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ABSTRACT

The proto-oncogene YAP /Yki, a transcription co-factor of the Hippo pathway, has been linked to
many cancers. YAP interacts with DNA-binding TEAD/Sd proteins to regulate expression of its
transcriptional targets. Disruption of YAP-TEAD therefore offers a potential therapeutic
strategy. The mammalian Vestigial Like (VGLL) protein, specifically its TONDU domain, has
been shown to competitively inhibit YAP-TEAD interaction and a TONDU peptide can suppress
Y AP-induced cancer. As TONDU could potentially be developed into a therapeutic peptide for
multiple cancers, we evaluated its efficacy in Yki-driven adult Intestinal Stem Cell (ISC) tumors
in Drosophila. We show that oral uptake of the TONDU peptide is highly effective at inhibiting
Yki-driven gut tumors by suppressing YAP-TEAD interaction. Comparative proteomics of early
and late stage Yki-driven ISC tumors revealed enrichment of a number of proteins, including
members of the integrin signaling pathway, such as Talin, Vinculin and Paxillin. These, in turn
displayed a decrease in their levels in TONDU-peptide treated tumors. Further, we show that Sd
binds to the regulatory region of integrin-coding gene, mew, which codes for aPS1, a key
integrin of the ISCs. In support to a possible role of integrins in Yki-driven ISC tumors, we show
that genetic downregulation of mew arrests Yki-driven ISC proliferation, reminiscent of the
effects of TONDU peptide. Altogether, our findings present a novel platform for screening

therapeutic peptides and provide insights into tumor suppression mechanisms.

SIGNIFICANCE STATEMENT

Discovering novel strategies to inhibit oncogene activity is a priority in cancer biology. As
signaling pathways are widely conserved between mammals and Drosophila, these questions can
be effectively addressed in this model organism. Here, we show that progression of Drosophila
Intestinal Stem Cell (ISC) tumors induced by gain of an oncogenic form of the transcription co-
factor Yki can be suppressed by feeding a peptide corresponding to the conserved TONDU
domain of Vestigial (Vg), which blocks binding of Yki to the Sd transcription factor. Further, we
show that down regulation of the integrin signaling pathway is causally linked to TONDU-
peptide-mediated ISC tumor suppression. Our findings reveal that Drosophila can be

successfully used to screen peptides for their therapeutic applications.
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INTRODUCTION

Drosophila has emerged as an effective cancer model for the screening of small molecule
therapeutics (1-4). Of interest, Drosophila adult gut tumors, such as Yki-driven intestinal stem
cell (ISC) tumors (5) or a multigenic hindgut model of colon cancer (6), have been successfully
used to screen for anti-proliferative small molecules. While cancer-promoting rogue kinases are
amenable to inhibition by small molecules, others, such as transcription factors and co-factors,
are largely considered undruggable (7, 8). In this regard, peptides are particularly attractive as
therapeutic molecules (9-11) because of their high selectivity, improved tolerance and ability to
target large interacting interfaces (12). While most peptide therapeutics require parenteral
injection (10), their oral delivery is highly desirable and currently a number of orally derived

therapeutic peptides are being tested in clinical trials (10).

The proto-oncogene YAP (Yes-associated protein), a transcription co-factor of the Hippo
pathway, has been linked to many cancers (see review (13)). YAP interacts with DNA-binding
TEAD proteins (transcriptional enhanced associate domain, TEAD1-4) to regulate expression of
its transcriptional targets, and an increase in levels of TEAD proteins has been observed in a
wide range of human cancers (14). YAP binds to TEAD via an unusually large interface, the Q-
loop (12, 15) that lacks a defined binding pocket, making it an unlikely target of inhibition by
small molecules. TEAD proteins also interact with other transcriptional co-factors, such as the
Vestigial Like (VGLL1-4) proteins, via the conserved 26 amino acid TONDU domain present in
VGLL proteins (15). Further, VGLL proteins behave as tumor suppressors in mammals due to
their ability to inhibit YAP-TEAD interactions, as seen in lung (16) and breast (17) carcinomas.
Interestingly, a synthetic peptide analog of the TONDU domain of VGLL4 was found to inhibit

gastric cancer growth (18).

Yorkie (Yki), the Drosophila homolog of mammalian YAP, was first identified as a nuclear
effector that triggers epithelial proliferation upon deregulation of Hippo signaling (19).
Subsequent studies revealed its role as a developmental regulator of organ growth (20) and as an
oncogene (21, 22). Like its mammalian counterpart, Drosophila Yki binds to a TEAD domain-
containing protein, Scalloped (Sd) (23, 24), which can also bind to Vestigial (Vg) (25, 26), the
Drosophila counterpart of mammalian VGLLs. Drosophila Vg protein was shown to possess the

TONDU domain that mediates its interaction with Sd (27).
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89  The similarities between mammalian VGLLs-TEADs-YAP and Drosophila Vg-Sd-Yki suggest
90 that a TONDU peptide could suppress Yki-driven Drosophila tumors by competitively inhibiting
91 the Yki-Sd interaction. Further, use of the well characterized Yki-driven ISC tumor model as a
92  platform for peptide therapeutics also holds the promise to unravel genetic network that drives
93  ISC tumor progression and, conversely, can be suppressed to restrain tumor growth. Further,
94  Here, we used the adult Drosophila gut, where Sd-dependent Yki activity is required for ISC
95  homeostasis (28-31), to test whether the TONDU peptide can suppress unrestricted ISC
96 proliferation associated with expression of an activated form of Yki (32, 33). We show that adult
97 flies displaying ISC-specific gain of activated Yki fail to display robust ISC tumors when they
98 are raised in food supplemented with the TONDU peptide. Comparative proteome analysis of
99  Yki-driven ISC tumors and those from flies fed with TONDU, revealed perturbations in integrin-
100  associated proteins, suggesting that they could play a critical role in Yki-driven ISC tumors. In
101  support of this hypothesis, downregulation of integrin aPS1 inhibits Yki-driven ISC
102  tumorigenesis. These findings reveal that Drosophila ISC tumor models can be used to screen for

103  anticancer peptides and to unravel mechanisms of tumor suppression.

104
105 RESULTS AND DISCUSSION

106  Genetic suppression of Yki-driven ISC tumor growth by the TONDU peptide

107  The Drosophila adult gut is made up of three cell types: differentiated enterocytes (ECs), entero-
108  endocrine cells (EEs), and intestinal stem cells (ISCs) (Figure 1A-B, (34)). Expression of a

109  phosphorylation-defective and therefore constitutively active form of Yki in the ISCs (esg-Gal4
110 Gal80°>UAS-yki*>*, referred to as esg™>yki*>*) triggers ISC over-proliferation (32) (Figure 1C,
111 Figure S1A), as revealed by increased 5-ethynyl-2 deoxyuridine (EdU) uptake (Figure S1B),

112 Phospho-Histone H3 (PH3) staining (Figure S1C), and elevated expression of matrix

113  metalloproteinase genes (MMPs) (Figure S1D). Further, as previously reported (32), aged

114 esg"“>yki***flies display tumor-associated systemic wasting syndrome, which is characterized by

115  abdominal bloating (Figure 1H), organ atrophy (Figure S1E), and elevated levels of the insulin
116  antagonist /mpL2 (Figure 1J) (32, 35). We also observed an increase in the transcript levels of

117 Yk targets such as myc, cycE, diapland exp (Figure 1J) in esg“>yki*** tumors. Further, we note
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118  that esg">yki*>* tumors show concomitant increase in Sd (Figure 1D, J), the DNA-binding

119  partner of Yki.

120  To test whether the fly equivalent of the 25 amino acid long TONDU domain of Vg

121 (CVVFTNYSGDTASQVDEHFSRALNY) can arrest neoplastic tumor progression similar to the
122 full length protein observed earlier (21), we examined somatic clones in wing imaginal discs that
123 lack the tumor suppressor lethal giant larvae (Igl) and that express an activated form of Yki

124  (UAS-yki®'* (36), referred to as lgl UAS-yki) and the TONDU peptide. Strikingly, marked

TONDU

125  reduction in the growth of lgl UAS-yki UAS-vg tumors was observed as compared to their

126 Igl UAS-yki counterparts (Figure S2A, B).

127  Next, we examined the effect of TONDU expression on Yki-induced ISC tumors in the adult
128  midgut. Co-expression of TONDU and activated Yki (esg”>yki*>* UAS-vg"?"PY) revealed that
129  TONDU could inhibit Yki-driven ISC proliferation throughout the midgut, an effect that was
130  more striking in the anterior midgut (Figure 1E). Consistent with these observations, we also
131  noted a marked reduction in the number of GFP-marked ISCs (Figure 1F), with an

132 accompanying decrease in their proliferation, marked by EdU uptake (Figure S2C-E). In

133 addition, TONDU-expressing esg”>yki*** flies displayed improved life span (Figure 1G) and
134  delayed onset of tumor-associated organ wasting phenotypes (Figures 11 and S1F). Consistent
135  with reduced abdominal bloating, TONDU-expressing tumor bearing flies displayed a decrease
136  in hemolymph content (Figure S2F), improved muscle activity (Figure S2G) and decreased
137  levels of Impl2 (Figure 1J) in addition to other transcriptional targets of Yki (Figure 1J). By

TONDU) failed to alter the number of

138  contrast, gain of the TONDU peptide alone in ISCs (esg”>vg
139  ISCs (Figure S2H, I). Altogether, these results reveal that Yki-driven ISC tumors are suppressed
140  upon co-expression of the TONDU peptide, with an accompanying delay in the onset of tumor-

141  associated syndromes.

142 Oral uptake of synthetic TONDU peptide inhibits Yki-driven ISC tumor

143 Next, we tested whether a synthetic TONDU peptide could inhibit Yki-driven ISC tumors akin to
144  endogenously expressed peptide. We fed adult flies with varying concentrations of TONDU

145  peptide linked to an HIV-TAT motif (RKKRRQRRR) and a nuclear localizing signal (NLS)

146  (Figure 2A) to facilitate its cellular uptake (37) and nuclear localization, respectively. This TAT-
147  NLS-TONDU peptide is referred to as TONDU peptide in subsequent part of the text. Prior to its

5
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148  oral administration to adult flies we first confirmed cellular uptake of the fluorescent-labeled
149  TONDU peptide in S2R+ cells, as observed by its cytoplasmic and nuclear localization (Figure
150  2B). Further, to test whether the TONDU peptide can inhibit Yki-Sd complex formation, we

151  used the Hippo-response-element (HRE)-luciferase reporter (23), which serves as a readout for
152  Yki-Sd transcriptional activity. Specifically, we co-transfected S2R+ cells with the reporter

153  along with Yki and Sd-expressing vectors, then treated the cells with 100 nM of TONDU

154  peptide, and observed a moderate but consistent decrease in luciferase activity (Figure 2C). Next,
155  to confirm binding of the synthetic TONDU peptide to Sd and subsequent inhibition of Yki-Sd
156  interaction, we carried out co-immunoprecipitation studies using FLAG-tagged TONDU peptide
157  in S2R" cells transfected with HA-Sd and GFP-Yki. Co-immunoprecipitation experiments

158  revealed that the Yki-Sd interaction is indeed significantly reduced upon incubating S2R+ cells
159  with TONDU for 24 hours (Figure 2D). Finally, when purified HA-Sd from S2R+ cells was

160  incubated with FLAG-tagged TONDU peptide, TONDU displayed binding with Sd, as revealed
161 by immunoblots using anti-Flag antibody (Figure 2E). Together, these results demonstrate that
162  TONDU can disrupt the Sd-Yki interaction by binding to Sd.

163  We next tested whether oral uptake of TONDU peptide could inhibit esg”>yki*** tumors. To do
164 this, esg">yki*>* flies were collected 24 hours post eclosion and fed for ten days on food

165  supplemented with TONDU peptide at a final concentration of 50, 100 or 200 uM. We noted a
166  progressive reduction in tumor mass (Figure 2F-I), marked by a decrease in the number of GFP-
167  marked ISCs (Figure 2J) with increasing concentration of TONDU peptide in the food. By

168  contrast, the tumor load was only moderately reduced when these flies were fed with a sequence-
169  scrambled TONDU peptide (Figure S3A) at comparable concentrations (see Figure S3B-F); this
170  residual inhibition of ISC proliferation is presumably due to a partial retention of the secondary
171  structures necessary for TONDU activity (15) in the scrambled-TONDU peptide (Figure S3G).
172 Further, to confirm cellular uptake of TONDU peptide by the gut epithelia, we fed FLAG-tagged
173 TONDU peptide (at final concentration of 200 uM) to esg“>yki*** flies, and detected its cellular
174  uptake in gut lysates followed by immunoblotting using the anti-FLAG antibody (Figure S3H).
175  In parallel, we also noted that feeding TONDU (at 200 uM) did not affect the numbers of ISCs in
176  control (esg”>GFP) guts (Figure S3I). In addition, two cell lines derived from human tumors

177  with elevated YAPI levels (Figure S3J), PC3 (prostate cancer cells) and COLO-320 (colorectal
178  cancer cells), displayed growth arrest upon uptake of TONDU peptide (Figure 2K), whereas a
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179  cell line with negligible levels of YAP! (Figure S3J), LNCaP, did not (Figure 2K). Altogether,
180  these results suggest that TONDU is therapeutically relevant in a number of YAP-driven tumors

181  irrespective of their tissues of origin.

182  Yki-driven tumor proteome reveals enrichment in integrin pathway

183 We reasoned that proteins that are significantly perturbed in esg“>yki*>* tumors and restored to

184  normal levels following TONDU feeding may represent critical Yki-Sd targets that are critical to
185  ISC tumorigenesis, and, therefore, could be therapeutically relevant. Thus, we carried out a

186  proteome analysis using unlabeled LC-MS/MS of esg”>yki*** tumors on day 1 and day 7 of

187  tumor induction, with or without TONDU peptide supplementation of the food. Altogether, we
188  identified 1219 proteins (including isoforms), corresponding to 2771 unique Uniprot IDs at an
189  FDR cutoff of g<0.05 (Figure 3A, Table S1). We next compared the proteomes of esg™>yki***
190 tumors on day 7 versus day 1 of tumor induction, and prioritized those proteins which displayed
191  atleast log, +2 fold change (at a p value <0.05) for further analysis. Fold change was derived
192  from the abundance measure of peptides (for a given protein) in day 7 versus day 1 of

193 esg“>yki** tumors (See SI methods) and a list was generated of 127 differentially detected

194  proteins (corresponding to 144 unique Uniprot IDs, including isoforms) that matched to 55

195  unique genes (Figure 3B and Table S2). For 45 of the 55 genes, the gene products showed a

196  >log; 2 fold increase while 10 displayed <log, 2 fold decrease in their protein levels in day 7

197 esg“>yki*** tumors (Figure 3B and Table S2).

198  To determine whether these enriched proteins in the ISC tumors have a significant biological

199  association we performed a protein-protein interaction (PPI)-network analysis using STRING
200  (38), which revealed significant (p<0.001) interaction among some of the enriched proteins

201  (Figure 3C). We note that the enriched gene-set include the secreted Wingless (Wg) transporter
202  Swim (39) and known members of the Hippo protein-protein interaction network (40), including
203  the junction proteins Coracle, Jar, and Misshapen (Table S3). Furthermore, comparison of the
204 esg“>yki*** day 7 proteome with the recently published transcriptome (33) of esg”>yki*>* tumors

205  of comparable age revealed a close correlation between changes in proteins and their respective

206  transcript levels (r=0.548) (Figure S4A).
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207  Next, to look for signaling pathways that were perturbed in Yki-driven ISC tumors, we

208  undertook a gene ontology (GO) classification of the genes enriched in esg”>yki*** tumors. GO
209 classification revealed perturbations in several signaling pathways and protein classes (Figure
210 3D, Table S4). In particular, we observed an increase in protein levels of key members of the
211  integrin signaling pathway, including Talin (2.39 log,fold), Talin-interacting adaptor proteins,
212 Vinculin (2.4 fold), and Paxillin (6.05 fold). Other members, such as aPS3 and integrin-linked
213 kinases, also displayed about a 2-fold change, albeit at p>0.05 (Table S5). Consistent with these
214 findings, a concomitant increase in the transcript levels of these proteins was observed in the

215 esg“>yki*** transcriptome (33) (Table S5). Further, many integrin pathway components,

216  including integrins aPS1, aPS2, aPS3 and BPS as well as integrin-binding ligands LamA and
217  LamB (33), which were not detected in our proteomic study, were also found to be

218  transcriptionally upregulated in the RNA-Seq data (Table S5). Proteome comparison between
219  day 7 and day | esg”>yki*** tumors also displayed significant increase in protein levels of

220  polarity proteins such as tight junction protein, Ferritin, Fitl, and the apical protein Shot (Figure
221 3B), which are known to be regulated by integrin signaling (41). We note that enrichment of

222 integrin pathway members and associated proteins, as revealed in the tumor proteome, could be
223 of functional relevance in Yki-driven ISC tumorigenesis, since many integrin pathway members
224 are reported to be enriched in ISCs (42), and play an essential role in ISC survival (42) and

225  maintenance of epithelial polarity in the gut (41).

226

227 To further determine whether the genes enriched in esg”>yki*>* tumors could be Yki-Sd

228  transcriptional targets, we searched for putative Yki-Sd binding sites in their upstream regulatory
229  region. Chromatin binding studies have previously revealed genome-wide binding of Yki (43,
230  44) and Sd (44) upstream of many of their transcriptional targets. We noted that ~51% (23 of 45)
231 of the genes enriched in esg“>yki*** tumors displayed putative Sd and Yki binding sites in their
232 upstream regulatory regions based on earlier binding studies (44) (Table S6). Interestingly,

233 several key members of the integrin pathway, including mew, which codes for integrin aPS1, the
234 adaptor proteins vinculin and paxilin, and integrin-linked kinase, displayed Sd binding (44)

235  (Figure 3E, Table S6), suggesting their possible transcriptional regulation by the Yki-Sd

236  complex. We therefore examined the binding of Sd to the upstream regulatory region of mew, as

237  its protein product is the most abundant integrin in the ISCs (42), and performed chromatin
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238  immuno-precipitation using anti-FLAG antibody on gut lysate of esg”>yki*>* flies fed on FLAG-
239  tagged TONDU peptide. gPCR was done to determine the abundance of the putative genomic
240  binding sites in the pull-down fraction. We observed 47.04% (SD=2.3) enrichment of a putative
241 Yki-Sd binding site in the FLAG-enabled pull-down fraction in the TONDU peptide fed flies
242 (Figure 3F), compared to 19.8% (SD=3.0) enrichment in gut lysate from flies raised on control
243 food, suggesting that mew transcription is most likely regulated by Sd in the ISCs.

244

245  We next compared the gut proteomes of esg™>yki*> flies fed on TONDU peptide-supplemented
246  food and those displaying co-expression of the TONDU peptide (esg”>yki*** UAS- vg "*"PY), to
247 esg“>yki** flies of comparable age (day 7) raised on normal food (Figure 2G, H). In particular,
248  we examined the status of proteins in TONDU-peptide-treated proteome that were £>log, 2 fold
249  perturbed in untreated tumors (Figure 3B and Table S2). We observed an overall decrease in the
250  protein levels of perturbed genes in peptide-fed tumors (Figure 3G), which coincided with a

251  decrease in protein levels of genes involved in generic cellular processes such as RNA

252  processing. Proteins encoded by genes such as Pre-RNA processing factor 19 ( Prp19) (-2.16
253 fold) (45) and rumpelstiltskin (rump) (-3.15 fold) were notably downregulated. Further, proteins
254  enriched in the tumors at day 7 were mostly down-regulated upon peptide treatment (Figure 2H,
255  Table S7). These included many members of the integrin pathway, such as Paxillin (-1.9 fold),
256  Vinculin (-1.3 fold) and Talin (-1.2 fold). In addition, we also observed a decrease (-2.3 fold) in
257  mitochondrial trifunctional protein  (Mtp-f3), which catalyzes oxidation of long chain fatty acids
258  (46), a possible energy source for tumors (47). We also note a decrease in peptide-treated tumors
259  in proteins such as Chromosome bows (Chb) (-2.16 fold) that are involved in mitotic spindle

260 assembly (48), an effect that could contribute to the observed decrease in cell proliferation of the
261  ISC (Figure 2G-I). Altogether, these analyses reveal that TONDU peptide-treated ISC tumors
262  display down regulation of integrin signaling components additional to those that are recruited
263  for cellular processes such as RNA regulation (45), energy homeostasis (46) and mitosis (48)
264  (Table S7).

265

266  Genetic suppression of integrin signaling phenocopies TONDU-mediated suppression of Yki-
267  driven ISC tumors
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268 Integrins form an essential component of the Drosophila gut epithelia, including the basally

269  located ISCs (41, 42) (Figure 4A, B). Consistent with the enrichment of integrin pathway

270  members in esg”>yki** proteome, we observed an overall increase in membrane localization of
271 integrin aPS1 (Figure 4A) and Talin (Figure 4B) in esg”>yki*** tumors. This observation,

272 together with our findings that Yki-Sd bind upstream of mew and that suppression of integrin
273  pathway members in peptide fed tumors, suggests that integrin down-regulation may mediate the
274 effect of TONDU peptide inhibition of esg>yki*** tumors. Therefore, to test whether integrin(s)
275  are critical for Yki-driven ISC proliferation, we down-regulated mew in ISCs (esg”>yki*>*UAS-
276  mew-RNAi). Strikingly, downregulation of mew resulted in a marked reduction in ISC

277  proliferation (Figure 4F, G), which was more significant in the anterior midgut than in the

278  posterior midgut. Examination of early (day 3) esg”>yki3$A UAS-mew-RNAi guts revealed poor
279  growth of ISC tumors; in particular, most of the ISCs were seen in small clusters and made up of
280 3 to 4 cells (Figure 4H). Further, activation of integrin alone, using a constitutively active form

281  of the BPS integrin (49) in the ISCs (esgfs>t0rSOD//>’Cyt

), failed to trigger ISC proliferation (Figure
282 S5), indicating that activation of the Integrin pathway is not sufficient to drive tumorigenesis in
283  ISCs. These observations suggest that while gain of integrin signaling alone per se does not

284  transform ISCs, it is an obligatory partner for progression of Yki-driven ISC tumors.

285

286  Our observation that Yki-driven tumors could be inhibited by down-regulating integrins offers
287  interesting therapeutic possibilities. For instance, membrane-localized integrins could be readily
288  accessible drug targets, compared to nuclear localized YAP. Cross-species conservation of

289  integrin signaling pathways (50) and their critical role in cancers of diverse genetic and tissue
290  origins (13, 50) therefore presents a compelling case for integrin pathway as an alternate

291  therapeutic target for YAP/Yki-driven cancers (51, 52). Interestingly, integrin heterodimers have
292  been targeted either by monoclonal antibodies, such as efatucizumab and volvociximab, or by
293  peptides such as cilengitide (53), which have proved to be effective and are currently in clinical
294  trials. A potential caveat with this approach however is that integrin signaling is also required for
295  wild-type ISC proliferation (41). Possibly, ISC tumors may be more sensitive to downregulation
296  of Integrin signaling than wild type ISC, which may offer a therapeutic window for inhibitors of
297  Integrin signaling in YAP/Yki-driven cancers.

298

10
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299  Concluding remarks

300 Advantages of low off-target activity of peptide therapy (12) are often undermined by their short
301  half-life, poor bioavailability and uncertainties about cellular uptake. Nonetheless, targeting

302  cellular proteins holds promise (54), as was shown earlier using the TONDU peptide (18). Our
303 recapitulation of TONDU peptide-mediated cancer suppression (18) in ISC tumors therefore

304 demonstrates, for the first time, that Drosophila could be used to screen for peptide therapeutics.
305 Indeed, the power of genetic tractability of Drosophila, which permits generation of multiple
306  versions of tumors of a given cell type using distinct cooperative signaling partners or

307 transcription factors, including those seen perturbed in cancers in human (4, 6, 21, 55-57), would
308 make such a platform versatile on several counts: scalability, genetic tractability and rapid

309 elucidation of the mechanistic underpinning of peptide-based tumor suppression.

310
311 MATERIALS AND METHODS

312 Fly stocks were obtained from the Bloomington Drosophila Stock Center. Antibodies were
313  obtained from the Developmental Studies Hybridoma Bank or received as gifts from other
314  investigators. Detailed materials and methods are provided in Supplementary Methods.
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456  FIGURE LEGENDS

457  Figure 1. Expression of the TONDU peptide inhibits Yki-driven ISC tumors. (A) Schematic
458  representation depicting the different cell types in the adult Drosophila gut. (B, B’) esg">UAS-
459  GFP labels ISCs in the Drosophila midgut. (B) ISCs (marked by GFP) are interspersed

460  throughout the gut. Overlying muscles are marked with F-Actin (red). (B’) x-z section displaying
461  basally located ISCs (GFP). (C) esg“>yki***UAS-GFP gut shows an increase in ISC numbers.
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462 (D) esg">vki***UAS-GFP tumors show increase in Sd level. (E) Decrease in ISCs (marked by
463  GFP) in the anterior and posterior midgut of esg”>yki*>* UAS-vg"**"Y flies that coexpress

464  TONDU peptide. (F) Quantification of GFP in TONDU-expressing and non-expressing

465  esg”>yki***guts. (G) Increase in survival of esg”>yki*>*UAS-vg""PY UAS-GFP flies (n=50)
466  compared to esg“>yki*>* UAS-GFP flies. (H) Abdominal bloating in esg“>yki*>*UAS-GFP flies
467  as seen on day 6 after tumor induction (n=19/25 are bloated). (I) esg”>yki*** UAS-vg"*"PYUAS-
468  GFP flies display delay in bloating (n=14/25 are not bloated). (J) gPCR displaying the decrease
469  in mRNA levels of candidate genes in TONDU-expressing flies. Data presented as mean +SE.
470  Scale bars 100 um in all, except B’ and D: 50 um, and H and I: 1mm.

471  Figure 2. Synthetic TONDU peptide inhibits Yki-driven ISC tumors. (A) Representation of
472  the synthetic TONDU peptide. (B-B’) Nuclear localization of fluorescent-tagged (red) TONDU
473  peptide in S2R+ cells. (B’) Magnified view of the boxed area in B. TONDU-Peptide (red) in the
474  nucleus (yellow arrow) and cytoplasm (blue arrow). (C) Decrease in HRE-Luciferase reporter
475  activity in S2R+ cells when treated with TONDU peptide. (D-E) Immuno-blots showing

476  competitive binding of TONDU peptide to Yki-Sd complex (D). (E)Binding of TONDU peptide
477  to Sd. (F-I) Guts from esg”>yki3SA flies fed on TONDU peptide. (F) Unfed (control), (G) 50 uM
478  (n=10), (H) 100 uM (n=12) and (I) 200 uM (n=10). (J) Quantification of GFP in TONDU

479  peptide-fed and -unfed esg“>yki*** flies. (K) Viability of cancer cells on treatment with TONDU
480  peptide, as estimated using the Resazurin cell viability assay. Scale bars: 10um in B; 100 um in

481  F-L

482  Figure 3. Comparative proteomic analysis of YKi-driven ISC tumors and tumors inhibited
483 by the TONDU peptide: (A) Heat map displaying changes in protein levels in day 7 and day 1

484 of esg™>yki*** tumors. (B) 55 differentially (>+2 log,fold, p=0.05) expressed proteins in day 7

485  esg">yki*>* tumors. (C) Protein-protein interaction (PPI) network of enriched proteins (>log, 2

486  fold) in esg”>yki*** tumors generated with STRING (38) representing 55 nodes and 63 edges
487  (PPI enrichment p<0.0001). (D) Different Gene Ontology classes identified by PANTHER (58)
488 in differentially expressed proteins between esg>yki***-day7 versus -day 1 tumor proteome. (E)
489  Sd and Yki binding sites in the regulatory regions of select integrin pathway members as

490  determined in (44). (F) Percent enrichment for Sd-binding upstream of mew (aPS1) inferred by

491  ChIP with anti-FLAG antibody. (G) Heatmap displaying the effect of TONDU peptide on
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492 esg">yki*>* tumor proteome. (H) Heat map displaying change in levels of protein (>+2 fold in

493  day 7 tumors) upon TONDU peptide treatment.

494  Figure 4. Loss of Integrin signaling inhibits growth of Yki-driven ISC tumors. (A-B) aPSI
495  (Mew, A) and Talin (B) staining in esg”>UAS-GFP marked ISCs. (C-D) Overall increase in

496  oPS1 (C) and Talin (D) in esgts>yki3s 4 tumors. (E-F) Inhibition of Yki-driven tumors upon

497  simultaneous down-regulation of aPS1 (esg“>yki***UAS-mew-RNAi, n=9, F), when compared to
498  similarly aged esg“>yki*** tumors (E). (G) Quantification of GEP from E and F. (H) Early

499  esg”>yki***UAS-mew-RNAi tumors (day 3) display small ISC clusters. (I) Schematic of Yki-Sd
500 mediated transcription in wild type guts (4); -in Yki tumor (B); and in —Yki tumors in the

501 presence of the TONDU peptide (C). Scale bars 100 pm.

502
503
504 SUPPLEMENTARY FIGURE LEGENDS

505  Figure S1. ISCs with gain of Yki display tumor phenotypes. (A-D) esg”>yki***UAS-GFP
506  tumors. Proliferating ISCs expressing the stem cell marker Delta (A) display an increase EAU
507 uptake (B), increase in Phospho-Histone (C), and increase in MMP levels (D). (E) Atrophy of
508  ovaries in esg“>yki** flies (n=21/25). (F) Improved morphology of ovaries in esg”>yki*** UAS-
509  vg'"PY flies (n=12/25). Scale bars 100 pm.

510 Figure S2. Expression of the TONDU peptide inhibits Yki-driven epithelial tumors. (A-B)
511  Wing imaginal discs mosaic for /g/* mutant clones that express activated Yki (referred to as /g/*
512  UAS-yki) display tumors phenotype (A). (B) Tumor growth inhibited upon co-expression of the
513  TONDU peptide (Igl* UAS-ykiFRT40A; UAS-vg"®"PY).(C-E) Decrease in the number of

514  proliferating cells detected by EdU (red) staining in esg”>yki3$A UAS-ngONDU(D), compared to
515 esg”>yki3$A tumors (C). (E) Quantification of EAU fluorescence in C and D. (F) Decrease in
516  hemolymph content (n=25) in esg”>yki***UAS-vg"**"Y flies compared to esg">yki*** flies on
517 Day 7. (G) TONDU-expressing esg“>yki*>* flies (n=35) suppress the loss of climbing activity
518  seen in esg”>yki* flies. (H-I) Expression of TONDU peptide in ISCs (esg">UAS-vg **PY)

519  does not affect ISC numbers. Scale bars 100 pm.
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520 Figure S3. TONDU-peptide mediated inhibition of Yki-driven ISC tumors. (A) Schematic
521  representation of the scrambled-TONDU peptide. (B-D) The scrambled-TONDU peptide

522 displays poor growth inhibition of esg>yki*** tumors (compare with Figure 2H and I). (E) Box
523  plot depicting GFP quantification in esg”>yki*>* tumors from flies fed on scrambled TONDU
524  peptide. (F) Histogram displaying decrease in mean-GFP of esg”>yki***UAS-GFP tumors from
525 flies fed with TONDU peptide or with scrambled-TONDU peptide, when compared to unfed
526  controls. Note that the decrease is significantly more in TONDU peptide as compared to

527  scrambled peptide fed tumors. (G) Secondary structures of the TONDU (left) and Scrambled-
528 TONDU (right) as predicted by JPred (http://www.compbio.dundee.ac.uk/jpred/). (H) Dot blot

529  for FLAG-tagged TONDU peptide using anti-FLAG antibody, on native peptide (different serial

530 dilutions); and in cell lysate (right panel) from guts (n=25) of flies fed on 200 uM of FLAG-
531 tagged TONDU peptide and unfed flies used as control. (I) Control (esg">UAS-GFP) flies fed
532 on 200 uM of TONDU peptide do not display changes in ISC numbers. (J) mRNA levels of
533  YAPI in different human cancer cell lines as determined by qPCR. Scale bars 100 um.

534  Figure S4. Comparison of esg’s>yki3SA proteome and transcriptome. x-y correlation plot

535  displaying Z-score comparison of log, fold change of genes in the proteome (current study) and

536 transcriptome (33) of esg“>yki*>* tumors.

537  Figure S5. Gain of integrin signaling in Drosophila ISCs. Constitutive gain of integrin
538  signaling in esg”>UAS-torso””" as seen on day 4 of Gal4 activation. No aberrant proliferation

539  of ISCs was observed. Scale bars 100 pm.

540
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