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Summary

RAS genes are frequently mutated in cancers, yet an effective treatment has not been developed.
This is partly due to an incomplete understanding of signaling within Ras-related tumors. To
address this, we performed a genetic screen in Drosophila, aiming to find mutations that cooperate
with oncogenic Ras (Ras¥?4) to induce tumor overgrowth and invasion. We identified fiery
mountain (fmi), a regulatory subunit of the protein phosphatase 6 (PP6) complex, as a tumor
suppressor that synergizes with Ras¥Z? to drive JINK-dependent tumor growth and invasiveness.
We show that Fmt negatively regulates INK upstream of dTAK1. We further demonstrate that
disruption of PpV; the catalytic subunit of PP6, mimics 7mtloss of function induced
tumorigenesis. Finally, Fmt synergizes with PpV to inhibit INK-dependent tumor progression. Our
data here further highlight the power of Drosophila as a model system to unravel molecular
mechanisms that may be relevant to human cancer biology.
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Introduction

The RAS family genes (HRAS, NRAS and KRAS) are the most frequently mutated genes in
cancer (Ryan et al., 2015; Vogelstein et al., 2013). The discovery of RKASin 1982 has
catapulted the pursuit of an anti-RAS therapy to the forefront of pharmaceutical cancer
research (Cox et al., 2014; Der et al., 1982; Ryan et al., 2015; Samatar and Poulikakos,
2014). However, despite several decades of concentrated effort and breakthroughs,
successful therapeutic methods targeting RAS-related cancers remain to be developed (Cox
etal., 2014; Ryan et al., 2015; Stephen et al., 2014), largely due to the lack of a systematic
understanding of the complex signaling crosstalk within KAS tumors.

A large scale screenable tool would be beneficial to comprehensively dissect genetic
alternations in the RAStumors. Given conservation of cancer-related genes and signaling
pathways between humans and Drosophila (Reiter et al., 2001), and taking into account the
difficulty of systematically study the mechanisms of tumor progression in patients,
Drosophila has been widely used as an /77 vivo model to study the genetic mechanism and
signaling pathways that regulate various aspects of cancer biology, using relative easy
genetic manipulation (deletion/overexpression) and large scale screens (Brumby et al., 2011;
Chi et al., 2010; Khoo et al., 2013; Pastor-Pareja and Xu, 2013). Indeed, over the past
decade, numerous tumor growth and invasion models have been established in larvae and
adult flies (Figueroa-Clarevega and Bilder, 2015; Gonzalez, 2013; Kwon et al., 2015;
Pagliarini and Xu, 2003; Pastor-Pareja and Xu, 2013; Rudrapatna et al., 2012; Willoughby et
al., 2013). In particular, oncogenic Ras (Ras¥Z2) has been shown to cooperate with mutants
that disrupt cell polarity to drive tumor growth and invasion in fly (Brumby and Richardson,
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2003; Pagliarini and Xu, 2003). The existence of these models and tools makes Drosophila a
fantastic /7 vivo model to dissect RasV2Z mediated tumorigenesis.

Here we performed a large scale EMS-induced genetic screen, aiming to unearth tumor
suppressors that can synergistically enhance RasY2Z induced tumor growth. We identify Fmt
as a tumor suppressor that negatively regulates JNK signaling. The combination of RasVZ?
with loss of fmtinduces dramatic tumor overgrowth and invasion behavior upstream of
dTAK1. We further show that PpV, the homolog of mammalian catalytic subunit of the
protein phosphatase 6 (PP6), also functions as a tumor suppressor and synergizes with Fmt
in vivoto inhibit INK mediated tumorigenesis. These findings not only shed light on the
molecular mechanism of PP6-mediated tumorigenesis, but also provide a potential target for
drug development for oncogenic Ras related cancer.

Fmt encodes a novel tumor suppressor that synergizes with RasV12 to drive tumorigenesis
and invasion

Based on the observation that oncogenic Ras (RasV24) alone can only induce mild benign
tumors (Brumby and Richardson, 2003; Pagliarini and Xu, 2003), we utilized the ey~FLP
based MARCM (mosaic analysis with repressible cell marker) technique to conduct an
EMS-induced forward genetic screen on Drosophila chromosome 3L, aiming to identify
novel tumor suppressors that can synergize with RasV2to drive dramatic tumor overgrowth
and invasion in the developing eye (Figure 1A). We screened more than 20,500 mutagenized
chromosomes and successfully identified over 200 mutations that accelerate the growth of
RasY22 tumors (details of the screen will be published elsewhere). Among the candidates,
we isolated a recessive-lethal complementation group consisting of four alleles that
exhibited invasive tumor overgrowth (Figures SIA-B). Subsequent deficiency mapping
revealed that each one disrupted the gene CG10289, which encodes a highly conserved 991
amino acid protein, homologous to human PPP6R1, PPP6R2 and PPP6R3 (protein
phosphatase 6 regulatory subunits) (Figure S1C). We named CG10289 fiery mountain (fmi),
after a famous Chinese mountain in Xinjiang province.

7 days after egg laying (AEL), the RasVZ2/fmt~ clones hyper-proliferate extensively,
compared with Ras¥Z2 expression alone (Figures 1 B and S1D), whereas no GFP positive
cells were observed in the ventral nerve cord (VNC) (Figures 1B” and S1D”), a well-known
organ for tumor cell invasion observation in Drosophila (Igaki et al., 2006; Pagliarini and
Xu, 2003). At 11 days AEL, with continuous tumor progression, 45% of RasY22/fmr "~
animals displayed invasive behavior (Figures 1C and C”), along with intensive MMP1
activation, a protein essential for basement membrane degradation and EMT progression
(Srivastava et al., 2007; Uhlirova and Bohmann, 2006), in both primary tumor and invasive
leading edge (Figures 1D”, E” and S1IM-P). In agreement with this, we also observed
dramatically increased autonomous mitosis and enhanced epithelial integrity in RasVZ2/
fmt”~ tumors (Figures S1IE-L). Conversely, we did not detect significant changes in
apoptosis (Figures S1Q-S). Taken together, these findings identify Fmt as a novel tumor
suppressor that can synergize with RasV?2to induce tumor growth and invasion.
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Fmt negatively regulates JNK signaling

MMP1 serves as a transcriptional target of JNK signaling in tumor cell invasion (Srivastava
et al., 2007; Uhlirova and Bohmann, 2006), suggesting that RasY22/fmt/~ may promote
tumorigenesis via JNK activation. Consistent with this prediction, a canonical JNK pathway
target, puc, was strongly activated in RasV22/fmr”~ tumors (Figures S2A-B). Interestingly,
we found that depletion of 7mtalone was sufficient to induce mild JNK activation
autonomously (Figures 2B’-C”), indicating that Fmt is a negative regulator of the JINK
pathway. To further test this, we first asked whether Fmt is essential for the small eye
phenotype caused by ectopic expression of Eiger (Egr), the sole TNF-a ligand which
activates INK in Drosophila (1gaki et al., 2002; Moreno et al., 2002). We found that
GMR>Egr induced small eye phenotype was significantly enhanced by reducing fmt
expression, while expression of fmt-/R itself caused no obvious phenotype (Figures 2D-G).
We have previously shown that scribbled (scirb) deficient cells undergo JNK-dependent
elimination (lgaki et al., 2009), so we tested whether Fmt is required for this process. As
expected, the survival defect of scrib mutant clones was significantly rescued by ectopic
expression of Fmt (Figures 2H-K). Furthermore, consistent with our hypothesis, we found
that inhibition of JNK activity by expression of a dominant negative form of Drosophila
JNK homolog Basket (BskPN) completely abolished RasV22/fmr”~ induced tumor growth,
invasive phenotype and JNK activation (Figures 2L, M and S2C-G). Together, these data
indicate that Fmt negatively regulates JNK signaling /n vivo.

To further dissect the mechanism of how Fmt modulates JNK signaling, we performed
epistasis analysis between Fmt and known JNK pathway components in the developing
wing. Similar to elevated JNK activation (Ma et al., 2015; Ma et al., 2013), expression of
fmt-IR under patched (ptc) promoter resulted in partial or complete loss of the anterior cross
vein (Figures 2N and S2H-1), which can be significantly suppressed by co-expression of the
JNK phosphatase Puckered (Puc), expression of BskPN, reducing activity of JNK kinase
Hemipterous (Hep), or inhibition of dTAKZ, whereas it remained unaffected by blocking
dTRAF2 or Msn (Figure 20). In agreement with this genetic evidence, we found inhibition
of dTAK1 activity also significantly impeded RasV22/fmr induced tumor growth and
completely suppressed the invasive behavior (Figures S2J-K). Together, these data
demonstrate that Fmt negatively regulates JNK signaling upstream of dTAK1.

PpV depletion synergizes with RasV12 to induce dTAK1-JNK dependent tumorigenesis

Fmt contains an evolutionarily conserved SAPS (SIT4 phosphatase-associated proteings)
domain (Figure S1C), encoding a regulatory subunit, which interacts with another catalytic
subunit (PPP6C, PpV in Drosophila) to form a functional PP6 holoenzyme (Douglas et al.,
2010; Hosing et al., 2012). Interestingly, PPP6C has been recently recognized as a potential
tumor suppressor, since it is significantly mutated in melanoma, although the underlying
mechanism remains poorly understood (Hodis et al., 2012; Krauthammer et al., 2012).
Paradoxically, studies in fly indicate that PoV/depletion results in a growth defect (Friedman
etal., 2011), suggesting a growth promoting role for PPP6C. To resolve this contradiction
and clarify PpV'’s in vivorole during tumor progression, we generated a null allele of AoV
that deletes its entire coding region by imprecise Pelement excision (Figure S3A). Similar
to that of 7mt¢disruption, we observed mild JNK activation in PpV mutant clones (Figures
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3A-B). In line with this, we found loss of PpVsignificantly enhanced GMR>Egr induced
small eye phenotype (Figures 3C-D and S3C-D), illustrating the role of PpV as a negative
regulator of INK signaling. More importantly, loss of AoV synergizes with RasYZ? to drive
massive MMP1 activation, tumor overgrowth, invasion and metastasis into other organs
(Figures 3E-F, 1-J and S3B, E-F). Consistent with the epistasis analysis of Fmt, we found
PpV"~/RasV?Z induced tumor progression was completely or dramatically impeded
blocking JNK activity (Figures 3G, H, K and S3G), or inhibition of dTAK1 (Figure S3H).
Collectively, these data indicate that PpV encodes a tumor suppressor that collaborates with
RasV22 to drive INK-dependent tumor growth and invasion through dTAK1.

Fmt synergizes with PpV in vivo

To gain further insights into the /n vivo function(s) of Fmt and PpV in regulating the INK
pathway, we knocked down or ectopically expressed Fmt and PpV in different tissues. We
found that simultaneous reduction of Fmt and PpV under nubbin (nub) promoter
synergistically reduced wing size, phenocopying elevated JNK activity (Lee et al., 2006), an
effect that is not observed under expression of Fmt-/R or PoV-IR alone (Figures 4H-L).
Similarly, removing one copy each of fmtand PpV/ synergistically enhance GMR>Eiger eye
phenotype and result in a complete loss of the eye tissue (Figures 4A-D). Conversely,
ectopic expression of Fmt and PpV suppress GMR>Egr-induced small eye in a synergistic
way (Figures 4E-G). We previously showed that the combination of cell polarity disruption
and RasVZ activation induces JNK dependent tumor growth and invasive behavior (Igaki et
al., 2006; Pagliarini and Xu, 2003). In accordance with the observation that Fmt and PpV
negatively regulate the JINK pathway (Figures 2 and 3), we found that over-expression of
Fmt or PpV alone is sufficient to partially or completely suppress the tumor invasion and
rescued the /g//~/Ras"22 bearing animals to pupae stage (Figures 4F—H, F”—H"), while the
tumor size remained relatively unaffected (Figures 4F —H"). Strikingly, when Fmt and PpV
were co-expressed, lg/”~/RasV?Z induced tumor growth, invasion and MMP1 activation
were dramatically suppressed (Figures 41-1” and S4C-D), indicating a synergistic role of
Fmt and PpV in tumor inhibition. It is noteworthy that residual MMP1 activation still
detected, in line with our observation that co-expression of Fmt and PpV cannot fully
suppress GMR>Egr small eye phenotype (Figure 4G). As tumor progression is frequently
accompanied by apoptosis (Menendez et al., 2010; Vidal et al., 2006), to test if Fmt and PpV
block tumorigenesis by inducing apoptosis, we monitored caspase 3 activation and found
that co-expression of Fmt and PpV did not induce massive apoptosis in RasY22/lgl"clones
(Figure S4), suggesting that the tumor suppressing role of Fmt and PpV is uncoupled from
apoptosis. Finally, we found that co-expression of Ras¥?2and PpV4/R induced mild tumor
overgrowth and MMP1 activation was dramatically enhanced by deleting one copy of fmt
(Figures SAE-G), further confirming the /n vivo synergistic effect between Fmt and PpV in
tumorigenesis.

Discussion

In this study, we have conducted an unbiased, EMS-based forward genetic screen and
identified Fmt and PpV as tumor suppressors that cooperate with Ras¥Z? to induce massive
tumor overgrowth and invasion. Our genetic epistasis analysis establish Fmt and PpV as
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essential negative regulators of the JINK pathway, acting upstream of dTAK1 (Figure 4J).
Moreover, we found that Fmt/PpV synergistically inhibits JINK-mediated tumorigenesis /n
vivo. Interestingly, the human homolog of PpV, the catalytic subunit of the PP6 holoenzyme
(PPP6C), was recently identified as a driver mutation during melanoma progression.
Approximately 10% of patients were found to harbor PPP6C somatic mutations (Hodis et
al., 2012; Krauthammer et al., 2012), and surprisingly, all of them had BRAFor RAS
mutations as well (Krauthammer et al., 2012). Apart from the known roles of PP6 in
regulating cell cycle and mitosis (Stefansson and Brautigan, 2007; Zeng et al., 2010), little is
understood about the genetic mechanism by which it modulates tumor growth. Here, we
have uncovered the underlying mechanism of £P6~/Ras"2Z induced tumor overgrowth, and
identified dTAK1-JNK signaling as the essential molecular link, which also further
demonstrates the value of the Drosophila model system for gaining insight into human
cancer biology. Interestingly, human PP6 is known to directly bind and dephosphorylate
TAK1 at Thr-187 (Kajino et al., 2006), suggesting a conserved role of PP6-TAK1 module.
Given the conservation of signaling pathways between Drosophila and humans, similar
mechanisms could be involved in human PP6-RasV22 related cancer progression. Further
investigation in mammal and human may provide potential therapeutic targets for cancer
treatment, especially melanoma.

Experimental Procedures

Drosophila stocks and genetics

All crosses were raised on standard Drosophila media at 25°C unless otherwise indicated.
Fluorescently labeled clones were produced in the eye discs as previously described
(Pagliarini and Xu, 2003) using the following strains: fu6-Gal80, FRT19A; ey-Fip5,
Act>y>Gald, UAS-GFP (19A tester); ey-FlpI; tub-Gal80, FRT40A; Act>y*>Gal4, UAS
GFP (40A tester); ey-FipI; Act>y™>Gal4, UAS-GFP; tub-Gal80, FRT79E (79E tester);
eyFipl; Act>y™>Gal4, UAS-GFP.S65T; FRT82B, fub-Gal80 (82B tester). Additional strains,
including KG09672, GMR-Gal4, ptc-Gald, nub-Gald, UAS-GFP, UAS-msn-IR, UAS-PpV
(#53770) were obtained from Bloomington Drosophila Stock Center; UAS-dTAK1PN, UAS-
AdTRAF2-IR (Xue et al., 2007), puctb9, UAS-Eqr, IgF, UAS-RasV12 UAS-Puc (Ma et al.,
2014), UAS-BskPN, UAS-hep-IR (Ma et al., 2015), scrib! (1gaki et al., 2009) were
previously described. UAS-PpV-IR (V31690) and UAS-Fmt-IR (V16005) were obtained
from the Vienna Drosophila RNAi Center; UAS-PpVHA (F000874) was obtained from
FlyORF.

PpV mutants were generated by imprecise excision of the the Pelement insertion line
KG09672. Genomic DNA of isolated candidate mutants were isolated and analyzed by PCR.
Sequence analysis indicated that the PoVAZ allele deletes the entire coding region of PpV,
suggesting that ZoVA7 is a null allele.

UAS-Fmt transgenic flies were generated by standard P element-mediated transformation.
Two independent lines (on second and third chromosomes) were produced and examined for
each transgene, and gene expression was verified by RT-PCR.
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EMS mutagenesis and genetic screen

We focus on the left arm of chromosome 3, which covers around 20% of the fly genome.
Male flies carrying a FRT79E (Sp/CyO-GFP; FRT79E) were starved for 8 hr and
subsequently fed a 25 mM ethyl methanesulphonate (EMS) solution overnight at room
temperature. The mutagenized males were mated to females of the genotype UAS-RasVZ?:
SUITM6B. Single F1 males of the genotype UAS-RasV2Z/CyO-GFP; *FRT79E/TM6B were
crossed to Sp/CyO; sb/TMB6B first and then crossed to a 79E tester line. The larvae are
transparent and can be easily scored for overgrowth of GFP-labeled tumor caused by
enhancer mutations.

Immunostaining

Third instar larvae eye-antennal discs were dissected in 1x PBS, fixed in freshly made 4%
paraformaldehyde and stained as described previously (Ma et al., 2013), using mouse anti-
MMP1 (1:200), mouse anti-B-Gal (1:1000, DSHB, Developmental Studies Hybridoma
Bank), rabbit anti-phospho histone 3 (PH3) (1:200), rabbit anti-active Caspase 3 (1: 400)
and Alexa Fluor®555 (1:100, Cell Signaling Technology). Secondary antibodies were anti-
rabbit-Alexa (1:400), and anti-mouse-Cy3 (1:400, Thermo Fisher Scientific). Tumor growth
and invasion images in Figureure 1 and 4 were taken with a Leica MZ FLIII fluorescence
stereomicroscope with an Optronics Magnafire S99802 digital camera.

Statistical analysis

Clone and wing size were measured with Image J and Photoshop, respectively.
Quantification of the data was presented in bar graphs created with Graphpad Prism 5. Data
represents mean values + SD. We used a one-way ANOVA with Bonferroni correction for
multiple comparisons to calculate statistical significance (**/<0.01; ***/<0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. An EMS-based genetic screen in fly identifies Fmt as a tumor suppressor
. Loss of Fmt synergizes with Ras¥Z? to induce JNK-dependent tumorigenesis
. PpV depletion phenocopies Fmt disruption-induced tumorigenesis
. Fmt synergizes with PpV in vivo

Cell Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maet al. Page 11

oW /ae Ras"” |__7daysAEL || 11days AEL || 11 days AEL |
A ,.r';‘ .{ }. .;\ GFP
1@ o0 ifeg! GEp
\\‘ .' i ! 2

EMS induced 'f
mutagenesis

— | RasV?,fmt- __ jRas"’?, ;"m gy ="

Figure 1. Loss of Fmt synergizes with Ras¥12 to induce tumorigenesis and invasion

(A) Strategy of an EMS-induced forward genetic screen to identify novel Ras"Z?
collaborating tumor suppressors on chromosome 3L.

(B-E) Fluorescence micrographs of GFP-labeled clones of dissected eye-antennal disc and
ventral nerve cord (VNC) are shown. 7 days after egg laying (AEL), ectopic RasVZ2
expression caused benign tumor growth (B), but not invasion (B”). 11 days AEL,
RasY22/Fmit~ tumor bearing animals showed massive growth and invasion into the VNC (C
and C"), as indicated by intensive MMP1 staining in both eye disc (D-D”) and VNC (E-E
. Scale bars, 200 pm in (B, C, D-D”), 100 ym in (B”, C’, E-E”). Genotypes: (B) ey~
Flpll+; Act>y*™>Gal4, UAS-GFP/UAS-RasV?, tub-Gal80, FRT79E/FRT79E (C-D) ey~

Flp1l+; Act>y*™>Gal4, UAS-GFP/UAS-RasV2, tub-Galg0, FRT79E/fmt, FRT79E. See also
Figure S1.

Cell Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 12

(GMR>Egr
il GMR>Egr +fmt-IR

Clone size % x

o23H888883

v {t N
scrib’™+Fmt __

A R

EOcomplets ACY ERIPartial ACY loss EBComplate ACY lows

2885883888 0

a & 2 LA *
o° L ,@f o @
ple>FmiiR

Figure 2. Fmt negatively regulates JINK signaling
(A-C) Fluorescence micrographs of eye discs are shown. Compared with wild type (A), loss

of Fmtinduces mild JNK activation (B and C). (D-G) Light micrographs of Drosophila
adult eyes of indicated genotypes are shown. Loss of £misynergistically enhanced
GMR>Egr-induced small eye phenotype (F and G), whereas expression of Fmt-/R alone
gave no obvious phenotype (E). (H-K) Compared with wild type (H), scrib depletion
induced cell elimination (1) was rescued by expression of Fmt (J). (K) Quantification of cell
elimination phenotype in H-J. **/<0.01, ***/<0.001. (mean + s.d., n=5). (L—M) Inhibition
of JNK signaling completely abolished RasY22/Fmt/~ induced MMP1 activation and
invasion behavior. (N) Light micrographs of Drosophila adult wings are shown. Loss of Fmt
under ptc-Gal4 caused partial (middle lane) or complete loss of anterior cross vein (right
lane). (O) Quantification of vein loss phenotype of indicated genotypes. Scale bars, 100 um
in (A, B, H-J, M=-M"), 50 um in (C, C”), 200 um in (L-L"). Genotypes: (A) ey-Flp1l+;
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Act>y*>Gald, UAS-GFP/+ tub-Gal80, FRT79E, puct9FRT79E (B-C) ey-Flpll+;
Act>y*>Gald, UAS-GFP/+; tub-Gal80, FRT79E, puct®d fmt!, FRTT9E (D) GMR-Gal4/+
(E) GMR-Gal4l+; UAS-Fmt-IRA (F) UAS-Egri+; GMR-Gal4/+ (G) UAS-Egr/ UAS-Fmt-IR,
GMR-Gald/+ (H) eyFlp1/+ Act>y*>Gald, UAS-GFP.S65T/+; FRT82B, tub-Gal80/FRT82B
(1) eyFIp1/+ Act>y*>Gald, UAS-GFP.S65T/+; FRT82B, tub-Gal80/FRT82B, scrib? (J)
eyFipl/+, Act>y™>Gald, UAS-GFP.S65T/ UAS-Fmt; FRT82B, fub-Gal80/FRT82B, scrib?
(L-M) ey-Flp1l UAS-BSKPN; Act>y*>Gald, UAS-GFP/UAS-RasV2Z; tub-Gal8o,
FRT79E/fmt, FRT79E (O) Left to right, ptc-Gald, UAS-GFP/+. ptc-Gal4, UAS-GFP/UAS-
Fmt-IR. ptc-Gal4, UAS-GFP/UAS-Fmt-IR, UAS-Pucl+. ptc-Gald, UAS-GFP/ UAS-Fmt-IR:
UAS-BskPN/+. ptc-Gal4, UAS-GFP/ UAS-Fmit-IR, UAS-hep-IRI+. ptc-Gald, UAS-GFP/
UAS-Fmt-IR. UAS-dTAK1PN/+. ptc-Gald, UAS-GFP/UAS-Fmt-IR, UAS-dTRAF2-IRI+.
plc-Gald, UAS-GFP/UAS-Fmit-IR, UAS-msn-IRI+. See also Figure S2.
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Figure 3. Loss of PpV collaborates with RasV12 to drive JNK-dependent tumor growth and
invasion

(A-B) Loss of PpVinduces mild JNK activation. (C-D) Light micrographs of Drosophila
adult eyes of indicated genotypes are shown. Loss of PoV/synergistically enhances
GMR>Egr induced small eye. (E-H) Fluorescence micrographs of GFP-labeled clones of
eye-antennal disc and VVNC are shown. PpV//~/Ras"22 induced MMP1 activation,
tumorigenesis and invasion behavior (E and F) were all completely suppressed by blocking
JNK signaling (G and H). (I-K) Compared with loss of AoV alone (1), PoV 7/ /RasV?
clones displayed strongly increased mitosis (J°), which was dramatically suppressed by
reducing JNK activity (K"). Scale bars, 100 um in (A, F-F”, H-H”, 1-K"), 50 ym in (B-B
"), 200 um in (E-E”, G-G”). Genotypes: (A-B) PoVAL FRT19A/tub-Gal80, FRT19A; ey~
Flp5, Acty*>Gald, UAS-GFP/+; puckb9/+ (C) UAS-Egr/+; GMR-Gal4/+ (D) UAS-Egr/+;
GMR-Gal4l UAS-PoV-IR (E, F, J) Po\AL FRT19A/tub-Gal80, FRT19A; ey-Flp5,
Acty*>Gald, UAS-GFP/UAS-RasV?2 (G, H, K) PoVA1 FRT19A/ tub-Gal80, FRT19A; ey
Flp5, Acty*>Gald, UAS-GFP/UAS-RasV12, UAS-BskPN/+ (1) PoVAL FRT19A/ tub-Gal8o,
FRT19A,; ey-Flp5, Act>y*>Gal4, UAS-GFP/+. See also Figure S3.
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Figure 4. PpV synergizes with Fmt in vivo
(A-G) Light micrographs of Drosophilaadult eyes are shown. Removing one copy of fmior

PpVslightly enhances GMR>Egr small eye, while simultaneously remove one copy of each
results in complete eye loss. Co-expression of Fmt and PpV synergistically suppress
GMR>Egr eye phenotype.

(H-K) Light micrographs of Drosophila adult wings are shown. Compared with controls
(H), loss of either Fmt (1) or PpV/(J) driven by nub-Gal4 produced no obvious phenotype,
while co-expression of Fmt-/Rand PpV-/IR resulted in smaller wings (K). (L) Quantification
data of wing size in A-D. (M-P) Fluorescence micrographs of GFP-labeled clones of eye-
antennal disc and VNC are shown. /g//"/Ras¥2? induced tumor overgrowth (M”), invasion
(M”), and eventually death as giant larvae (M). Ectopic expression of Fmt partially restored
the pupation (N), significantly suppressed tumor invasion (N”), but not tumor growth (N”).
Expression of PpV alone is sufficient to completely suppressed invasive phenotype (O”) and
dramatically restored pupation (O), whereas tumor size was only slightly suppressed, if there
is any (O"). Co-expression of Fmt and PpV dramatically suppressed tumor progression,
including tumorigenesis and invasion (P” and P”), and rescued all the animals to pupal stage
(P). % indicates phenotype penetrance ratio. (Q) Model of PpV and Fmt in RasYZ2-induced
tumorigenesis. Scale bars, 400 pm in (M—P), 200 um in (M’-P"), 100 pm in (M”-P”).
Genotypes: (A) UAS-Egr/+; GMR-Gal4/+ (B) UAS-Egr/+; GMR-Gal4/ fmt, FRT79E (C)
PpVAL FRT19A/+; UAS-Egr/+; GMR-Gal4/ + (D) PoVAL FRT19A/+; UAS-Egr/+; GMR-
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Gal4/ fmt, FRTT9E (E) UAS-Egr/ UAS-Fmt; GMR-Gal4/+ (F) UAS-Egr/+; GMR-Gal4/
UAS-PpV (G) UAS-Egr/ UAS-Fmt; GMR-Gal4/ UAS-PpV (H) nub-Gala/+ (1) nub-Gal4/
UAS-Fmit-IR (3) nub-Galal+; UAS-PoV-IRI+ (K) nub-Galdl UAS-Fmit-IR, UAS-PoV-IRI+
(M) ey-Flpll+; tub-Gal80, FRT40A/lgl, FRT40A, UAS-RasV1Z. Act>y™>Gal4, UAS-GFP/+
(N) ey-Flpll+; tub-Gal80, FRT40A/lgF, FRT40A, UAS-RasV12: Act>y*>Gald, UAS-GFP/
UAS-Fmt (O) ey-Flpi/+; tub-Gal80, FRT40A/IgF, FRT40A, UAS-RasV12, Act>y*>Gal4,
UAS-GFP/UAS-PpV (P) ey-Flpll+; tub-Gal80, FRT40A/lgl*, FRT40A, UAS-RasV1Z,
Act>y>Gald, UAS-GFP/UAS-Fmt, UAS-PpV. See also Figure S4.
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