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Abstract

The molecular and genetic basis of tumor recurrence is complex and poorly
understood. RIPK3 is a key effector in programmed necrotic cell death and, therefore,
its expression is frequently suppressed in primary tumors. In a transcriptome profiling
between primary and recurrent breast tumor cells from a murine model of breast
cancer recurrence, we found that RIPK3, while absent in primary tumor cells, is
dramatically re-expressed in recurrent breast tumor cells by an epigenetic mechanism.
Unexpectedly, we found that RIPK3 knockdown in recurrent tumor cells reduced
clonogenic growth, causing cytokinesis failure, p53 stabilization, and repressed the
activities of YAP/TAZ. These data uncover a surprising role of the pro-necroptotic
RIPKS kinase in enabling productive cell cycle during tumor recurrence. Remarkably,
high RIPK3 expression also rendered recurrent tumor cells exquisitely dependent on
extracellular cystine and undergo programmed necrosis upon cystine deprivation. The
induction of RIPK3 in recurrent tumors unravels an unexpected mechanism that
paradoxically confers on tumors both growth advantage and necrotic vulnerability,

providing potential strategies to eradicate recurrent tumors.
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Introduction

While significant progress has been made for the diagnosis and treatment of
primary tumors, the emergence of recurrent tumors after the initial response to
treatments still poses significant clinical challenges. Recurrent breast tumors are
generally incurable and unresponsive to the treatments effective for primary tumors .
Several factors have shown to be associated with breast tumor recurrence, including
the age when primary tumor is diagnosed 2 3, lymph node status, tumor size,
histological grade* > §, the status of estrogen receptor (ER), progesterone receptor
(PR) and the expression of human epidermal growth factor receptor 2 (HER2)"- & °.
However, the molecular and genetic events that lead to tumor recurrence remain

largely unknown.

To study the mechanism of tumor recurrence, genetically engineered mouse
(GEM) models of recurrent breast cancers have been established. Utilizing the
doxycycline-inducible system, the expression of specific oncogenes can be
conditionally expressed and withdrawn in the mammary gland % 11.12.13.14 " |n the bi-
transgenic mice expressing an MMTV-rtTA (MTB) and inducible Neu (homolog of
HERZ2) oncogene (TetO-neu; TAN), mammary adenocarcinomas can be induced by
the administration of doxycycline and regressed after doxycycline withdrawal 1% 1. 12,
13,14 Importantly, the recurrent tumors will eventually emerge in most mice after the
expression of the oncogene is turned off 10 1. 12,13, 14 This tumor recurrent model
bears significant similarities to human breast cancer recurrence in several important
ways: (1) Tumor recurrence occurs over a long timeframe relative to the lifespan of
the mouse, similar to the timing of recurrences in human breast cancer; (2) During the
latency period before recurrent tumor formation, residual tumor cells remain in the

mouse, analogous to minimal residual disease in patients; (3) The formation of
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76  recurrent tumors is independent from the initial oncogene of the primary tumors,
77  reminiscent of the finding that recurrent tumors from HER2-amplified breast cancers
78 often lose HER2 amplification and become unresponsive to HER2 inhibition; (4)
79  Recurrent breast cancer is often more aggressive than the initial primary tumor and
80 resistant to therapies that were effective against the primary tumor. Breast cancer
81 recurrence in human and GEM also share significant similarities in molecular
82  pathways and clinical courses. For example, recurrent tumor cells of GEM typically
83 acquired an epithelial-to-mesenchymal transition (EMT) phenotype, a hallmark of
84  breast cancer recurrence '3 5. Unfortunately, while many signaling pathways are
85 found to be enriched in “recurrent tumor”, most of these recurrent-enriched pathways
86 are not readily amenable to therapeutic intervention. Therefore, there are still

87  significant need for novel therapeutic approaches that target the recurrent tumor cells.

88 One relative unexplored aspect of recurrent tumor is the metabolic
89  reprogramming and potential nutrient addiction. Previously, by systematic removal of
90 individual amino acids we demonstrated that renal cell carcinomas and triple-negative
91 breast cancer cells (TNBC) are highly susceptible to cystine deprivation or inhibitors
92  of cystine/glutamate antiporter (xCT) that block the cystine import 6 7. Although
93  cystine is not an essential amino acid, the imported cystine is broken down to cysteine,
94  the limiting precursor of glutathione (GSH). GSH is a crucial antioxidant to decrease
95 reactive oxygen species (ROS) in cells 8. Therefore, depletion of cystine will result in
96 the depletion of GSH, unopposed surge of ROS, which triggers programmed necrosis
97 9. Cystine deprivation activates the Receptor Interacting Serine/Threonine Kinase 1
98 (RIPK1), which recruits and promotes RIPK3 autophosphorylation. The activated
99  RIPKS3, in turn, leads to the phosphorylation and polymerization of Mixed Lineage

100  Kinase Domain Like Pseudokinase (MLKL), resulting in the membrane rupture and
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101  execution of necrosis 2% 21, Accordingly, as a part of death-evading strategy, RIPK3

102  expression is often silenced in primary tumors due to the promoter methylation 22 23,

103 Here we report that the RIPK3 is re-expressed in recurrent tumor cells and
104  RIPKS activity is required for productive proliferation of recurrent tumor cells. However,
105 this exaggerated re-expression of RIPK3 also renders the recurrent tumor cells
106  uniquely vulnerable to the necroptotic death triggered by cystine deprivation and xCT
107  inhibitor treatment. Thus, RIPK3-depenent proliferation of recurrent tumor cells
108 creates the collateral vulnerability to cystine deprivation that can serve as a strategy

109  to exterminate recurrent tumor cells therapeutically.

110

111  Results

112 Exaggerated expression of RIPK3 in the recurrent breast tumor cells

113 To investigate the basis of phenotypic differences between primary and
114  recurrent tumors, tumor cells were isolated and expanded from HERZ2 driven murine
115 MTB/TAN model before the oncogenic withdrawal (primary tumors) and after the
116  recurrence (recurrent tumors)'2. To identify differentially expressed genes important
117  for tumor recurrence, we have previously performed microarrays to compare the
118  differences in the transcriptome landscape between primary and recurrent tumor cells
119 (GEO: GSE116513)%*. This comparison validates the previously reported upregulation
120  of Ceramide Kinase (Cerk) 2°> and downregulation of Prostate Apoptosis Response 4
121 (Par-4) %% in the recurrent tumor cells (Figure 1A). Also, recurrent tumor cells
122 expressed a higher level of EMT-driving Snail Family Transcriptional Repressor 1
123 (Snait), '3(Figure 1A), consistent with an enrichment of EMT by Gene Set Enrichment
124  Analysis (GSEA) (Figure 1B). Therefore, these data confirm many distinct gene

125  expression patterns reported between the primary and recurrent tumor cells.
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126 When we examined the expression of genes involved in the programmed
127  necrosis??, we noted a consistent and robust over-expression of Ripk3 in the recurrent
128  tumors cells (Figure 1A). RT-PCR validated the dramatically increased expression of
129  Ripk3 mRNA in the recurrent tumor cells (Figure 1C). In addition, Western blots
130  revealed that RIPK3 protein, while almost entirely absent in the primary tumor cells,
131  was abundantly expressed in the recurrent tumor cells (Figure 1D). In comparison,
132 RIPK1 and MLKL proteins, the best recognized upstream regulator and downstream
133 target of RIPKS, respectively, were found to be expressed at similar levels in the
134  primary and recurrent tumor cells (Figure 1D). Similar Ripk3 mRNA over-expression
135 is also noted in a panel of mouse recurrent breast tumors, when compared with
136 primary breast tumors (Figure 1E). The absence of RIPK3 protein expression in
137  primary tumor cells was previously noted and assumed to be an evolutionary strategy
138  of tumors to escapes programmed necrosis as part of the cancer hallmarks 22 27,
139  Therefore, the absence of RIPK3 in primary tumor cells is consistent with these
140  reports. However, the re-expression of RIPK3 in the recurrent tumor cells was
141  unexpected.

142 This observation is supported by two human dataset of gene expression
143  comparison between primary breast cancer and matching lymph node metastasis 2%
144 2, First, RIPK3 mRNA was significantly increased by 2.08-fold in metastatic tumors
145  when compared with primary human tumors (Supplemental Table 1)?. Another human
146  dataset (GSE61723)?° that compared 16 pairs of primary breast cancer and matching
147  lymph node metastasis, also showed an increase in RIPK3 mRNA expression in 11
148  out of 16 pairs with an overall significant upregulation (Figure 1F). Collectively, these
149  data indicate the upregulation of RIPK3 expression occurs in recurrent tumors in both

150 a mouse model and two human studies.
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151

152  Epigenetic regulation of Ripk3 in the primary vs. recurrent tumor cells

153 To understand the basis of the Ripk3 mRNA upregulation in the recurrent tumor
154  cells, we investigated the epigenetic landscape of the regulatory regions of Ripk3 gene
155 in the primary and recurrent tumor cells by ChlP-sequencing. Consistent with the
156  transcriptional upregulation in the recurrent tumor cells, RNA Polymerase I
157  dramatically occupied the regulatory regions of Ripk3 gene in the recurrent tumor cells,
158  but not in the primary tumor cells (Figure 2A). Next, we compared the ChIP-seq data
159  of activating epigenetic histone markers, H3K9Ac and H3K4me3, in the regulatory
160  regions of Ripk3. We found that the regulatory regions of Ripk3 gene adjacent to the
161 RNA polymerase |l binding site were highly enriched for these activating histone
162 markers in the recurrent tumor cells, but not in the primary tumor cells (Figure 2A).
163 To further determine the epigenetic alterations of Ripk3, we designed two sets
164  of primers that cover the promoters (-291 to -165), transcriptional start site (TSS, -84
165  to +51) (Figure 2B) to measure the epigenetic changes by ChIP-PCR. We found that
166  the promoter and TSS of Ripk3 gene are marked by the activation markers (H3K4me3,
167  H3K9Ac) and RNA polymerase Il occupancy only in the recurrent tumor cells (Figure
168  2B). Reciprocally, we found that these Ripk3 regulatory regions are marked by the
169  silencing markers (H3K27me3 and K3K9me2) in the primary tumor cells, but not in the
170 recurrent tumor cells (Figure 2B).

171 We further performed bisulfite sequencing to measure the degree of DNA
172 methylation of the CpG island in the Ripk3 regulatory regions (-150 to +310) (Figure
173 2C). We found that most of the cytosines in the Ripk3 CpG Island are methylated in
174  the primary tumor cells, but un-methylated in the recurrent tumor cells (Figure 2C).

175  Together, these data indicate that epigenetic changes in the histone modification and
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176 DNA methylations are likely responsible for the silencing of Ripk3 in the primary tumor
177  cells and robust expression in the recurrent tumor cells.

178

179  Ripk3 knockdown triggers mitotic defects and p53 activation

180 Given the unexpected robust expression of RIPK3 in the recurrent tumors, we
181  further investigated its functional role in recurrent tumor cells. First, we performed
182  clonogenic assay to determine whether silencing Ripk3 in primary or recurrent tumors
183  affects their capacity to proliferate and form colonies (Figure 3A-B, Supplemental
184  Figure 1A-B). We found that Ripk3 knockdown by two independent shRNAs
185  significantly reduced colony formation in the recurrent tumor cells (Figure 3A-B), but
186  not in the primary cells (Supplemental Figure 1A-B). These data suggest that RIPK3
187 is crucial for the proliferation and survival of recurrent tumor cells.

188 MLKL is the downstream effector of RIPK3 in the execution of programmed
189  necrosis 2. We found that MIkl silencing in recurrent tumor cells recapitulated the
190  effect of Ripk3 knockdown and suppressed colony formation (Supplemental figure 1C-
191 D). Consistent with these findings, treatment with an MLKL inhibitor, necrosulfonamide
192 (NSA) 2" 30 also reduced colony formation of recurrent tumor cells (Supplemental
193  figure 1E-F). These data show that the canonical necrosis-driving RIPK3-MLKL
194  signaling axis is required for cell proliferation and clonogenic growth in recurrent breast
195  tumor cells.

196 To understand the mechanisms by which Ripk3 knockdown the reduced
197  clonogenic capacity of recurrent tumor cells, we investigated the transcriptional
198  responses to Ripk3 knockdown by RNAseq (submitted to GEO: GSE124634, reviewer
199  token: wxklcoaixtgllsp) (Figure 3C). We found downregulation of several mitotic

200 regulators in Ripk3 knockdown cells, including Aurora B and Mkip1 (Figure 3C), as
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201 well as the depletion of the reactome to mitosis geneset by GSEA (Figure 3D).
202  Therefore, we used fluorescence microscopy to investigate the potential impact of
203  RIPK3 on mitosis. Ripk3 knockdown dramatically increased the number of binucleated
204 cells by ~20 folds (Figure 3E-F). These data suggest that Ripk3 is involved in the
205 proper execution of mitosis in the recurrent tumor cells. Binucleated/multinucleated
206 cells generally result from cytokinesis failure 3'. Previous study showed that
207  cytokinesis failure can lead to the activation of tumor suppressor p53 32. By GSEA
208 analysis, we found the enrichment of genes in p53 signaling pathway (Figure 3G) and
209 confirmed the upregulation of p53 target genes, Mdm2 and p21, in Ripk3 knockdown
210 cells (Figure 3C). Indeed, p53 protein is phosphorylated at Ser15 upon Ripk3 silencing
211 (Figure 3H). Phosphorylation on Ser15 led to a weak interaction between p53 and its
212  negative regulator Mdm233, which in terms stabilize p53 accumulation (Figure 3H).
213  Collectively, these data suggest that robust Ripk3 expression in recurrent tumor cells
214 s critical for the proper mitotic progression and cell proliferation.

215 Given that Ripk3 knockdown increased binucleated cells, which cause genomic
216 instability®*, we speculated that Ripk3 knockdown may lead to aneuploidy. A recent
217  report has made the scores of aneuploidy available in a pan-cancer TCGA dataset 3.
218  Therefore, we correlated the level of RIPK3 expression with its aneuploidy score in
219  breast cancer patients (Figure 3I). Our results indicate that low levels of RIPK3 mRNA
220  expression is significantly associated with higher aneuploidy in breast cancers (Figure
221  3l). These data in human breast tumors further support the concept that RIPK3 is
222 critical in preventing chromosome instability and aneuploidy in recurrent tumor cells.

223
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224  Ripk3 knockdown represses YAP/TAZ pathways

225 Cytokinesis failure can activate Hippo tumor suppressor pathway 32 and
226 inactivate the two Hippo pathway effectors, YAP (Yes Associated Protein 1encoded
227 by YAP1) and TAZ (transcriptional coactivator with PDZ-binding motif, encoded by
228 WWTRT1).These proteins are coactivators of TEAD family transcription factors
229  mediating the expressions of proliferative and oncogenesis genes®. When Hippo is
230 on, YAP/TAZ is inactivated by phosphorylation and exclusion from the nucleus. When
231  Hippo is off, YAP/TAZ is localized in the nucleus and able to interact with TEAD and
232 leads to downstream gene expression3¢. We found that Ripk3 silencing in recurrent
233 tumor cells led to a depletion of YAP/TAZ signature by GSEA (Figure 4A). RT-PCR
234 confirmed that two canonical YAP/TAZ target genes: Ctgf and Cyr61, were
235  dramatically repressed upon Ripk3 knockdown (Figure 3C and Figure 4B). In addition,
236  we examined how Ripk3 silencing affects the sub-cellular localization of YAP and TAZ
237 by nuclear/cytosol fractionation (Figure 4C). While Ripk3 silencing slightly reduced the
238 level of nuclear YAP, it significantly depleted nuclear TAZ (to ~18%) with a
239  corresponding increase in the cytosolic TAZ (Figure 4C). Confocal microscopy further
240  confirmed the reduced nuclear YAP/TAZ upon Ripk3 silencing (Figure 4D). Thus, we
241  speculated that the depletion of YAP/TAZ in the nucleus under Ripk3 silencing may
242  contribute to low efficiency of colony formation and cell proliferation. To test this
243  hypothesis, we further over-expressed constitutively active mutants of YAP/TAZ, YAP
244  S127A and TAZ S89A 3738 in Ripk3 knockdown cells (Figure 4E-F). We observed a
245 complete rescue by TAZ S89A expression under Ripk3 knockdown whereas YAP
246 S127A partially rescued colony formation (Figure 4E-F). These data suggest that

247  reduced nuclear YAP/TAZ levels and activities, especially TAZ, contribute significantly
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248  to the defect of clonogenic formation induced by Ripk3 silencing in recurrent tumor
249  cells.

250

251  Recurrent breast tumor cells are uniquely addicted to exogenous cystine

252 Recent studies have indicated that therapy-resistant and mesenchymal tumor
253  cells, two features seen in the recurrent tumor cells, become more sensitive to cell
254  death induced by cystine deprivation '7-3°. Cystine is imported into mammalian cells
255  in exchange of the export of glutamate via the xCT transporter 4°, which can be blocked
256 by xCT inhibitors, such as the erastin or sulfasalazine #'-42 43, We have found that the
257  cystine deprivation can trigger extensive cell death in renal cell carcinomas '® and
258 triple negative breast cancer cells'”. Given the unexpected robust level of RIPK3
259  expression in recurrent breast cancer cells, we investigated whether recurrent breast
260  tumor cells are particularly vulnerable to cell death triggered by cystine deprivation or
261  erastin. We subjected two primary and two recurrent tumor cell lines to normal (200
262 UM cystine) or cystine-deprived (2.5 uM of cystine) media for 16 hours and determined
263  the cell viability using crystal violet. We found that cystine deprivation eliminated most
264  of recurrent tumor cells, but only had modest effects on primary tumor cells (Figure
265 5A). Under varying degrees of cystine deprivation, the recurrent tumor cells were
266 largely eliminated under 5uM of cystine (Figure 5B). In contrast, the primary tumor
267 cells still maintained ~50% viability even at 0.625 yM of cystine (Figure 5B).
268  Collectively, these cell viability assays consistently showed that recurrent tumor cells
269 are much more sensitive to cystine deprivation.

270 Alternatively, we examined whether primary and recurrent breast tumor cells
271  have different sensitivity to erastin, a potent xCT inhibitor. Consistently, we found

272 recurrent tumor cells, when compared with primary tumor cells, were more sensitive
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273  to erastin-induced cell death examined by crystal violet staining (Figure 5C) and
274  CellTiter-Glo assay (Figure 5D). While recurrent tumor cells were largely eliminated
275  between 0.5~1 uM erastin, the primary cells survived more than 8 uM of erastin with
276  ~75% viability (Figure 5D). Such recurrent-specific erastin sensitivities are further
277 confirmed by the higher levels of protease release in the recurrent tumor cells an
278 indication of cell membrane breakage and death (Figure 5E).

279 Thus, we further analyzed the protein expression of RIPK3 and MLKL in primary
280 and recurrent tumor cell lines after erastin treatment. We found that RIPK3 protein is
281 only expressed in recurrent tumor cells and modestly elevated by erastin treatment
282  (Supplemental Figure 2A). An upregulated base level of phosphorylated MLKL is
283  noted in recurrent tumor cells when comparing to primary tumor cells (Supplemental
284  Figure 2A). Moreover, silencing of Ripk3 abolished the MLKL phosphorylation
285  (Supplemental Figure 2B). Therefore, the elevated RIPK3 proteins and constitutive
286  MLKL phosphorylation may prime the recurrent tumor cells to cell death triggered by
287  erastin or cystine deprivation.

288 Erastin is considered to trigger to cell death by ferroptosis, a programmed cell
289  death distinct from apoptosis and programmed necrosis “2. However, at low dose of
290 erastin, we have previously found that necrosis pathway and RIPK3 is also required
291  for programmed cell death '6. Given the elevated RIPK3 in recurrent tumor cells, we
292 further determined the cell death mechanisms. In addition to low dose of erastin, we
293  used different inhibitors to define the cell death mechanisms caused by erastin. We
294  found that the apoptosis inhibitor Z-Vad did not rescue the erastin-induced death. In
295  contrast, both ferroptosis inhibitor (ferrostatin-1) 44 and necrosis inhibitor (necrostatin-
296  5) 5 robustly rescued the cell death, suggesting the potential role of RIPK3 in the cell

297  death triggered by erastin (Figure 5F). While the requirement for RIPK3 may not be
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298 generally applicable to all erastin-induced cell death, RIPK3 may be particularly critical
299 in the recurrent tumor cells with high RIPK3 expression and constitutive MLKL
300 phosphorylation.

301

302  Ripk3 over-expression contribute to the recurrent-specific cystine addiction

303 To examine whether high Ripk3 expression in recurrent tumor cells contributes
304 toits vulnerability to cystine deprivation, we knocked down Ripk3 by two independent
305 shRNAs and found a significant reduction of erastin-induced cell death with ~70-80%
306  of viability (Figure 6A), while erastin (1 uM) eliminated the control recurrent tumor cells
307 toless than 10% cell viability (Figure 6A). Similar results were also obtained by crystal
308 violet staining and follow-up quantification (Figure 6B-C). Therefore, the robust Ripk3
309 expression contributes to the cystine addiction phenotypes of recurrent tumor cells.
310 Since the MLKL phosphorylation by RIPKS is required for MLKL oligomerization
311  and activation of necrosis, we further inhibited MLKL oligomerization by NSA 230, We
312  found NSA was able to rescue the erastin-induced cell death of recurrent tumor cells
313 using either protease release assay (Figure 6D) or CellTiter-Glo assay (Figure 6E).
314  Therefore, the exaggerated RIPK3 expression and MLKL phosphorylation, not only
315 enable recurrent tumor cells to proliferate, but also contribute to their sensitivity to
316  cystine deprivation and erastin treatment. These results may be limited to the recurrent
317  tumor cells with high RIPK3 expression and constitutive MLKL phosphorylation that
318 pose the cells to necrosis-inducing signaling triggered by cystine deprivation or erastin.
319

320 Discussion

321 Global changes in epigenetic landscapes are a hallmark of cancer. While

322  RIPK3 expression is found in most of the normal tissue, the promoter region of RIPK3
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323 usually becomes highly methylated in cancer cells leading to absence of RIPK3
324  expression %2 2327 Since RIPK3 determines necrosis by phosphorylating MLKL 3,
325 absence of RIPK3 expression can be considered as adaptation process for tumor cells
326 to evade death from various necrosis-triggering signals. In this study, primary tumor
327  cells indeed showed low Ripk3 expression (Figure 1C-F). However, after withdrawing
328 of oncogene, the recurrent tumor cell lines showed exaggerating amount of RIPK3
329 thattriggers constitutive MLKL phosphorylation (Figure 1C-F and Supplemental Figure
330 2A); however, the activation of the RIPK3-MLKL complex does not lead to
331 programmed necrosis (Supplemental Figure 2A). Both RIPK3 and MLKL silencing
332 rendered recurrent tumor cells inefficient in colony formation (Figure 3A-B and
333  Supplemental Figure 1C-D), which support the potential role of RIPK3-MLKL axis in
334 supporting cell growth. The upregulation of RIPK3, therefore, offers selective
335 advantages for the recurrent tumor cells.

336 Although the detailed mechanism remains to be discovered, our data revealed
337 that Ripk3 silencing increased cytokinesis failure, p53 stabilization and inactivation of
338  YAP/TAZ signaling pathway 32. Thus, exaggerated expression of RIPK3 contribute to
339 the proliferation of the recurrent cells through YAP/TAZ activities. Consistently, RIPK3
340 has been shown to confer survival and adaptive advantages in selected tumor
341  settings. Knockdown of RIPK3in MDA-MB-231 breast cancer cells contribute to arrest
342 in in vivo tumor growth 46, Similarly, the RIPK1/RIPK3 are highly expressed in
343  pancreatic cancers and the in vivo deletion of these necrosis proteins delayed

344  oncogenic progression 47.

345 Our studies also have significant therapeutic implications. Erastin can induce a
346  non-apoptotic form of cell death named ferroptosis*?. Although ferroptosis is

347 considered to be regulated by glutathione peroxidase 4 and independent of
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348  RIP1/RIPK3/MLKL-mediated necrosis “, our previous study has shown that low dose
349  of erastin can induce necrosis-mediated cell death 6, which is supported by another
350  study*®. Consistent with our data, in the recurrent tumor cells with exaggerated RIPK3
351 expression, cell death induced by erastin can be mitigated by knockdown of RIPK3
352  (Figure 6). Furthermore, both Nec-5 and ferrostatin-1 rescued erastin induced cell
353 death (Figure 5F). These data indicate that high RIPK3 expression may contribute to
354 its sensitivities to cell death induced by cystine deprivation. While tumor recurrence is
355 usually considered incurable, this finding suggests that the collateral vulnerability to
356 RIPK3 mediated necrosis may hold therapeutic potential. /n vivo cystine removal
357  using recombinant cyst(e)inase® and inhibitors of cystine importer xCT®' are being
358 developed for clinical translation. Our data suggest that the recurrent tumors
359  expressing high level of the necrosis components may be uniquely sensitive to these

360 therapeutic approaches.

361

362 Methods

363  Cell culture

364 Primary and recurrent MTB/TAN tumor cells described previously' were
365 cultured in Dulbecco's modified Eagle's medium (DMEM; GIBCO-11995)
366  supplemented with 10% fetal bovine serum and 1 x antibiotics (penicillin, 10,000 Ul/ml
367 and streptomycin, 10,000 Ul/ml). For primary cells, 10 ng/ml EGF, 5 pg/ml insulin, 1
368  pg/ml hydrocortisone, 5 pg/ml prolactin, 1 uM progesterone and 2 ug/ml doxycycline
369 were added to the media to maintain HER2/neu expression. For recurrent cells, 10
370 ng/ml EGF and 5 pg/ml insulin were added to the media. Both primary and recurrent
371  cell lines were maintained in a humidified incubator at 37°C and 5% CO..

372  ShRNA and lentivirus infections
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373 RIPK3 shRNA targeting mouse RIPK3 RNA were purchase from Sigma
374  (TRCNO0000022536, TRCN0000424625). MLKL shRNA targeting mouse MLKL RNA
375 were purchase from Sigma (TRCNO0000022599, TRCNO000022602).Lentivirus
376  expressing RIPK3 shRNA was generated by transfecting HEK-293T cells in 6 well
377  plate with a 1: 0.1: 1 ratio of pMDG2: pVSVG: pLKO.1 with TransIT-LT1 transfection
378 reagent (Mirus). After filtering through 0.45 ym of cellulose acetate membrane (VWR,
379  28145-481), lentivirus (250 ul) were added to a 60mm dish of recurrent cells with
380 polybrene (8ug/ml). After 24 hours of incubation, recurrent cells were further selected
381  with puromycin (5 pg/ml) to increase knockdown efficiency.

382  Cell viability and cytotoxicity

383 Cell viability assay was performed by using CellTiter-Glo luminescent cell
384 viability assay (Promega) following manufacturer's protocol. Cytotoxicity was
385 determined by membrane rupture and protease release using CellTox Green
386  cytotoxicity assay (Promega) following manufacturer’s protocol.

387  Western blots

388 Primary and recurrent tumor cell lines were harvested and washed once with
389 ice cold PBS. The samples were then resuspended in NP-40 buffer with protease and
390 phosphatase inhibitors and lysed by incubating in at 4°C with constant vortex for 30min,
391 then spun down at 13000 rpm for 10 min at 4°C. Supernatant was transferred to
392  another tube, and protein concentration was measured by BCA protein assay kit
393  (#23225, ThermoFisher). Western blotting was performed as previously described 2.
394 Nuclear and cytoplasmic extraction for YAP/TAZ was performed by following
395 manufacturer's protocol (#78835, ThermoFisher). Quantification of YAP/TAZ was
396 performed by Image J software and normalized to Lamin A/C protein level. Around 20

397 ug of protein was loaded on 8% SDS-PAGE gels, transferred to PDVF membrane,
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398  blocked with 5% non-fat milk in 1xTBST, incubated with primary antibodies overnight
399 at4°C. Primary antibodies: RIPK1 (1:1000, 610458, BD biosciences); RIPK3 (1:1000,
400 sc-374639, Santa Cruz); GAPDH (1:2000, sc-25778, Santa Cruz); Phospho-MLKL
401 (Ser345) (1:1000, #62233, Cell signaling); MLKL (1:1000, #28640, Cell
402  signaling); Pho-p53-S15 (1:1000, #92845, Cell signaling); Lamin A/C
403 (1:1000, #4777T, Cell signaling); TAZ (1:1000, 560235, BD biosciences); YAP

404  (1:1000, sc376830, Santa Cruz)

405  Quantitative real-time PCR

406 RNA from the samples was extracted by the RNeasy Mini Kit (Qiagen) following
407  the manufacturer’s protocol. RNA was reverse transcribed to cDNA by random
408 hexamers and SuperScript Il (Invitrogen). Quantitative real-time PCR was performed
409 following the manufacturer's protocol by using Power SYBR Green PCR Mix (Applied
410 Biosystems) and StepOnePlus Real-time PCR system (Applied Biosystems). Samples
411  were biologically triplicated for mean+/- SEM. Data were representative of three
412  independent repeats. Mouse beta-actin (reference gene) primers: sense, 5- GGC
413 TGT ATT CCC CTC CAT CG -3, antisense, 5- CCA GTT GGT AAC AAT GCC ATG
414  T-3’; Mouse RIPK3 primers: sense, 5- TCT GTC AAG TTA TGG CCT ACT GG-3’,
415 antisense, 5-GGA ACA CGA CTC CGA ACC C-3'. Mouse CTGF primers: sense, 5'-
416 GCC TAC CGA CTG GAA GAC AC-3, antisense, 5- GGA TGC ACT TTT TGC CCT
417 TCT TA-3’. Mouse CYR61 primers: sense, 5- CTG CGC TAA ACA ACT CAA CGA-

418 3, antisense, 5- GCA GAT CCC TTT CAG AGC GG-3'.

419  ChIP-Seq and ChIP-PCR
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420 ChIP-Seq and ChIP-PCR were performed as described previously?*. Tumor
421  cells were crosslinked in 1% formaldehyde (Sigma) for 10 minutes, prior to quenching
422 with 250 mM glycine. DNA was sonicated to an average shear length of ~250-450 bp
423  length. Lysates were precleared with protein A/G beads and immunoprecipitated with
424 5 pg of H3K9ac, H3K4me3, H3K27me3, H3K9me2, and RNApol2 antibodies
425  purchased from Abcam. DNA was sequentially washed with wash buffers. DNA was
426  eluted from washed beads and reverse cross-linked with concentrated NaCl overnight.
427  After reverse cross-linking, proteins were digested with Proteinase K and chelated with
428 EDTA. DNA was purified using PCR purification columns (Qiagen) according to
429  manufacturer instructions. All gPCR reactions were carried out with SYBR green (Bio-
430  Rad) Primers for promoter region of RIPK3: sense, 5- CTT GGA CCC CTT AGC TCC
431  AC-3’, antisense, 5-GTA CCT GGC CCA AGA CAA CC-3'. Primers for TSS region of
432  RIPK3: sense, 5- CCC GGA CTT TGA ATG AGC GA-3’, antisense, 5-CTC GGG

433 TGG AAG CAG TTT CA-3'. Ct values were normalized to input DNA.

434 Immunoprecipitated DNA was sequenced on lllumina HiSeq 4000 sequencer
435  with 50 bp single reads at an approximate depth of 55 million reads per sample.
436  Sequencing reads underwent strict quality control processing with the TrimGalore
437  package and were mapped to the mm10 genome using Bowtie aligner. Alignment files
438  were converted to bigwig files by binning reads into 100bp segments. H3K4me3,
439  H3K9ac and RNApol Il tracks were visualized for the Ripk3 promoter by IGV desktop
440  viewer (Broad Institute).

441

44?2  Bisulfite sequencing
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443  Bisulfite sequencing was performed using the EpiTect Bisulfite Kit (Qiagen) according
444  to manufacturer instructions. The Ripk3 promoter region was PCR amplified using
445  primers designed following previous study®®. Sense, 5- AGA GAA TTC GGA TCC
446 TGG AGT TAA GGG GTT TAA GAG AGA T-3', antisense, 5-CTT CCA TGG CTC
447  GAG CTT TAT CCC CTA CCT CAA AAA AAA C-3'. Amplified DNA was gel purified
448 and transformed into competent bacteria. Ten independent bacterial colonies were
449  sequenced for Ripk3, and DNA sequences were aligned with DNASTAR MegAlign

450  software.

451  Immunofluorescence microscopy

452 Recurrent tumor cells were washed once with PBS and fixed in 4%
453  paraformaldehyde for 15 min, followed by permeabilization and blocking with 0.2%
454  Triton X-100 and 2% BSA for 15 min. Primary antibodies were incubated with the cells
455  for 1 hour. Immunofluorescence microscopy were performed using EVOS FL cell
456  imaging system (ThermoFisher) or confocal microscope (880, Zeiss). Antibody: Alexa
457  Fluor 594 Phalloidin (1:100, A12381, ThermoFisher); TAZ (1:100, 560235, BD
458  biosciences); pho-histone H2AX-S139 (1:100, GTX628996, GeneTex).

459  RNA-seq and GESA

460 TrimGalore toolkitis used to process RNA-seq data. It employs Cutadapt to trim
461 low-quality bases and lllumina sequencing adapters from the 3’ end of the reads.
462  Reads (>20nt) after trimming were kept for further analysis. By using the STAR RNA-
463  seq alignment tool, reads were mapped to the GRCm38v73 version of the mouse
464  genome and transcriptome. If reads were mapped to a single genomic location, it were
465  kept for subsequent analysis. Quntification of read counts of genes were performed

466 using HTSeq. Only genes that had more than 10 reads in any given library were
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467  further analyzed. DESeq2 Bioconductor package with the R statistical programming
468 environment were applied for differential analysis to compare recurrent tumor cells
469  with control or shRIPK3 silencing. The false discovery rate was calculated to control
470  for multiple hypothesis testing. Gene set enrichment analysis was performed to
471  identify gene ontology terms and pathways associated with altered gene expression
472  for the comparisons between control and recurrent cells with shRIPK3 silencing.

473  Statistical analysis

474 Data represent the mean +/- the standard error of the mean. P-values were
475  determined by two ANOVA test with Bonferroni post hoc tests or a two-tailed Student’s
476  t-test in Graphpad. Error bars represent SEM, and significance between samples is

477  denoted as *P < 0.05; *xP < 0.01; and **xP < 0.001.
478  Data availability

479 RNAseq for recurrent cells with shRIPKS3 silencing has been deposited in the
480 NCBI Genome Expression Omnibus (GEO, GSE124634). All data and reagents
481  supporting the findings of this study are available from the authors upon reasonable
482  request.
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499  Figure legends

500 Figure 1 Transcriptome profiling of primary and recurrent tumor cells revealed
501 RIPKS3 upregulation in recurrent cells

502  (A) Heatmap of the transcriptional difference between two primary and two recurrent
503 cell lines. Color scale indicates log2-fold-change. (B) GSEA analysis showed the
504 enrichment of EMT geneset in the recurrent tumor cells. (C) Ripk3 was highly
505 expressed in recurrent tumor cells by RT-PCR. (D) Western blot showed a robust
506 RIPK3 protein expression only in recurrent tumor cell lines. (E) Comparison of Ripk3
507 RNA expression between 10 primary and 10 recurrent mouse tumors showed an
508 overall increase in recurrent tumors. (F) Comparison of RIPK3 expression between
509 primary breast cancer and matching lymph node metastasis in human dataset
510 (GSE61723). Bars show standard error of the mean. *p <0.05, ***p <0.001, two-tailed
511  Student’s t-test.

512  Figure 2 Epigenetic landscape of the regulatory regions of Ripk3 in the primary
513  vs. recurrent tumor cells

514 (A) ChIP-Seq data showed the occupancy of RNA Pol Il, H3K4me3 and H3K9ac in

515 regulatory regions of Ripk3 of recurrent tumor cells (B) ChIP-qPCR analysis of
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516 H3K4me3, H3K9ac, RNA pol Il, H3K27me3, H3K9me2 enrichment at two indicated
517  regions in the promoter of the Ripk3 genes in two primary and two recurrent tumor cell
518 lines. Data are presented as the percentage of input DNA. (C) The cytosine
519 methylation of CpG dinucleotides (circles) within the Ripk3 promoter and gene body (-
520 150 to +310) for two primary and two recurrent tumor cell lines. Bisulfite-treated DNA
521 was transformed into bacteria and 10 replicate colonies were sequenced (rows). Open
522 circles denote unmethylated CpG dinucleotides, while closed circles denoted
523 methylated CpG dinucleotides.

524  Figure 3 Ripk3 knockdown triggers p53 signaling and mitotic defects

525  (A) Ripk3 silencing decreased colony formation. Clonogenic assay was performed by
526  plating 500 recurrent tumor cells to 6 well plates. After 10 days of incubation, cells
527 were fixed with paraformaldehyde (4%) and stained with crystal violet. (B)
528  Quantification of number of colony formation. (C) Heatmap of the transcriptional
529 response to Ripk3 silencing in recurrent cells with several affected genes indicated.
530 (D) GSEA analysis showed depletion of Reactome Cell Cycle Mitosis upon Ripk3
531 silencing. (E) Ripk3 silencing dramatically increased binucleated cells. Recurrent cells
532  were stained with DAPI (nucleus) and Alexa Flour 594 Phalloidin (F-actin). Scale bar,
533  5um. (F) Quantification of binucleated cells under Ripk3 silencing. (G) GSEA analysis
534  showed that Ripk3 silencing enriched p53 signaling pathway. (H) Ripk3 silencing led
535 to the accumulation of p53 and increased Serine 15 phosphorylation. (I) Lower RIPK3
536 expression in human breast cancers is associated with increased amount of
537 aneuploidy. *p <0.05 ; **p<0.01; ***p<0.001, two-tailed Student’s t-test. (B) n=4 and
538 (F) n=3 independent repeats. Bars show standard error of the mean. (I) n=1024.

539 Figure 4 Ripk3 knockdown abolishes YAP/TAZ-dependent cell growth
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540 (A) GSEA analysis showed the depletion of YAP/TAZ transcriptional target geneset
541 upon Ripk3 silencing in recurrent cells. (B) RT-PCR validated the downregulation of
542  Ctgf and Cyr61, two canonical YAP/TAZ target genes upon Ripk3 knockdown. (C)
543  Nuclear/cytosol fractionation showed the depletion of TAZ upon RIPK3 knockdown. a-
544  tubulin: cytosolic marker; Lamin A/C: nuclear marker. Relative YAP/TAZ ratio was
545 determined by normalizing YAP/TAZ intensity to Lamin A/C using Imaged. (D)
546  Confocal microscopy confirmed the depletion of YAP/TAZ upon RIPK3 knockdown.
547  Scale bar, 10um. (E) Overexpression of constitutively active YAP S127A and TAZ
548  S89A rescued the low colony formation upon Ripk3 knockdown as quantified in (F).
549 *p<0.05; **p<0.01; ***p<0.001, two-tailed Student’s t-test. n=3 independent repeats.
550  Bars show standard error of the mean.

551 Figure 5 Recurrent tumor cells are more sensitive to cystine deprivation and
552 erastin-induced death

553  (A) Recurrent tumor cells, when compared with primary tumor cells, were more
554  sensitive to cystine deprivation. Two primary and two recurrent cell lines were
555 incubated in full media (200 uM) or cystine-deprived media (2.5 uM) for 16 hours. The
556  cells were then fixed with paraformaldehyde (4%) for crystal violet staining. (B)
557  Recurrent tumor cells, when compared with primary tumor cells, were more sensitive
558 to cell death under cystine deprivation. Primary and recurrent cells were incubated
559  with decreasing level of cystine for 16 hours. The viability was then measured by ATP
560 level using Celltiter Glo assay. (C) Recurrent tumor cells are more sensitive to erastin
561 treatment than primary tumor cells. Two primary and two recurrent cell lines were
562 incubated in erastin (1 uM) or DMSO for 18 hours. The cells were then fixed for crystal
563  violet staining. (D) Primary and recurrent tumor cells were treated with increasing

564 indicated doses of erastin for 18 hours and the viability was measured by Celltiter Glo
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565 assay. (E) Erastin induced more cell rupture and protease release in recurrent cells.
566  Primary and recurrent cells were treated with 1uM of erastin for 16 hours. The media
567 was then harvested for protease measurement. (F) Erastin-induced cell death was
568 rescued by Nec-5 and Ferrostatin-1. Erastin (2 yM) were treated at the same time with
569 DMSO, Z-vad (20uM), Nec-5 (5 uM) and Ferrostatin-1 (1 yM) in recurrent cell lines for
570 18 hours. The cell viability was then determined by Celltiter Glo assay. (B,D)
571  p<0.0001, Two-way ANOVA,, *p<0.05, ***p <0.001. Bonferroni post hoc tests. (E,F)
572  *p<0.05; **p<0.01; ***p<0.001, two-tailed Student’s t-test. n = 3 independent repeats.
573  Bars show standard error of the mean.

574  Figure 6 Ripk3 over-expression contribute to the recurrent-specific cystine
575 addiction

576  (A) Ripk3 knockdown mitigated the erastin-induced cell death. Recurrent cells
577  transduced with control or two Ripk3 shRNAs were treated with increasing dose of
578  erastin for 16 hours. Cell viability was then measured by Celltiter Glo assay. (B-C)
579  Recurrent cells transduced with control or two Ripk3 shRNAs were treated with 0.5
580 MM of erastin for 16 hours before assessing their viability by crystal violet staining (b),
581 as quantified in(c). (D-E) MLKL phosphorylation by RIPK3 contributed to the erastin-
582 induced cell death. Inhibiting MLKL by compound inhibitor (NSA, 5 uM) protected
583  recurrent tumor cells from cell death under erastin treatment (0.5 yM) when measured
584 by protease release (D) or Celltiter Glo assay (E). (A,E) p <0.0001, Two-way ANOVA,
585 *p<0.05, **p<0.01, **p <0.001, Bonferroni post hoc tests. (C,D) *p <0.05 ; **p<0.01;
586  ***p<0.001, two-tailed Student’s t-test. n = 3 independent repeats. Bars show standard
587  error of the mean.

588 Supplemental Figure 1 Mlkl inhibition by genetic or chemical means decreases

589 colony formation in recurrent cells
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590 (A) Ripk3 knockdown did not alter colony formation in primary tumor cells. (B)
591  Quantification of number of colony formation in (A). (C) MIkl knockdown recapitulates
592 the reduced clonogenic phenotype of Ripk3 silencing in recurrent cells. (D)
593  Quantification of number of colony formation in (C). (E) MLKL inhibitor (NSA, 5 uM)
594  recapitulates the reduced clonogenic phenotype of Ripk3 silencing. (F) Quantification
595  of number of colony formation in (E). N.S. not significant; **p<0.01; ***p<0.001, two-
596 tailed Student’s t-test. n=3 independent repeats. Bars show standard error of the
597  mean.

598 Supplemental Figure 2 High RIPK3 expression in recurrent tumor cells is
599 associated with the base-line phosphorylation of MLKL

600 (A) The recurrent tumor cells with high RIPK3 protein expression have higher baseline
601  MLKL phosphorylation. Primary and recurrent cell lines were treated with 2 uM of
602 erastin for 12 hours and lysed for Western blot with indicated antibodies. (B) Ripk3
603  silencing abolished MLKL phosphorylation in recurrent tumor cells. Recurrent cell lines
604  were transduced with control vector or two Ripk3 shRNAs for 72 hours. The cells were
605 then lysed for Western blot to measure indicated proteins.

606 Supplemental Table 1 RIPK3 expression is elevated in metastatic tumors in
607 human dataset

608 RIPK3 expression in primary and metastatic tumors were evaluated by in situ
609 hybridization on tissue arrays.

610
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Supplemental Figure 1
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Supplemental Table 1

fold change in metastases vs Lymph node  Primarybreast
tumors Metastasis Tumor

Gene name Probe Set Genbank Anova P-value

RIPK3 228139_at NM_006871 2.08 133 0.64 1.53E-02
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