCD causes tissue overgrowth,
basement membrane (BM) degradation, and host invasive-
ness.'” The tumorigenic response of the tissue relies on aneuploid
cells delaminating from the epithelium and activating a JNK-
dependent transcriptional program that triggers the expression of
the Matrix Metaloproteinase 1 (MMP1) and the mitogenic mol-
ecule Wingless (Wg). Expression of Wg in the delaminating cell
population plays a fundamental role in the growth of the tissue.
A recent report in Drosophila proposes, however, that CIN is
not the driving force in the tumorigenic response of the SAC-
deficient epithelial tissue upon additional blockade of the PCD
pathway.”® This notion is based on observations that deple-
tion of CENP-E (which mediates precise interactions between
kinetochores and microtubules of the mitotic spindle') or
Nsll (which targets Bub3 to the kinetochore®) induces CIN
but does not cause hyperproliferation.”” The authors suggest a
SAC-independent tumor suppressor role of Bub3, on the basis
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that several mitotic checkpoint proteins can play addi-
tional roles such as transcriptional regulation'® or nuclear
import."” Since these results contrast with the findings that
the depletion of several SAC genes or genes involved in
spindle assembly, chromatin condensation, and cytokinesis
induces CIN and tumorigenesis upon PCD blockade,'*!?
we have revisited this proposal. We have used 2 different
Gal4 drivers and several dsRNA forms to deplete CENP-E
or Nsll in epithelial tissues unable to activate the apop-
totic program. Depletion of any of these 2 genes leads to
significant levels of aneuploidy and drives tumor-like over-
growth. This overgrowth is accompanied by the expression
of MMP1 and Wg in delaminating cells both in larval tis-
sues as well as in allograft transplants. These results rein-
force the tumorigenic role of CIN in Drosophila epithelial
tissues and question the proposed SAC-independent roles
of checkpoint proteins in suppressing tumorigenesis. We
propose that the discrepancy between previous resules'
and those reported in this work is attributable to the levels
of aneuploidy induced in the tissue.

Results

The Drosophila primordia of adult wings (wing imagi-
nal discs) are epithelial monolayers that actively proliferate
during larval development. These structures have proved
useful as model systems to elucidate the molecular mecha-
nisms underlying tumorigenic growth,'™” including the
contribution of CIN to tumorigenesis."” The depletion of
genes involved in the spindle assembly checkpoint (b#63,
rough deal), spindle assembly (abnormal spindle [asp]),
chromatin condensation (orc2), and cytokinesis (diapha-
nous [dia])—all known to recapitulate the genomic defects
most frequently associated with human cancer, including
chromosome rearrangements and aneuploidy’—induce
CIN and PCD in wing imaginal disc cells.'®3 Additional
blockade of the PCD pathway, by expressing the baculo-
virus protein p35, known to bind and repress the effec-
tor caspases DrICE and Dcp-1,% or by the generation of
cells mutant for the pro-apoptotic genes hid, reaper, and
grim, leads to tissue overgrowth.' Similarly, depletion of
CENP-E or Nsll has also been shown to induce CIN and
PCD in wing disc cells.!® Surprisingly, however, block-
ing apoptosis in these tissues was reported to not caus-
ing overgrowth," questioning the role of CIN in driving
tumorigenesis."

Here we have revisited the impact of CENP-E or Nsll
depletion in tumorigenesis. For this purpose, we expressed
p35 and dsRNA forms of CENP-E or Nsll in specific terri-
tories of the wing primordia. We first used the ap-ga/4 driver
to induce transgene expression in the dorsal compartment
(Fig. 1A). The DNA content profile of dissociated cells
subject to CENP-E or Nsll depletion and expressing p35
revealed a high percentage with DNA content higher than
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Figure 1. CENP-E or NsI1 depletion induces aneuploidy and massive tissue over-
growth upon additional blockade of the apoptotic pathway. (A-H) Wing discs
expressing MyrT, p35, and dsRNA forms of the indicated genes under the con-
trol of the ap-gal4 driver (labeled in red), and stained for DAPI (blue or white).
Larvae were 6 d (A-D), 5d (E), 11 d (F), 8 d (G) and 9-d-old (H). All pictures were
taken at the same magnification. Bar in (A-H) represents 50 um. (I) DNA content
analysis by fluorescence-activated cell sorting (FACS) of dorsal (left panels) and
ventral cells (right panels) of wing primordia shown in (B and C), respectively.
Percentage of cells with DNA content higher than 4n is indicated. Genotypes:
ap-gal4,UAS-myrT/+; UAS-p35/+ (A), ap-gal4,UAS-myrT/+; UAS-CENP-ERVA/UAS-
p35 (B and F), ap-gal4,UAS-myrT/UAS-Nsl1fV4i: UAS-p35/+ (C and G), ap-gal4,UAS-
myrT/UAS—Nsl1fNA@D): - JAS-p35/+ (D and H), ap-gal4,UAS-myrT/+; UAS-p35/
UAS-CENP-EFfNAWIG) (E). d, days.
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4n (up to 30%) when compared with
control cells (Fig. 1I). This percentage is
very similar to that observed upon deple-
tion of bub3 in wing disc cells (around
30%'"). In contrast to the previous | &
report,'> we observed tissue overgrowth g
upon CENP-E or Nsll depletion (com-
pare Fig. 1A and B-E). Larvae express-
ing dsRNA forms of CENP-E or Nsll
together with p35 kept growing for lon-
ger than p35-expressing control larvae
and ultimately died (data not shown).
Interestingly, the resulting wing primor-
dia were massively overgrown, and the
cell population subjected to genetically
induced CIN (labeled in red) invaded
the neighboring wild-type (unlabeled)
territory (Fig. 1F-H). To better quan-
tify the tissue overgrowth caused by
CENP-E or Nsll depletion, we used

Ci DAPI

en>p35+ CENP-E R en>p35+ Ns/ 1 RV

P/A Ratio

o
Q.
&
(&
+

9}
™
Q

P35 Ci DAPI
‘ p35
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expression in the posterior compart-
ment, whereby the anterior compart-
ment serves as a control. Also, in this
case, strong overgrowth occurred in the
posterior compartment when compared
with the neighboring wild-type tissue
and with age-matched p35-expressing

Figure 2. CENP-E- or Ns/1-depleted tissues overgrow and invade neighboring tissues upon additional
blockade of the apoptotic pathway. (A-E) Wing primordia expressing the indicated transgenes in
posterior cells under the control of the en-gal4 driver, and stained for DAPI (blue), Ci (red) and p35
(green). Larvae were 5 d (A-C), 6 d (D), and 12-d-old (E). All pictures were taken at the same magnifi-
cation. Bar in (A-E) represents 50 um. Ci labels the anterior (A) compartment. (F) Histogram plotting
the P/A size ratio of wing primordia shown in (A-C). Genotypes: en-gal4,UAS-p35/+ (A); en-gal4,UAS-
p35/+; UAS-CENP-ERNAIi/+ (B and D); en-gal4,UAS-p35/UAS-NsI1RNAi (C); en-gal4,UAS-p35/UAS-
NslITRNAi(GD) (E). d, days.

wing discs (Fig. 2A-C, quantifica-
tion in Fig. 2F). Similarly to what hap-
pened with the ap-gal4 driver, larvae expressing dsRNA forms of
CENP-E or Nsll together with p35 under control of en-gal4 kept
growing for longer than p35-expressing control larvae and ulti-
mately died (data not shown). The resulting wing primordia were
massively overgrown, and the cell population subjected to geneti-
cally induced CIN (unlabeled in Fig. 2D or labeled in green in
Fig. 2F) invaded the neighboring, wild-type territory (labeled in
red, Fig. 2D and E). To further characterize the growth poten-
tial of the tissue subjected to CENP-E or Nsll depletion and
PCD blockade, wing tissue expressing p35, MyrTomato (MyrT),
and the corresponding dsRNA transgenes was transplanted
into the abdomen of adult females and maintained for 12 days.
While p35-expressing tissue scarcely grew after implantation
(Fig. 3A—A"), tissue depleted of CENP-E or Nsll and expressing
p35 grew several times larger than the controls expressing p35
alone and showed disorganized tissue architecture with extensive
folding (Fig. 3B—B" and C-C").

The JNK pathway plays a critical role in the tumorigenic
behavior of Drosophila epithelial cells,”?* and CIN-induced
tumorigenesis is not an exception.'” CIN-induced tumorigenesis
relies on highly aneuploid cells delaminating from the main epi-
thelium, activating JNK, and inducing the expression of JNK
targets Wg and MMP1. While Wy is an absolute requirement for
CIN-induced tissue overgrowth,' MMPs are well-known to con-
tribute to BM degradation both in flies and mammals.?2¢ We
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thus monitored the expression of these 2 JNK targets in tissues
depleted of CENP-E or Nsll. In wild-type wing primordia, Wg
is expressed in a stripe that corresponds to the future wing mar-
gin (Fig. 4L, white arrow) and MMP1 is not expressed (data not
shown). Both Wg and MMP1 were induced in the cell popula-
tion subjected to genetically induced CIN (Fig. 4A-D, F, and G,
the CIN-induced cell population is labeled in green; in Fig. 4A
and B, it is labeled by the absence of Ci expression; in green in
Fig. 4C and D, and it is not labeled in Fig. 4F and G). Most
interestingly, expression of these 2 JNK targets was also observed
in wing allografts depleted of CENP-E or Nsll and expressing
p35 (Fig. 3B" and C"). Ectopic expression of Wg and MMP1 was
mainly observed in delaminated cells located on the basal side of
the epithelium (Fig. 4A-E, compare Fig. 4E with Fig. 4M), and
the BM was clearly disrupted in the cell population subjected
to CIN (labeled with Laminin-vy, Fig. 4] and K, compare with
Fig. 40). Dissociation of Drosophila epithelial cells upon CIN is
thought to be a consequence of E-Cadherin mis-localization."
Consistent with this, E-Cadherin lost its tight junctional local-
ization in the delaminating cells of CENP-E- or Nsll-depleted
tissues (Fig. 4H and I, compare with Fig. 4N). These results
present unequivocal evidence that CENP-E or Nsll depletion
promotes tumorigenic behavior of epithelial cells—in terms of
invasiveness of the neighboring tissue, cell delamination, and BM

degradation—upon additional blockade of the PCD pathway.
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Figure 3. Depletion of CENP-E or Ns/1 drives tumor-like growth in allograft transplants. (A-C) Micrographs of adult flies carrying MyrT-labeled (red)
implants of the indicated genotypes. Pictures were taken 12 d after implantation, and ratios indicating the reproducibility of the phenotype are shown.
(A’-C") Allograft transplants of the indicated genotypes stained to visualize MMP1 (a’-c’, blue), Wg (A”-C", blue), MyrT (red) expression, and DAPI (blue
or white). Transplants were extracted 12 d after implantation. Bar in (a’-c”) represents 50 um. Genotypes: ap-gal4,UAS-myrT/+; UAS-p35/+ (R-RA"); ap-
gal4,UAS-myrT/+; UAS-CENP-EfN/UAS-p35 (B-B"); ap-gal4,UAS-myrT/UAS-Nsl1"N4: UAS-p35/+ (C-C”). d, days.

Discussion

Several mitotic checkpoint proteins exert non-SAC functions,

such as transcriptional regulation'®

or nuclear import.”” A recent
report proposes a SAC-independent tumor suppressor role of
mitotic checkpoint genes in Drosophila epithelial tissues upon the
inhibition of apoptosis.”® According to this report, depletion of
the SAC gene bub3 caused overgrowth, with a remarkable 100%
penetrance, of wing disc cells unable to enter apoptosis (see also
ref. 10). In contrast, the penetrance of tissue overgrowth upon
depletion of other SAC genes, such as Mad2 or BubR1, was much
lower (10-30%), and CENP-E or Nsll depletion does not cause
any detectable growth phenotype. Similar observations were
made in allograft transplants of the corresponding genotypes.?
Although the authors state that these results present evidence that
aneuploidy resulting from an impaired SAC is not sufficient to
drive tumorigenesis, the levels of aneuploidy—measured by cel-
lular DNA content analysis or by karyotypic analysis of mitotic
cells—was relatively heterogenous in the different genetic back-
grounds tested."”” Depletion of Bub3 induced by far the most sig-
nificant levels of aneuploidy (around 30% in mitotic cells) when
compared with Mad2-, BubR1-, CENP-E-, or Nsl1-depleted cells
(12-19%)." These observations suggest that tissue overgrowth
occurs only above a particular percentage of aneuploid cells

www.landesbioscience.com

present in the tissue. Consistent with this proposal, we found
that the levels of aneuploidy (around 30%)—measured by cel-
lular DNA content analysis—in CENP-E- or Nsll-depleted tis-
sues were very similar to those obtained in 6#63-depleted ones,"
and the response of the tissue to depletion of any of these 3 genes
was exactly the same. These results, together with those previ-
ously reported upon depletion of other SAC genes (rod), genes
involved in the spindle assembly (abnormal spindle [asp]), chro-
matin condensation (o7¢2), and cytokinesis (diaphanous [dia]),"
all causing significant levels of aneuploidy (around 30%), rein-
force the proposal that CIN plays a major tumorigenic role in
Drosophila epithelial cells upon additional blockade of the PCD
pathway and question the SAC-independent tumor suppressor
role of mitotic checkpoint genes.'”> While high rates of CIN exert
a tumor suppressor function in mouse models,® our results indi-
cate that a minimum rate of CIN is required in the tissue to cause
tumor-like growth. This model system provides an ideal genetic
experimental set up to identify new molecular elements involved
in CIN-induced tumorigenesis in epithelial tissues. Remarkably,
one common feature in the spectrum of spontaneous tumors in
the various CIN mouse models analyzed so far is the predomi-
nant formation of tumors in lung epithelial cells.? Whether JNK
activity or Wnt expression also play a crucial role in this context
remains to be elucidated.
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Figure 4. Cell delamination, Wingless, and MMP1 expression, and basement membrane degradation in CENP-E- or Ns/1-depleted tissues. (A and B) Wing
primordia expressing the indicated transgenes under the control of the ap-gal4 driver, and stained for MyrT (green), MMP1 (red) and DAPI (blue). Basal
sides of the epithelia are shown. (C and D) Wing primordia expressing the indicated transgenes under the control of the en-gal4 driver, and stained for
Wg (red), and Ci (green). Ci labels the anterior (A) compartment. Ectopic expression of Wg was mainly observed in the basal side of the epithelium. White
arrows indicate the endogenous expression of Wg along the future wing margin. (E) Cross-section of a wing pirmordium expressing the indicated trans-
genes under the control of the en-gal4 driver and stained for DAPI (blue) and Wg (red). ap, apical, and bs, basal. (F and G) Wing primordia expressing the
indicated transgenes under the control of the en-gal4 driver, and stained for DAPI (blue), E-cad (green), and MMP1 (red). (H and 1) Magnification of the
apical (ap) and basal (bs) sections of the wing primordial are shown in (F and G). In (C, D, and F-I), anterior (A) and posterior (P) compartments are indi-
cated. (J and K) Cross-sections of the posterior compartment of wing primordia expressing the indicated transgenes under the control of the en-gal4
driver and stained for DAPI (blue), laminin-vy (labels the BM, in green), and MMP1 (red). Expression of MMP1 is restricted to delaminated cells (marked in
red). ap, apical; bs, basal. (L) Wild-type wing primordium stained for Wg (red). White arrow indicates the endogenous expression of Wg along the future
wing margin. (M) Cross-section of a wild-type wing pirmordium stained for DAPI (blue), and Wg (red). ap, apical; bs, basal. (N) Magnification of the apical
section of a wild-type wing pirmordium stained for E-cad (green) expression. (0) Cross-section of a wild-type wing pirmordium stained for DAPI (blue),
laminin-y (green), and E-cad (red). ap, apical; bs, basal. Genotypes: ap-gal4,UAS-myrT/UAS—Nsl1fN4CD; UAS-p35/+ (R), ap-gal4,UAS-myrT/+, UAS-p35/ UAS-
CENP-EFNAIEL (B), en-gal4,UAS-p35/UAS-Nsl1:V (C, E, F, H, and J); en-gal4,UAS-p35/+; UAS-CENP-E-N/+ (D, G, I, and K), wild-type (L-0).

Materials and Methods anti-Laminin-y (1:50) (ab47651, AbCam); rat anti-E-cadherin

(1:50) (DCAD2, DSHB) were used at the indicated dilutions.

Fly stocks

The following dsRNA forms of CENP-E and Nsll were
used in this work: UAS—CENP-E*™ (ID 35081, VDRC);
UAS—CENP-ERV4BLD (P[TRiP.HM]J21427]attP40, ID 54004
Bloomington Stock Center); UAS—CENP-EFY4WV (ID 6392
R-2, National Institute of Genetics NIG-Fly); UAS—Ns/I*V (ID
106889, VDRC); UAS—Ns/1#¥4D) (ID 19530, VDRC).

Immunohistochemistry

Rabbit anti-p35 (1:200) (IMG5740, IMGENEX); rat
anti-Ci (1:10) (2A1, DSHB); mouse anti-Wg (1:20) (4D4,
DSHB); mouse anti-MMP1 (1:20) (14A3D2, DSHB); rabbit
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Quantification of tissue growth

Sizes of the A and P compartments in experimental wing
primordia were measured using the Image] Software (NIH). At
least 10 wing discs per genotype were scored. The average P/A
ratio and the corresponding standard deviations were calculated
and £ test analysis was performed.

Flow cytometry analysis

Wing imaginal discs of each genotype were dissected in cold
PBS, dissociated with trypsin-EDTA at 32 °C for 45 min, and
fixed with 4% formaldehyde for 20 min. Cells were centrifuged
at 2000 rpm for 2 min, resuspended in 1 ml of 70% ethanol, and
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incubated for 1 h at room temperature (RT). After centrifugation,
the pellet was resuspended in PBS with DAPI 1 mg/mland RNase
100 mg/ml and incubated for 1 h at RT. DAPI fluorescence was
determined by flow cytometry using a FacsAria I SORP sorter
(Beckton Dickinson). Excitation with the blue line of the laser
(488 nm) permits the acquisition of scatter parameters. Green
laser (532 nm) was used for MyrT" excitation, and a UV laser
(350nm) for DAPI excitation. Doublets were discriminated using
an integral/peak dotplot of DAPI fluorescence. Cell cycle histo-
grams were obtained on each sample according to the MyrT fluo-
rescence, and cell cycle analysis was done on DAPI fluorescence
collected at 440 nm. DNA analysis (ploidy analysis) on single
fluorescence histograms was done using Summit software (Dako).

Allograft transplants

Wing discs expressing MyrT" and p35, or MyrT, p35, and the
corresponding UAS-transgenes that cause CIN were dissected
from third instar larvae and transferred to cold PBS. Discs were
fragmented into small pieces using electrolytically sharpened

tungsten needles and implanted into the abdomens of virgin w'/®
females, as described in reference 27. Tumors were recovered 12 d
after implantation for analysis.
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