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ABSTRACT

Dysregulated cellular metabolism is a hallmark of cancer. As yet, few druggable
oncoproteins directly responsible for this hallmark have been identified. Increased fatty
acid acquisition allows cancer cells to meet their membrane biogenesis, ATP, and
signaling needs. Excess fatty acids suppress growth factor signaling and cause
oxidative stress in non-transformed cells, but surprisingly not in cancer cells. Molecules
underlying this cancer adaptation may provide new drug targets. Here, we identify
Diacylglycerol O-acyltransferase 1 (DGAT1), an enzyme integral to triacylglyceride
synthesis and lipid droplet formation, as a frequently up-regulated oncoprotein allowing
cancer cells to tolerate excess fatty acids. DGAT1 over-expression alone induced
melanoma in zebrafish melanocytes, and co-operated with oncogenic BRAF or NRAS
for more rapid melanoma formation. Mechanistically, DGAT1 stimulated melanoma cell
growth through sustaining mTOR kinase—S6 kinase signaling and suppressed cell death
by tempering fatty acid oxidation, thereby preventing accumulation of reactive oxygen

species including lipid peroxides.

SIGNIFICANCE

We show that DGAT1 is a bona fide oncoprotein capable of inducing melanoma
formation and co-operating with other known drivers of melanoma. DGAT1 facilitates
enhanced fatty acid acquisition by melanoma cells through suppressing lipototoxicity.

DGAT1 is also critical for maintaining S6K activity required for melanoma cell growth.
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INTRODUCTION

The continuous growth and survival of cancer cells is underpinned by dysregulated
cellular metabolism (1). Dysregulated cellular metabolism further promotes cancer
progression by reprogramming stromal cells, mediating evasion of immune responses,
and promoting metastasis (2-4). A central facet of cancer cell metabolism is a shift in
glucose usage away from oxidative phosphorylation towards biosynthetic reactions.
Without compensation by fatty acid oxidation (FAQO) and glutaminolysis, this shift would
result in deficiencies in citric acid cycle intermediates needed for ATP production (1).
Although catabolism of fatty acids (FA) is needed to maintain ATP production,
increased lipogenesis (lipid generation) is simultaneously required for cell membrane
synthesis for which FA are principal building blocks (5). Furthermore, lipid signaling
molecules such as phosphatidyl inositides, diacylglycerides (DAG), lysophosphatidic
acid, and prostaglandins implicated in multiple cancer hallmarks (6) also require FA. To
satisfy these competing demands for FA, cancer cells increase its supply. This can be
achieved by initiation of de novo FA synthesis, normally a function of adipocytes and
hepatocytes, but an acquired characteristic of many cancer cells driven by elevated FA
synthase (FASN) expression (5). Alternatively, the additional FA needed can be
scavenged from the blood circulation as well as from abutting adipose tissue. Cancer
cells utilize secreted lipases such as lipoprotein lipase (LPL) to hydrolyze FA from
circulating triglycerides and FA transporter proteins (FATP) such as CD36 and the
SLC27 family of FATP and FA binding proteins (FABP) to facilitate uptake (7).
Enhanced uptake of extracellular FA by cancer cells has been established to promote
tumor growth and dissemination (8-10). Intracellular lipases can also be called on to

liberate FA from intracellular lipid stores, both through lipophagy or otherwise (11). One
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82 such lipase, monoacylglycerol lipase (MAGL) is up-regulated in some aggressive
83  cancers, wherein its suppression impedes tumor growth and metastasis (12).

84 Regardless of the mechanism of acquisition, high levels of free FA come at a
85 cost to most cells. Non-adipose, untransformed cells that become overloaded with FA
86 display a constellation of effects termed lipotoxicity, characterized by reduced insulin
87  signaling (insulin resistance) and increased cell death (13). Multiple processes underlie
88 lipotoxicity, including increased ceramide synthesis, dysregulation of phospholipid
89  production that compromises mitochondrial and endoplasmic reticulum (ER) membrane
90 integrity, induction of reactive oxygen species (ROS), and impairment of ATP
91 generation (13). How, therefore, dysregulated metabolism favoring FA accumulation is
92 tolerated by cancer cells, and in particular how the toxic by-products of rampant FA
93  metabolism (principally reactive oxygen species [ROS] including lipid peroxides) are
94  suppressed or neutralized, is currently unclear. Targeting the ability of cancer cells to
95 manage potentially cytotoxic metabolites that arise from the rewiring of metabolic
96 pathways is an intriguing therapeutic avenue warranting further exploration (1).

97 Bona fide oncoproteins (defined as gene products whose up-regulation or coding
98 alteration contributes directly to neoplasia), for example BCR-ABL, BRAFY6%E or mutant
99 EGFR, are highly desirable molecular targets for precision treatment in cancers. Very
100 few druggable oncoproteins have been identified that are directly responsible for
101  dysregulating cellular metabolism. Among metabolic enzymes, only point mutations in
102  the isocitrate dehydrogenases IDH1 and IDH2 have been confirmed as oncogenic
103  drivers, but these mutations are detected in only 0.9%-3% of all cancers (14)

104  (Supplementary Figure 1A). While the gene encoding FASN is frequently amplified in
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105 cancer (Supplementary Figure 1A), FASN inhibitors have so far failed to gain clinical
106  approval (15). Much of the metabolic reprogramming of cancer cells is achieved through
107  up-regulation of transcription factors including HIF1, MYC, peroxisome proliferator-
108 activated receptors (PPARs) and sterol regulatory element binding factors (SREBFs)
109 (16,17). However, these either lack druggable pockets or have diverse physiological
110 effects, detracting from their therapeutic potential. Thus, there is currently a dearth of
111  metabolism oncoproteins to pursue as therapeutic targets.

112 The small, fresh-water, tropical fish Danio rerio, commonly known as zebrafish,
113 has been embraced as a model for melanoma oncogene discovery and validation (18).
114  Previously, using zebrafish melanoma models, we identified a progression-associated
115  transcript signature enriched for lipid metabolism genes and we established enhanced
116  FA uptake as a characteristic of melanoma, driven in part by LPL (19). Here, we identify
117  frequent amplification and up-regulation of the gene encoding Diacylglycerol O-
118 acyltransferase 1 (DGAT1) in melanoma, among other cancers. DGAT1 is an ER-
119 resident enzyme that catalyzes the final step in triacylglyceride (TAG) synthesis from
120  diacylglyceride (DAG) and FA. DGAT1 is required for the formation of lipid droplets
121  (LD), cytosolic organelles comprising a core of neutral lipids (mainly triglycerides and
122  sterol esters) delimited by a monolayer of phospholipids, found in multiple cell types
123 (20). Furthermore, we demonstrate the ability of DGAT1 to induce melanoma formation
124 in zebrafish, and that DGAT1 exerts its oncogenic effect through shielding melanoma
125 cells from lipotoxicity, while enhancing cell growth through sustaining mTOR-S6K
126  signaling. As DGAT1 has been mooted as a clinical target for combating obesity,

127  several potent and selective small molecule inhibitors are already available for
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128  repurposing (21) and we demonstrate their ability to suppress melanoma cell growth
129  and survival.

130

131 RESULTS

132 Amplification and up-regulation of DGAT1 associates with poor prognosis in
133 melanoma and multiple other cancers

134  CD36, FATP1 and LPL that increase FA uptake into melanoma cells (9,19,22) are rarely
135 activated by point mutation, nor are the genes encoding them often amplified in cancer,
136 albeit that CD36 amplification is enriched in established cancer cell lines
137  (Supplementary Figure 1A). Given the lack of metabolism oncoproteins to pursue as
138 therapeutic targets and the significance of lipid metabolism for melanoma development
139  (23), we further interrogated the lipid metabolism genes that we previously identified
140 accompany progression of mutant RAS driven melanoma in zebrafish (19). We plotted
141  their expression fold-change against association of expression of the human homologue
142 with patient survival. dgat1a/lDGAT1 emerged as an outlier, being both highly up-
143  regulated in zebrafish melanoma and significantly associated with reduced patient
144 survival (Figure 1A, B). In contrast, expression of the gene encoding the functionally
145 related, although structurally distinct, Dgat2/DGATZ2 (20) did not change significantly nor
146  associate with patient survival (Figure 1A, B), indicating a possible unique function for
147 DGAT1 in melanoma. Furthermore, we confirmed elevated expression of human
148 DGAT1 in melanoma tumors relative to both skin and nevi (Figure 1C) and elevated
149 DGAT1 protein in human melanoma cell lines relative to primary melanocytes

150 irrespective of NRAS or BRAF mutational status (Figure 1D).
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151 We next considered what might underlie DGAT1 up-regulation in melanoma.
152  Visualization of structural alterations of the DGAT1 gene in The Cancer Genome Atlas
153 firehose legacy cutaneous melanoma data set using cBioPortal revealed significant
154  focal amplification (as defined by the stringent GISTIC 2.0 algorithm) in up to 7 % of
155 melanoma cases with available copy number variation (CNV) data (but revealed no
156  microscale-aberrations). This frequency of focal amplification was comparable to that for
157  other recognized melanoma oncogenes (namely CCND1, KIT, CDK4, MITF, TERT and
158  MDM?2; Figure 1E). An extra copy of the long-arm of chromosome 8 (8q), which
159  contains the DGAT1 locus, but also other putative melanoma oncogenes ASAP1/DDEF,
160 MYC and GDF6 (24-26) (Figure 1F), has been observed in approximately 30 % of
161 melanoma cases (27). Consistently, DGAT1, ASAP1, MYC and GDF6 are co-amplified
162 in melanoma and other cancers (Supplementary Figure 1B, C), although there were
163  examples where each alone is amplified. However, of these four, high DGATT mRNA
164  expression displayed the strongest association with reduced patient survival (Figure 1B
165 and Supplementary Figure 1D).

166 Further arguing for the significance of DGAT71 amplification in melanoma
167 development, our previous comparative oncogenomic analysis (24) uncovered
168 amplification of dgat71a together with gdféb (both on chromosome 19) in oncogenic-
169  BRAF driven zebrafish melanoma, concomitant with up-regulation of dgat1a and gdf6b
170 mRNA (Figure 1G and Supplementary Table 1). In contrast, neither dgat1b nor gdféa on
171  chromosome 16, nor any myc or asap1 paralogues (on chromosomes 2 and 24) were
172 amplified or up-regulated (Figure 1G, Supplementary Figure 1E, and Supplementary

173  Table 1).
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174 Finally, we found DGAT1 to be amplified in other human cancers arising from
175  distinct cell lineages, a feature of other well-characterized oncogenes, most notably in
176  up to 26% of cases of ovarian cancer (Supplementary Figure 1F). Strikingly, DGAT1
177  amplification was associated with significantly poorer progression-free survival across
178  multiple cancer types (Figure 1H). Thus, from a cancer genomics perspective, DGAT1
179  exhibits several hallmarks of an oncogene.

180

181 Dgat1 functions as an oncoprotein in zebrafish melanocytes

182  In human melanoma, DGAT1 amplification was observed to co-occur with BRAF and
183  NRAS madification, but also independently of either (Figure 2A). To elucidate further the
184  oncogenic potential of DGAT1, we utilized a melanocyte rescue and lineage restricted
185  expression system as described previously (24,28). Remarkably, we found that Dgat1a
186  over-expression in zebrafish melanocytes lacking functional p53 was sufficient to induce
187 melanoma (Figure 2B), an outcome that we have only previously observed using the
188  potent well-established oncogenes RAS and BRAF. Moreover, Dgat1a over-expression
189  cooperated with both oncogenic BRAF and NRAS to accelerate the development of
190  nodular tumors (Figure 2C-E and Supplementary Figure 2A). Thus, in zebrafish, Dgat1
191 behaves as a melanoma oncoprotein. Significantly, Dgat2 over-expression was
192  indistinguishable from the non-oncogenic EGFP control (Figure 2D), indicating that
193 Dgat1-mediated tumorigenesis is specific and cannot be replicated by the functionally
194  related Dgat2.

195 To enable the development of hypotheses explaining how DGAT1 is a potent

196 oncogene, we investigated the gene expression profile of melanoma tumors over-
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197  expressing Dgat1a, utilizihg RNA sequencing (RNA-seq). RNA-seq revealed an
198 average 5.5-fold increase in dgatia mRNA expression compared to control EGFP-
199  expressing tumors (Figure 2F). Principal component analysis (Supplementary Figure
200  2B) and. hierarchical clustering (Supplementary Figure 2C) revealed patterns of gene
201 expression clearly distinguishing Dgatla over-expressing tumors from EGFP-
202  expressing tumors. To pinpoint the biological processes providing context for selection
203  of DGAT1 up-regulation or that are potentially driven by DGAT1 up-regulation, we
204 compared the gene sets enriched in Dgat1a over-expressing tumors to those enriched
205 in the TCGA NRAS™ !t DGAT1M9" melanoma cohort compared to the rest of the NRAS™
206 tumor samples in the dataset (Figure 2G and Supplementary Figure 2E and
207  Supplementary Table 2). The overlap in enriched gene sets was only modest (Figure
208 2G) consistent with very few differentially expressed genes being shared in common
209  (Supplementary Figure 2F). However, this was not altogether unexpected given that the
210 genes whose expression most strongly correlated with DGAT1 expression in human
211  tumors consistently mapped to chromosome 8q (data not shown) and were therefore
212 likely co-amplified with DGAT1, while dgat1a up-regulation in the zebrafish was driven
213 by randomly integrated transgene combined with expression of endogenous dgatfa on
214 a linkage group distinct from human 8q. Nonetheless, we hypothesized that the
215 conserved gene sets (Supplementary Table 2) would be the most relevant to
216  understanding the oncogenic role of DGAT1. Intriguingly, numerous of these conserved
217  gene sets indicated enhanced activation of mTOR signaling and protein translation, as
218 well as enhanced glycolysis and lipogenesis (Figure 2H), collectively indicative of

219 increased insulin sensitivity in tumors with up-regulated dgat7a/DGAT1. From this
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220 analysis, therefore, we hypothesize that DGAT1 up-regulation modulates several
221  biochemical hallmarks of cancer which are conserved in both zebrafish and human
222 melanoma.

223

224 DGAT1 enzymatic activity facilitates ribosomal protein S6-kinase (S6K)-
225  stimulated growth

226  To ascertain which of the key oncogenic pathways highlighted by RNA-seq analysis of
227 tumors may be directly dependent on DGAT1, we examined the initial signaling
228 changes that occur when DGAT1 activity is suppressed, by performing unbiased
229  quantitative mass-spectrometry (MS)-based phospho-proteomics. We analysed
230 phosphorylated peptides from Stable Isotope Labelling in Cell Culture (SILAC)-labelled
231 DGAT1"sh A375 melanoma cells following 4h treatment with A922500. This revealed
232 that DGAT1 activity affects cell growth and division signaling at mTOR, S6K and CDK1
233 signaling nodes (Figure 3A and Supplementary Figure 3A), mirroring the enrichment of
234  the mTOR and protein translation signatures revealed by gene set enrichment analysis
235  (Figure 2H). Western blotting to detect phosphorylated S6 and eEF2 confirmed that
236  DGAT1 inhibition led to rapid loss of mMTOR and S6K activities in multiple melanoma cell
237 lines with up-regulated expression of endogenous DGAT1, including LOXIMVI and
238  SKMELS that harbor DGAT1 amplification (Figure 3B and Supplementary Figure 3B).
239 This effect was not observed with DGATZ2 inhibition (Supplementary Figure 3C).
240  Accordingly, DGAT1 depletion but not DGAT2 depletion using siRNA also resulted in a
241 reduction in phosphorylated S6 and accompanying increase in phosphorylated eEF2

242  (Figure 3C and Supplementary Figure 3D). Conversely, stable expression of DGAT1 in

10
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243  DGAT1'°% 888MEL melanoma cells (Figure 1D) as well as transient over-expression of
244  DGAT1 in two other melanoma cell lines resulted in elevated phospho-S6 (Figure 3D
245  and Supplementary Figure 3E).

246 Given the effect of DGAT1 antagonism on mTOR signaling, which is heavily
247 implicated in cell growth and division, we next addressed the importance of DGAT1 for
248 melanoma cell proliferation. DGAT1 depletion using siRNA reduced cell proliferation
249  and decreased the fractions of cells in S-phase (Figure 3C and Supplementary Figure
250  3G), which was in contrast to the increased proliferation and cell cycle progression
251 observed with stable DGAT1 overexpression (Figure 3D and Supplementary Figure 3F).
252  To determine whether these effects were due to the enzymatic function of DGAT1 we
253  utilized four selective DGAT1 inhibitors (AZD3988, AZD7687, A229500 or T863).
254  Pharmacological antagonism of DGAT1 suppressed melanoma cell growth over 96h
255  (Figure 4A), accompanied by decreased cell-cycle progression (Figure 4B). In
256  contrast, no changes in cell growth or cell cycle progression were observed following
257 DGATZ2 depletion or inhibition (Supplementary Figure 3B, C). Corroborating the link
258 between DGAT1, S6K activity, and proliferation, over-expression of wild-type p70S6K,
259  or a constitutively active form, partially restored cellular proliferation and phospho-S6
260 levels in DGAT1-suppressed melanoma cells (Figure 4C and Supplementary Figure
261  4D). Conversely, stable expression of DGAT1 in 888MEL melanoma enhanced cell
262  proliferation and this was reversed by pharmacological antagonism of S6K using
263 LY2584702 or PF-4708671 (Figure 4E). Taken together, we conclude that DGAT1

264  promotes melanoma cell proliferation by stimulating S6K activity.

11
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265 Cancer cells are capable of sustaining cell growth despite transient or limited
266  nutrient availability in the tumor microenvironment arising from poor vascularization
267  (29). Given the connection suggested by gene set enrichment analysis between genes
268 differentially expressed in Dgatla over-expressing tumors and HIF1 regulation of
269  glycolysis (Figure 2H), we investigated the role of DGAT1 in allowing cancer cells to
270 tolerate nutrient and oxygen deprivation in culture. First, we found that DGAT1
271  antagonism greatly impaired proliferation when external lipid sources were restricted,
272 with the greatest reduction in cell number observed at the lowest levels of serum (Figure
273 4F). The suppressive effect of DGAT1 inhibition on S6K activity was also observed in
274  lipid-restricted media (Supplementary Figure 4E). Second, we explored the importance
275 of DGAT1 under hypoxic conditions. Again, we found that DGAT1 inhibition had a
276  profound effect on cell number under low oxygen conditions, which was further
277  exacerbated by limiting serum (Figure 4G). Relative to growth of non-transfected cells,
278  transient DGAT1 overexpression augmented melanoma cell growth to a greater extent
279  under hypoxic conditions (Supplementary Figure 4F). Taken together up-regulation of
280 DGAT1 confers a growth advantage to melanoma cells, which is even more profound
281  under stress conditions likely to be encountered in the tumor microenvironment.

282

283 DGAT1 is essential for lipid droplet formation and acts as a caretaker of
284  mitochondrial health

285  The capacity of DGAT1 to sequester FA and DAG in LD has the potential to affect both
286  cell growth signaling and ATP production, as FA, DAG and their derivatives are

287  allosteric regulators of various metabolic enzymes, kinases and transcription factors,
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288 and FA are also fuel molecules. Therefore, to address directly the effect of DGAT1 on
289 melanoma lipid metabolism using an unbiased approach, we performed Ultra-High-
290 Performance Liquid Chromatography-Mass-Spectrometry (UHPLC-MS) to identify and
291 contrast lipid species extracted from NRAS™! Dgat1a over-expressing or NRAS™
292  EGFP-expressing zebrafish tumors. This analysis revealed increased concentrations of
293 almost all TAG species detected in tumors with forced Dgat1a expression, with longer
294  poly-unsaturated FA (PUFA) chains showing the greatest increases (Figure 5A,
295  Supplementary Figure 5A and Supplementary Table 3). However, after correction for
296 multiple testing, the changes were no longer significant. This lack of significance does
297  not necessarily disprove the hypothesis that DGAT can impact TAG levels, as several
298 experimental limitations exist that may confound the analysis. First, EGFP-expressing
299 tumors also over-express Dgat1a and have ample LD (19). Second, lipids originating
300 from associated stromal cells dilute the lipids derived from tumor cells. Both issues
301 mean that lipidome differences between Dgat1-over-expressing and EGFP-expressing
302  tumors are likely to be reduced in magnitude.

303 In order to overcome the complexity of whole tumor analysis, we turned to
304 melanoma cell lines. Over-expression of DGAT1 in human melanoma cells resulted in a
305 striking increase in LD (Figure 5B) consistent with cells adopting an engorged
306 morphology (Figure 5B). In parallel, UHPLC-MS lipidomic analysis revealed an increase
307 in almost all TAG species (Figure 5B and Supplementary Table 4, 5), corroborating the
308 trend in TAG seen in zebrafish tumors over-expressing Dgat1a (Figure 5A). Conversely,
309 inhibition of DGAT1 in melanoma cell lines over-expressing endogenous DGAT1 led to

310  a reduction in the amount of LD beginning between 12 and 24h and continuing until 72h
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311  (Figure 5C and Supplementary Figure 5B, C), as previously reported for other cell types
312 (30). In contrast, LD were not affected by DGATZ2 depletion (Supplementary Figure 5D).
313 As expected, UHPLC-MS lipidomic analysis revealed a reduction of multiple TAG
314  species already at 24h that was maintained until 72h, (Figure 5D, Supplementary Figure
315 5E and Supplementary Table 6, 7), with TAG containing PUFA particularly affected
316  (Supplementary Figure 5A).

317 Alongside the anticipated changes in TAG levels following manipulation of
318 DGAT1 activity, we also observed a decrease in several acyl carnitine (AcCa) species
319 upon DGAT1 overexpression (Figure 5B and Supplementary Table 4, 5) and a
320 reciprocal increase in AcCa species following DGAT1 inhibition (Figure 5D, E,
321  Supplementary Figure 5E and Supplementary Table 6, 7). AcCa, formed by
322  esterification of FA (typically long-chain) to L-carnitine, are transported into mitochondria
323 to be processed into acetyl-CoA through [-oxidation. The production of AcCa
324  determines the rate of FAO (31). PDK3 and PDK4 are mitochondrial kinases that
325 suppress conversion of pyruvate to acetyl-CoA when alternative fuel sources to
326  glucose, such as FA, are available (32). The increase in PDK3 and PDK4 activity we
327 detected following DGAT1 inhibition through our phospho-proteomic analysis (Figure
328 3A) was therefore consistent with increased AcCa availability and hence increased
329  FAO. Moreover, excessive FAO can result in mitochondrial overloading and dysfunction
330 (33). Indeed, we observed evidence of impaired ATP production following DGAT1
331 inhibition, implied by the increased phosphorylation of both AMPK and RAPTOR (Figure
332 5F). Further, we observed reduced oxygen consumption in DGAT1 inhibited cells after

333  48h (Figure 5G), implying decreased mitochondrial respiratory function despite levels of
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334  AcCa remaining elevated (Figure 5D and Supplementary Figure S5E). Additionally, post
335 24h DGAT1 inhibition, we observed loss of mitochondrial membrane potential,
336  decreased PINK1 cleavage, and increased levels of mitophagy factor PARKIN (Figure
337 5H). Moreover, by blocking AcCa synthesis using Etomoxir (a carnitine
338 palmitoyltransferase inhibitor), we could partially restore mitochondrial membrane
339 potential and cell proliferation (Supplementary Figure 5F, G). Thus, we conclude that
340 DGAT1 maintains mitochondrial function in melanoma cells by regulating availability of
341  FAfor FAO.

342

343 DGAT1 promotes survival of melanoma cells in the presence of ROS

344 To understand the effects of prolonged DGAT1 inhibition (post 72hr) on cellular
345 signaling and metabolism we performed unbiased MS-based whole proteome analysis
346  in SILAC-labelled A375 cells. Analysis of differentially expressed proteins highlighted
347 three key areas: i) FA oxidation (consistent with increased AcCa availability and PDK
348 activity), ii) PPAR signaling presumably indicating the increased availability of lipid
349  regulators of PPAR activity, and iii) NRF2 signaling, which is a well-established
350 response to ROS production that dampens ROS-mediated cellular damage (34) (Figure
351 6A, and Supplementary Figure 6A-B). Quantitative gene expression analysis further
352  corroborated the effects of DGAT1 inhibition on these three key biological processes
353  (Figure 6B and Supplementary Figure 6C).

354 To measure the impact of DGAT1 suppression on ROS more directly, we stained
355  cells with fluorescent probes that are uncaged by ROS. Using this method, we observed

356 increasing levels of ROS over time upon both DGAT1 inhibition and depletion in multiple
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357 melanoma cell lines (Figure 6C,D and Supplementary Figure 6D,E), including in the
358 mitochondria specifically (Supplementary Figure 6F), a predicted consequence of
359 excessive FAO (33). Through a chain reaction, oxygen-centered ROS can yield highly
360 reactive cytotoxic lipid species termed lipid peroxides responsible for a form of
361 programmed cell death termed ferroptosis (35). Accordingly, in parallel with increased
362 ROS generation, DGAT1 inhibition led to an increase in the peroxidation of lipids from
363  24h, with further increases by 48h both in the cytoplasm (Figure 6E) and mitochondria
364  specifically (Figure 6F). Additionally, depletion of DGAT1 resulted in increased protein
365 attachment of 4-Hydroxynonenal (4HNE) (Figure 6G), a by-product of lipid peroxidation.
366  Conversely, we observed decreased protein attachment of 4-Hydroxynonenal (4HNE) in
367 DGAT1 over-expressing melanoma cells (Figure 6H) and also in zebrafish tumors over-
368 expressing Dgat1a (Figure 6l), indicating that lipid peroxidation and its suppression by
369 DGAT1 occurs not only in cell lines but also within tumors.

370 We next investigated whether the induction of ROS upon DGAT1 suppression
371  affected the survival of melanoma cells. In parallel with ROS generation, we observed
372 induction of ROS response markers, including SOD1 and SOD2 (Figure 7A,
373  Supplementary Figure 7A), and apoptosis induction in some DGAT1"d" cell lines after
374  prolonged DGAT1 suppression (Figure 7A, B and Supplementary Figure 7B); again, an
375 effect not observed following DGATZ2 inhibition (Supplementary Figure 7C, D).
376  Moreover, ROS scavengers Tempol and Ebselen partially suppressed apoptosis
377 induced by DGAT1 depletion (Figure 7B). Conversely, stable over-expression of DGAT1
378 in DGAT1'°¥ 888MEL melanoma cells was protective against ROS-mediated cell death

379  triggered by chemical ROS inducers (Figure 7C). Further underpinning the observation
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380 that DGAT1 confers a protective effect on melanoma cells in stressful conditions,
381 DGAT1 over-expression significantly increased cell survival under hypoxic conditions
382  (even with limited serum). Further, SOD2 induction was tempered by elevated DGAT1
383  activity, indicating suppression of ROS induction (Figure 7D). Thus, DGAT1 promotes
384  the survival of melanoma cells by suppressing ROS production and lipid peroxidation
385 that would otherwise occur as a result of cancer specific altered FA metabolism.

386 DGAT1 inhibition resulted in apoptosis only in a proportion of cells and in a
387 variable fraction dependent on cell line suggesting that not all affected cells produce
388 toxic ROS levels. We therefore hypothesized that anti-ROS mechanisms were activated
3890 in some cells, counteracting the effects of DGAT1 suppression. We wanted to
390 investigate how the anti-ROS response was being coordinated downstream of DGAT1
391 inhibition in order to identify targets that might synergize with DGAT1 inhibition. mMRNA
392 for the NRF2 target SESTRIN2 (SESN2) was found to be highly up-regulated post
393 DGAT1 inhibition (Figure 6B). Accordingly, SESN2 protein was consistently and
394  significantly up-regulated in a panel of melanoma cell lines following DGAT1 inhibition
395  (Figure 7E). Intriguingly, SESNZ2 is a major mediator of NRF2 signaling responsible for
396  neutralizing ROS while simultaneously inhibiting mTOR signaling (36). This suggests
397 that SESN2 induction may mediate, but also ameliorate the impact of DGAT1 inhibition
398 on cell growth and survival. Supporting this hypothesis, simultaneous depletion of
399 SESNZ2 and DGAT1 resulted in a greater reduction in surviving cell numbers (Figure
400 7F), coinciding with increased apoptosis, compared to DGAT1 depletion or inhibition
401 alone (Figure 7F, Supplementary Figure 7E). Simultaneous knockdown of SESN2 and

402  inhibition of DGAT1 (Supplementary Figure 7F) also led to both elevated levels of ROS
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403  (Figure 7G) and increased expression of the NRF2 target gene HMOX1 (Figure 7H)
404 compared to DGAT1 inhibition alone, indicating that without SESN2 induction the
405 neutralization of ROS is impaired. Moreover, we found that the reduction of mTOR
406 signaling induced by DGAT1 inhibition was alleviated by knockdown of SESNZ2
407  (Supplementary Figure 7G). Thus, SESN2 acts as a counterfoil to DGAT1, suppressing
408 mTOR signaling while ameliorating ROS inflicted damage.

409

410 DISCUSSION

411  The role of dysregulated lipid metabolism, encompassing more than just de novo FA
412  synthesis, in promoting neoplasia is increasingly apparent (8,9,12,37). However, the
413 adaptations allowing cancer cells to tolerate exposure to excess FA have been
414  overlooked. Using multiple zebrafish models, integrating outputs across multiple omics
415  platforms, including oncogenomic, transcriptomic, proteomic, phospho-proteomic, and
416 lipidomic, combined with assays of cell behavior, we now demonstrate that DGAT1 is a
417 novel bona fide metabolism oncoprotein that stimulates melanoma tumorigenesis. We
418 conclude that DGAT1 promotes proliferation through mTOR-S6K signaling. We also
419  show that DGAT1 promotes survival principally by conferring protection against ROS
420  and lipid peroxidation through inducing LD formation (see model; Supplementary Figure
421  TH).

422 We uncovered frequent amplification and up-regulation of DGAT1 in melanoma
423  but also in many other cancers, notably ovarian, breast, uterine, esophageal, liver,
424  pancreatic, head and neck, prostate, stomach and lung cancers. Abundant LD have

425 been observed in a range of cancers, consistent with widespread up-regulation of
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426 DGAT1 (38,39), indicating that DGAT1 is likely to perform an oncogenic role in these
427  other cancers too. The co-occurrence of DGAT1 amplification with FASN, CD36, or
428 MAGL amplification in human cancers was significant (data not shown), arguing for
429 these co-aberrations being synergistic, in keeping with DGAT1 facilitating safe
430  accumulation of FA in cancer cells.

431 Multiple indirect mechanisms connect DGAT1 enzymatic activity with S6K
432  activity. On the one hand, by promoting mitochondrial respiratory function and ATP
433  generation, DGAT1 suppresses AMPK thereby relieving inhibition of mTOR (40).
434  Further, through curbing ROS generation by malfunctioning mitochondria, DGAT1
435  activity represses NRF2 activation and induction of SESN2, a known inhibitor of mTOR
436  (36). Accordingly, knockdown of SESN2 rescued the S6K suppression ensuing DGAT1
437  inhibition. Other potential DGAT1-dependent factors that could impact mTOR signaling
438 include phosphatidic acid, essential for mTOR activity (41), and DAG, which co-activate
439  PKC that in turn inhibit growth factor signaling to mTOR (42). Levels of these lipids
440  could be rapidly affected by DGAT1-driven sequestration of DAG and FA as TAG in LD.
441 However, changes in concentration of these lipid species following manipulation of
442  DGAT1 activity or expression were not readily apparent from our lipidomics analyses,
443  perhaps limited by their low abundance, instability, rapid association with proteins in the
444  cell, or a combination of all the above. Intriguingly, mTOR-S6K signaling has been
445 shown to induce lipogenesis and LD formation (37,43,44), suggesting that mTOR
446  signaling and lipogenesis are mutually re-enforcing events.

447 We propose that sequestration of FA as TAG in LD allows cancer cells to

448  accumulate and utilize FA safely, thereby avoiding cell death. As previously described in

19


https://doi.org/10.1101/2020.06.23.166603
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.23.166603. this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

449  non-transformed embryonic fibroblasts (30), we observed that DGAT1 suppression
450 resulted in overloading of mitochondria with AcCa, driving excessive FAO and ROS
451  production. Thus, the pathophysiological role of DGAT1 is to regulate the supply of FA
452 to mitochondria within safe limits. Evidently, cancer cells, having elevated FA, require
453  more DGAT1 to achieve this. Lipid peroxides are especially cytotoxic and are generated
454 by the action of oxygen-centered radicals on polyunsaturated fatty acids (PUFA)
455  preferentially (45). As PUFA are concentrated in LD where they are shielded from
456  peroxidation (46), enhanced LD levels mediated by DGAT1 up-regulation confer double
457  protection from cell death by both moderating FAO-triggered ROS production and
458  simultaneously shielding them from PUFA peroxidation.

459 LD are known to protect non-transformed and transformed cells against a range
460 of cellular stresses typically encountered in the tumor microenvironment, including
461 nutrient deprivation and hypoxia (38,39). Indeed, these conditions induce LD formation
462 downstream of autophagy (30). Additionally, low pH up-regulates DGAT1 and
463  consequently increases LD formation. In turn, LD were required for acidosis-induced
464  metastasis (47). Nutrient deprivation and hypoxia compromise de novo FA synthesis
465 and desaturation. Unsaturated FA are essential for membrane fluidity and cell viability,
466  and in the absence of desaturation reactions, or the ability to scavenge unsaturated FA
467  from the circulation, cancer cells must draw on LD for unsaturated FA in order to survive
468 (48). The above role for LD is consistent with our observation that the effect of DGAT1
469  suppression on cell number was exacerbated by serum withdrawal and hypoxia and
470 explains why conversely DGAT1 overexpression conferred its greatest growth

471  advantage under these conditions.
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472 Our data indicate that DGAT1 inhibition alone could be therapeutic in tumors
473  addicted to DGAT1, although diarrhea attendant on blocking fat absorption through the
474  gut (49) would have to be managed in patients. The identification of signaling molecules
475  such as SESN2, whose suppression synergized with DGAT1 antagonism to produce
476  high levels of ROS and significantly elevated cell death, might one-day feed into a
477  strategy that allows DGAT1 inhibitor concentration to be reduced to a well-tolerated
478  dose. Moreover, such pro-oxidant therapies could inhibit the progression of melanoma,
479  as oxidative stress limits melanoma metastasis (50).

480 Up-regulation of DGAT1 likely has additional profound consequences for cancer
481  progression, perhaps explaining the association between DGAT1 amplification and
482  progression-free survival that we uncovered. Enhanced FA uptake and FAO are
483  particularly prominent in tumor initiating cells (9) and DGAT1 could play a critically
484  important role in this crucial subset of tumor cells. It was recently shown that FAO
485  activity correlates with antigen presentation in melanoma and responsiveness to
486 immune checkpoint immunotherapy (51). In fatty liver disease, lipid peroxide adducts
487  were shown to be highly immunogenic and drive adaptive immune responses (52). We
488  found that both substrate production for FAO and lipid peroxidation were suppressed by
489  DGAT1 up-regulation. Moreover, it has been found that LD are enriched with COX2 and
490  arachidonic acid and are major sites of PGE2 synthesis (53). PGE2 has wide ranging
491 suppressive effects on cellular immunity (54). Thus, DGAT1 up-regulation could
492  promote immune evasion by tumor cells and potentially diminish immunotherapy

493  responses; DGAT1 inhibitors might therefore synergize with immunotherapy.
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494 Overall, our findings demonstrate that overexpression of the oncoprotein DGAT1,
495  with or without gene amplification, is a beneficial adaptation of cancer cells. DGAT1
496  overexpression permits accumulation of fatty acids, useful as an energy source, for
497  lipogenesis and for signal transduction, while avoiding suppression of growth factor
498  signaling and induction of oxidative stress.
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524 Methods

525  Zebrafish models

526  Regulated procedures involving zebrafish were ethically approved by The University of
527  Manchester Animal Welfare and Ethical Review Body (AWERB), or by the UMMS
528 Institution Animal Care and Use Committee (A-2016, A-2171), and carried out under a
529 licence issued by the appropriate national regulatory authority. Zebrafish were housed
530 at ~28 °C under a 14 h light/10 h dark cycle. Transgenic zebrafish expressing
531 BRAFV6%E or NRASC2P have been previously described (28,55) and were crossed onto
532 a mitfa"?? (mitfa’) background to suppress melanocyte development and further onto
533 a tp53M214KM214K hackground to promote tumorigenesis. Melanocyte restoration and
534  simultaneous over-expression of Dgat1a, Dgat2 or EGFP was then achieved by
535 injection of embryos with a mitfa-minigene containing plasmid as previously described
536  (28). Briefly, zebrafish dgat1a and dgat2 were amplified from cDNA of wild-type 48 h
537  post-fertilisation zebrafish embryos, and subcloned into the pDONR221 vector (see
538  Supplementary Table 8 for oligonucleotide sequences). The pDest-mitfa:dgat1a-pA and

539  pDest-mitfa:dgat2-pA destination vectors were created using an LR clonase reaction
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540  consisting of pSE-mitfap, pME-dgat1a or pME-dgat2, p3E-pA and an empty destination
541  vector. Expression plasmid was injected into zebrafish zygotes along with Tol2 mRNA.
542 pCS2-TP plasmid for Tol2 mRNA generation was a kind gift from Dr Koichi Kawakami
543  (National Institute of Genetics). Sufficient embryos for all experimental arms were
544  generated simultaneously, pooled and then randomly assigned to a construct, although
545 formal randomization techniques were not used. Zebrafish were group-housed
546 according to the construct. Only zebrafish embryos with near complete melanocyte
547 rescue at 5 days were retained for further analysis. Analysis of tumor formation was not
548 performed blinded to the construct identity. Sample sizes were not predetermined based
549  on statistical power calculations but were based on our experience with these assays.
550 To assess the statistical significance of differences in overall survival, we used Mantel—
551  Cox’s log-rank tests.

552

553 Cell Lines

554  Human melanoma cell lines were cultured in High Glucose DMEM with 10 % FBS, and
555  penicillin—streptomycin (Sigma) at 37 °C and 5 % CO2. Normal human melanocytes
556 were purchased from Cascade Biologics and cultured according to manufacturer’s
557 guidelines. Lenti-X cells were cultured in High Glucose DMEM with 10 %v/v FBS, and
558  penicillin—streptomycin (Sigma) at 37 °C and 5 % CO.. All cells tested negative for

559 mycoplasma and cell lines were authenticated using STR profiling.

Cell line Genetic drivers DGAT1 status
888MEL BRAFV600E DGAT1 low

SKMEL?28 BRAFV600E DGAT1 medium
SKMEL2 NRAS®61R DGAT1 over expressed
MM485 NRAS®61R DGAT1 over expressed
A375 BRAFFV600E DGAT1 over expressed
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SKMEL105 BRAFV600E DGAT1 over expressed
LOXIMVI BRAFFV600E DGAT1 amplified
SKMELS BRAFFV600E DGAT1 amplified

560

561 Compounds and Antibodies

562  Compounds were used at the following concentrations unless otherwise noted 50 uM
563 AZD3988 (Tocris), 30 uM A922500 (Stratech) 50 uM AZD7687, 70 uM T863 (Sigma), 1
564 pM Oligomycin (Sigma), 0.5 yM FCCP (Sigma), 1 pyM Antimycin-A (Sigma), 1 yuM
565 Rotenone (Sigma), 50 uM PF-06424439 (Sigma), 5 uM Ebselen (Tocris), 1 mM Tempol,
566 200 pM Paraquat (Sigma), Menadione (Sigma), 100 pyM Etomoxir (Sigma), 1 pM
567 LY2584702 (Stratech), 10 uM PF-4708671 (Generon).

568 Antibodies against DGAT1 (ab54037), phospho-PDE1a (ab92696) and 4-
569  Hydroxynonenal (ab46545) were purchased from abcam. Antibodies against Vinculin
570  (66305-1-lg), Beta-Tubulin (10094-1-AP), PINK1 (23274-1-AP), Parkin (14060-1-AP),
571  SOD1 (10269-1-AP), SOD2 (24127-1-AP), Sestrin 2 (10795-1-AP), GAPDH (60004-1-
572 1g), and PDK4 (12949-1-AP) were purchased from Proteintech. Antibodies against
573  phospho-S6 (2215), phospo-eEF2 (2331), phospho-AMPK (50081), phospho-RAPTOR
574  (2083), Caspase-3 (9662), phospho-P70 S6 kinase (9206), P70 S6 Kinase (2708), S6
575  (2317) and GFP (2956) were purchased from Cell Signalling. The Antibody against HA
576  (901533) was purchased from Biolegend. The Antibody against gamma-tubulin (T5326)
577  was purchased from Sigma.

578

579 Plasmids & siRNA

580 All plasmids were transfected using Lipofectamine (Invitrogen) following standard

581 protocols. The plasmids used were purchased from Addgene: pRK7-HA-S6K1-WT
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582  (8984); pRK7-HA-S6K1-F5A-E389-deltaCT (8990); pcDNA3.1-mMaroon1 (83840). The
583  GFP and WPRE elements were excised from pCDH-MCS-T2A-copGFP (a kind gift from
584  Andrew Gilmore, The University of Manchester) using BspEl and Kpnl. mApple (BspEl
585 and Xhol adapters) and WPRE (Xhol-Kpnl adapters) were PCR amplified, digested and
586  subcloned to create the pCDH-MCS-T2A-mApple vector (see Supplementary Table 8
587  for oligonucleotide sequences). DGAT1 was further subcloned into the both the
588 pCDNAS3.1 vector and pCDH-MCS-T2A-mApple using the MCS.

589 All siRNA was transfected using Lipofectamine RNAi Max (Invitrogen) following
590 standard protocols. The following siRNA were ordered from Dharmacon: DGAT1 007 5
591 UCAAGGACAUGGACUACUC 3; DGAT1 008 5 GCUGUGGUCUUACUGGUUG 3
592 DGAT1 smart pool #J-009333-00-0005; DGAT2 01 5° GAACACACCCAAGAAAGGU 3’;
593 DGAT2 02 5GGAGGUAUCUGCCCUGUCASZ; DGAT2 03 5
594 UCAUGGAGCUGACCUGGUU 3’; DGAT2 04 5GAAUGCCUGUGUUGAGGGA 33
595 DGAT2 smart pool #J-009333-08; SESN2 19 5GGAGGGAGUAUUAGAUUAUZ’;
596 SESN2 20 5GCAGGGACCCGUUGAACAASZ'. The scrambled control siRNA (SIC002)
597  was ordered from Sigma.

598

599  Viral transduction

600 Briefly, Lenti-X cells were transfected with pMDLg/pRRE, pMD2.G, pRSV-Rev plasmids
601 (all kind gifts from Angeliki Malliri, Cancer Research UK Manchester Institute) and
602 pCDH-EF10-DGAT1-T2A-mApple viral vectors using Fugene (Promega) following
603  standard protocols. The viral containing supernatant was filtered using a 0.45 ym filter

604 and frozen at —80 °C prior to transduction of target cells. The supernatant containing the
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605 viral particles was added to target cells along with 10 ng/ml Polybrene (Millipore) for 24
606 h. Target cells were then grown and selected from single cell colonies.

607

608 Protein lysate preparation and Western Blotting

609 Cells were washed with PBS and lysed with sample buffer (62.5 mM TRIS pH 6.8, 2
610  %wl/v Sodium dodecyl sulfate (SDS), 10 %v/v glycerol, 0.01%w/v bromophenol blue, 3
611  %v/v 2-mercaptoethanol). Lysates were then sonicated and heated to 95°C for 10
612 minutes prior to being evenly loaded onto SDS-polyacrylamide gels using the Mini
613  Trans-Bot electrophoresis system (Biorad), followed by transfer to PVDF using standard
614  western blotting procedures.

615

616 Lipid droplet staining and image analysis

617 Bodipy 493/503

618 Indicated cells were stained with 2 yM Bodipy 493/503 (ThermoFisher Scientific) and 5
619 ng/ml Hoecsht 3342 (Cell Signalling) for 30 minutes prior to fixing in 4 %wl/v
620 paraformaldehyde and imaging using a Leica microscope system. Images were
621  processing using Fiji.

622 Lipidtox

623  Indicated cells were fixed in 4 %w/v paraformaldehyde and stained with LipidTox Green
624  (ThermoFisher Scientific) according to manufacturer's instructions, and 5ng/ml Hoecsht
625 3342 (Cell Signalling) for 15 minutes prior to imaging using a Leica microscope system.
626  Images were processing using Fiji.

627
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628 RNA Isolation and real-time PCR analysis

629  RNA from cell lines was isolated with TRIZOL® (Invitrogen). After chloroform extraction
630 and centrifugation, 5 yg RNA was DNase treated using RNase-Free DNase Set
631 (Qiagen). 1 ug of DNase treated RNA was then taken for cDNA synthesis using the
632  Protoscript | first strand cDNA synthesis kit (New England Biolabs). Selected genes
633 were amplified by quantitative real time PCR (RT-gPCR) using Sygreen (PCR
634 Biosystems). Relative expression was calculated using the delta-delta CT methodology
635 and beta-actin was used as reference housekeeping gene. Sequences for primers used
636  can be found in the Supplementary Table 8.

637

638 Incucyte cell-proliferation assay and apoptosis assay

639 Indicated cell lines were seeded into 24-well plates at a density of 15,000—-20,000 cells
640  per well, depending on growth rate and the design of the experiment. After 24 h drugs
641 or siRNA were added and cells were imaged every hour using the Incucyte ZOOM
642 (Essen Bioscience) Phase-contrast images were analysed to detect cell proliferation
643 based on cell confluence. For cell apoptosis, caspase-3 and caspase-7 green
644  apoptosis-assay reagent (Life Technologies) was added to the culture medium following
645 manufacturer’s instructions. Cell apoptosis was analysed based on green fluorescent
646  staining of apoptotic cells.

647

648 Flow cytometry

649  Mitochondrial Membrane potential
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650 Indicated cell lines were trypzinized and pelleted by centrifugation at 500 g for 5 min,
651 washed with PBS. For mitochondrial membrane potential cells were stained with 2 uM
652 JC-1 (Life Technologies) for 30 minutes at 37 °C. For positive control samples 0.5uM
653 FCCP was added simultaneously with JC-1. Data was acquired by the BD BlOsciences
654 Foretessa and quantified using the Flowjo software. A minimum of 10,000 cells were
655 analysed per condition.

656

657 Lipid peroxidation

658 Indicated cell lines were trypzinized and pelleted by centrifugation at 500 g for 5 min,
659 followed by a PBS wash. For lipid peroxidation cells were stained with either 5 yM
660 BODIPY™ 581/591 C11 (ThermoFisher Scientific) or MitoPerOx (Abcam) for 30
661 minutes at 37 °C. Data was acquired by the BD BlOsciences Foretessa and quantified
662  using the Flowjo software. A minimum of 10,000 cells were analysed per condition.

663

664  Mitochondrial ROS

665 Indicated cell lines were trypzinized and pelleted by centrifugation at 500 g for 5 min,
666 followed by a PBS wash. For mitochondrial specific ROS detection, cells were stained
667 with 2.5 yM Mitosox (ThermoFisher Scientific) for 30 minutes at 37 °C. Data was
668 acquired by the BD BlOsciences Foretessa and quantified using the Flowjo software. A
669  minimum of 10,000 cells were analysed per condition.

670

671  Proliferation Assays

672  Crystal Violet
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673 Indicated cells were stained and fixed with 0.5 %w/v crystal violet (Sigma) in 4 %w/v
674  paraformaldehyde/PBS for 30 minutes. Fixed cells were then solubilised in 2 %w/v
675 SDS/PBS and absorbance measured at 595 nm using Synergy H1 microplate reader
676  (BioTek).

677  EdU Incorporation

678 Indicated cells were labelled with 20 yM 5-ethynyl-2'-deoxyuridine (EdU) for 4 h and
679 processed following the manufacturer's protocol (Click-iT® EdU Alexa Fluor® 488
680 Imaging Kit, Thermo Fisher). Prior to imaging cells were then stained with 5ng/ml
681 Hoecsht 3342 for 15 minutes. Stained cells were analysed using a using a Leica
682  microscope system. Images were processing using Fiji.

683

684 Dihydroethidium Assay

685 Cells were stained with 5 yM Dihydroethidium for 20 minutes in the dark at 37 °C.
686  Fluorescence was measured at excitation 480nm emission 570 nm using Synergy H1
687  micro plate reader (BioTek). Fluorescence values were normalised to cell number by
688  staining the cells with crystal violet after fluorescence read.

689

690  Cancer bioinformatics

691 We evaluated both point mutations and CNV in the TCGA SKCM firehose legacy,
692 TCGA pan-cancer and Cancer Cell Line Encyclopedia datasets using the cBioPortal
693  platform (56). The GISTIC2.0 algorithm was used to identify focal amplifications (57).
694 Gene Ontology analysis was carried out using both enrichR (58) and metascape

695 software (59). Association between mRNA expression in TCGA datasets and survival
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696 was evaluated using OncoLnc (60). mRNA levels determined by microarray were
697  accessed through the Oncomine platform (61).

698
699 Quantification and Statistical Analysis

700 Data was tested for normality using the Shapiro-Wilk test. Data was considered to be
701  normally distributed if p>0.05. Differences in the number of lipid droplets per cell,
702  relative cell number and percentage EdU incorporation between DMSO and drug
703 treated cells were assessed using an unpaired two-sided t-test, or Mann-Whitney test if
704 data were not normally distributed. In comparing the differences in these same
705  characteristics between cells transfected with either non-target or one of several siRNA
706  oligonucleotides, a one-way ANOVA with Tukey’'s multiple comparisons test (or
707  Friedman with Dunn’s multiple comparisons test if data were not normally distributed)
708  was used to measure significance. Differences were considered significant if p<0.05. All
709  data obtained was analysed using Graphpad Prism 8.1.

710

711  Data and Code Availability

712 The zebrafish tumor RNA-seq data has been deposited with the Gene Expression
713 Omnibus (GEO) with the accession code GSE144555. The mass spectrometry
714  proteomics data have been deposited with the ProteomeXchange Consortium via the
715  PRIDE partner repository with the dataset identifier PXD017487. Extended Lipidomics
716  Data for zebrafish tumors and human melanoma cell lines can be found in
717  Supplementary Tables 3-7. Code for proteomic analysis can be found at

718  https://github.com/JoWatson2011/DGAT_2019.
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893 Figure 1 DGAT1 amplification and up-regulation is associated with poor

894  prognosis in melanoma

895  (a) Patient survival from TCGA melanoma cohort (25% top vs 75% bottom by mRNA
896  abundance, Y-axis) versus fold-change in mRNA expression of lipid metabolism genes
897 in zebrafish tumors (X-axis). (b) Kaplan-Meier survival plot comparing melanoma
898  patients based on expression of DGAT1 or DGAT2 (top 25% vs bottom 75%, TCGA
899 data set). (c) DGAT1 relative gene expression in skin, nevi and melanoma tumors from
900 indicated studies (Mean = SD, n>3). (d) Protein expression of DGAT1 and Vinculin
901 (loading control) (NHM- Normal Human Melanocytes). (e) Genetic alterations in the
902 TCGA firehose legacy melanoma data set (counting only samples with CNV data)
903 obtained from cBioPortal. (f) Schematic depicting human chromosome 8, the amplified
904 arm (red), and known/putative melanoma oncogenes within this region. (g) G-Score of
905 amplified regions of zebrafish chromosomes found in BRAFY6%%.-positive; tp53 mutant
906 tumors indicating the position of presumed melanoma oncogene homologues. (h)
907 Kaplan-Meier progression free survival plot comparing patients across multiple cancer

908 types based on DGAT1 amplification.

909

910 Figure 2 Dgat1 functions as an oncoprotein in zebrafish

911 (a) DGAT1 amplification distribution in melanoma. (b) Kaplan-Meier plot of melanoma
912  tumor nodule incidence in EGFP control or Dgat1a over-expressing animals on the {p53

913  mutant; nacre genetic background. Representative images shown for EGFP and Dgat1a
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914 positive animals at 54 and 76 weeks post-fertilisation respectively. (c) as for (b) but on
915 the transgenic mitfa:BRAFV%F; tp53 mutant; nacre genetic background. Representative
916 images are shown at 12 weeks post fertilisation. (d) as for (c) but on the transgenic
917  mitfa:zNRAS®'?P; tp53 mutant; nacre genetic background, also shown the effect of Dgat2

918 over-expression. (e) Hematoxylin and eosin stained transverse sections of EGFP

919 expressing or Dgatla over-expressing melanoma on the transgenic mitfa:NRASG12D;
920  tp53 mutant; nacre genetic background. (f) Volcano plot of all genes from RNA-seq data
921  from NRASC'?P-positive EGFP-expressing (n=3) and from NRAS®'?P-positive Dgat1a
922  over- expressing (n=5) tumors. Fold-change calculated comparing Dgatla over-
923  expressing tumors to EGFP-expressing control tumors. (g) DGAT1 expression in TGCA
924  pan cancer atlas RNA-seq data set filtered for NRAS™! melanoma patients (upper).
925  Venn diagram of significantly enriched gene sets after GSEA of significantly regulated
926 genes comparing either NRASC®'?P-positive EGFP-expressing (n=3) and NRAS®'2D-
927  positive Dgat1a over-expressing (n=5) tumors or comparing DGAT1 mRNA high tumors
928  (12/72) to the rest of the NRAS™ TGCA dataset (60/72). (h) Selection of 11 pathways
929  from the Venn diagram intersect is shown in the dot-plot. Dot size represents the P

930 value.
931
932  Figure 3 DGAT1 activity is required for maintenance of S6K signalling

933  (a) Phospho-proteomics work flow (left). Enriched phosphorylated sites (WebGestalt) of
934  up- (59) and down-regulated (96) phosphorylated proteins. Protein hub analysis of both

935  up- and down-regulated phosphorylated proteins (right) (n=3). (b) Protein expression of
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936  phospho-S6 and phospho-eEF2 following DGAT1 inhibitor treatment. (c) Confluency
937 curves in cell lines transfected with DGAT1 targeting (007, 008, pool) or scrambled (SC)
938 siRNAs (Mean, n=3) (above). Corresponding protein expression of DGAT1, phospho-S6
939 and phospho-eEF2. (d) Confluency curves of parental 888MEL cells and 888mel cells
940 following lentiviral transduction with a DGAT1 over-expression vector and clonal
941 selection (Mean, n=3) (upper left). Corresponding crystal violet staining after 72 h
942  growth (upper right). Corresponding protein expression of DGAT1 and phospho-S6

943  (lower).

944

945  Figure 4 DGAT1 supports S6K dependent melanoma cell growth

946  (a) Heatmap of relative cell number determined by crystal violet following 72 h DGAT1
947 inhibitor treatment (Mean, n>3). (b) Percentage of cells in S-phase using EdU
948  incorporation following 24 h DGAT1 inhibitor treatment (Mean, n>3). (c) Protein
949  expression in SKMEL105 cells of HA-tag, DGAT1 and phospho-S6 following both over
950 expression of either GFP wild type S6 kinase or constitutively active S6-kinase and
951 transfection with a DGAT1 targeting or scrambled siRNA (left). Confluency curves of
952  SKMEL105 cells following both over-expression of S6 kinase or GFP and transfection
953  with a DGAT1 targeting or scrambled siRNA (Mean, n=3) (right). (d) Quantification of
954 the percentage of A375 cells in S-phase using EdU incorporation following over-
955 expression of either S6 kinase, constitutively active S6 kinase or a GFP control
956  with/without the presence of A922500 for 24 h (Mean = SD, n>6). (e) Confluency

957 curves of 888MEL and clone 3 cells following treatment with/without 1 uM LY2584702
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958 or 10 uM PF-4708671 determined by time-lapse microscopy using an Incucyte zoom
959  system (left) (Mean = SD, n=4). Corresponding protein expression of phospho-P70S6K,
960 phospho-S6, S6 and DGAT1 (right). (f) Graph showing relative cell number determined
961 by crystal violet following 72 h DGAT1 inhibitor treatment with cells grown in varying
962  concentrations of foetal calf serum (FCS) (Mean, n>3). (g) Graph of relative cell number
963 determined by crystal violet following 48 h DGAT1 inhibitor treatment under normoxic or
964  hypoxic conditions (1% 0O2) with cells grown in varying concentrations of foetal calf

965 serum (FCS) (relative to DMSO control for each condition) (Mean, n>3).

966

967 Figure 5 DGAT1-driven lipid droplets act as caretakers of mitochondrial health

968  (a) Lipidomic profiling using UHPLC-MS of NRAS®??P-positive EGFP-expressing (n=6)
969 and NRASC"?P-positive Dgat1a-over-expressing (n=6) tumors showing the ratio of lipid
970  species (annotated by MS/MS). (b) Representative images of 888MEL and Clone 3
971  cells stained with BODIPY (left). Brightfield images of 888MEL parental cells and Clone
972 3 DGAT1 over-expressing cells (middle). UHPLC-lipidomic analysis of 888MEL parental
973 and Clone 3 DGAT1 over-expressing cells. Fold-change relative to 888MEL parental
974  cells (right). TAG (triacyclglycerides), AcCa (acyl carnitine). (c) Quantification of the
975  number of lipid droplets per cell using BODIPY staining following AZD3988 treatment
976 (Mean = SD, n>30). (d) UHPLC-lipidomic analysis of SKMEL105 cells following
977  A922500 treatment. Fold-change relative to DMSO. TAG (triacyclglycerides), LPC
978  (lysophosphatidycholine), AcCa (acyl carnitine), LPE (lysophosphatidylethanolamine).

979  (e) Lipid species fold changes in SKMEL105 following 72 h A922500 treatment plotted
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versus lipid species fold changes observed in clone 3 cells. f) Protein expression of
phospho-AMPK and phospho-RAPTOR following A922500 treatment. (g) Oxygen
consumption rate in A375 cells following 48 h A922500 treatment (upper). Basal
respiration, ATP production and spare respiratory capacity were calculated (lower)
(Mean = SD, n=3). (h) Staining with JC-1 dye following A922500 treatment or following
transfection with DGAT1 targeting siRNA. The percentage of cells that lost red J-
aggregates was calculated by using 1 pM CCP as a positive control and comparing this
to untreated cells to create two populations of cells for flow cytometry analysis (upper)
(Mean + SD, n>3). Protein expression of PINK1 and PARKIN following A922500

treatment (lower).

Figure 6 DGAT1 suppression generates ROS leading to mitochondrial lipid

peroxidation

(a) Total proteomics work flow (left). GEO of up-regulated proteins (114) ranked by
combined score (wikipathways) or log adjusted P values (metascape) (right) (b). RT-
gPCR analysis following A922500 treatment. Fold-change relative to DMSO (Mean,
n=3). (c) Quantification of ROS levels using dihydroethidium fluorescence following
A922500 treatment. Fold-change relative to DMSO (Mean, n>4). (d) Quantification of
ROS levels using dihydroethidium fluorescence following transfection with either
DGAT1 targeting siRNA or a scrambled control for 48-72 h. Fold-change calculated
relative to scrambled control (Mean * SD, n=3) (upper). Corresponding protein

expression of DGAT1 and phospho-AMPK (lower). (e) C11-Bodipy staining following
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1002  A922500 treatment. Median fluorescence determined using FACS (Median + SD, n>6).
1003 (f) Mito-C11-Bodipy staining following A922500 treatment. Median fluorescence
1004 determined using FACS (Median + SD, n>6) (left) Representative histogram of B530/30-
1005 A fluorescence (right). (g) Protein expression of DGAT1 and 4-Hydroxynonenal
1006  following transfection with either DGAT1 targeting siRNA or a scrambled control for 48
1007  h. (h) Protein expression of DGAT1 and 4-Hydroxynonenal following transfection with

1008  either DGAT1 over-expression vector or an empty vector control for 48 h. (i) Protein
] G12D .
1009 expression of Dgat1 , GFP and 4-Hydroxynonenal in NRAS  -positive GFP-

G12D
1010  expressing (n=4) and NRAS  -positive Dgat1a over-expressing (n=7) tumors.
1011

1012  Figure 7 DGAT1 suppression triggers ROS induced apoptosis that is ameliorated

1013 by SESN2

1014  (a) Protein expression of SOD1, SOD2 and cleaved caspase3 following A922500
1015 treatment. (b) Cleaved-caspase index following transfection of a DGAT1 targeting or
1016  scrambled siRNA. At 24 h cells were treated with/without Tempol or Ebselen (Mean,
1017 n=3) (lower). Corresponding protein expression of DGAT1 and cleaved caspase3
1018  (upper). (c) Drug-dose response curve after 72 h treatment with ROS inducers (upper)
1019 (Mean % SD, n=3). Protein expression of cleaved-caspase3 and DGAT1 following 72 h
1020 paraquat treatment (lower). (d) Relative cell number determined using crystal violet
1021  staining following 48 h culture in indicated FCS serum levels under hypoxic (1% O2) or
1022 normoxic conditions (Mean + SEM, n>3) (Upper). Corresponding protein expression of

1023  SOD2, DGAT1 and cleaved caspase 3 under hypoxic (1% O2) conditions (lower). (e)
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Protein expression of SESN2 following A922500 treatment. (f) Confluency curves of
A375 cells transfected with either SESN2 or DGAT1 targeting or scrambled siRNA (left).
Corresponding cleaved-caspase index (right). Corresponding protein expression of
DGAT1 and Sestrin 2 (lower). (g) Quantification of ROS levels using dihydroethidium
fluorescence in A375 cells transfected with SESN2 targeting or scrambled siRNA (19,
20) followed by A922500 treatment for 24 h. Fold-change relative to scrambled control
(Mean £ SD, n>4). (h) Relative HMOX1 expression in A375 cells transfected with
SESNZ2 targeting or scrambled siRNA (19, 20) followed by A922500 treatment for 24 h.

Fold-change relative to DMSO (Mean * SD, n=3).
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Figure 2 Dgat1 functions as an oncoprotein in zebrafish
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Figure 5 DGAT1-driven lipid droplets act as caretakers of mitochondrial health
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Figure 6 DGAT1 suppression generates ROS leading to mitochondrial lipid peroxidation
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Figure 7 DGAT1 suppression triggers ROS induced apoptosis that is ameliorated by SESN2
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