
Oncogenic KRAS-induces necroptotic priming of
pancreatic neoplasia
Sofya Tishina 

University of Cologne
Alina Dahlhaus 

University of Cologne
Ariadne Androulidaki 

Cologne University
Michael Kotliar 

Cincinnati Children’s Hospital Medical Center
Lejla Mulalic 

University of Cologne
Hassan Rakhsh-Khorshid 

University of Cologne
Florian Hocher 

University of Kiel
Jenny Stroh 

University of Cologne
Julia Beck 

University of Cologne
Marta Manik 

University of Cologne
Riley Williams 

Fox Chase Cancer Center
Gülce Gülcüler 

University of Cologne
Ali Abdallah 

University of Cologne
Christina Bebber 

University of Cologne https://orcid.org/0000-0002-7841-7493
Moritz Reese 

University of Cologne
Jonathan Lim 

https://orcid.org/0000-0002-1798-8954
Anna Trauzold 

https://doi.org/10.21203/rs.3.rs-2971504/v2
https://orcid.org/0000-0002-7841-7493
https://orcid.org/0000-0002-1798-8954


University of Kiel
Alexander Quaas 

University of Cologne
Johannes Brägelmann 

University of Cologne https://orcid.org/0000-0002-1306-2169
Filippo Beleggia 

University of Cologne https://orcid.org/0000-0003-0234-7094
Manolis Pasparakis 

University of Cologne https://orcid.org/0000-0002-9870-0966
Gianmaria Liccardi 

CECAD Cluster of Excellence, University of Cologne
Siddharth Balachandran 

Fox Chase Cancer Center https://orcid.org/0000-0003-2084-1803
Igor Astsaturov 

igor.astsaturov@fccc.edu https://orcid.org/0000-0002-8613-1890
Silvia Von Karstedt  (  s.vonkarstedt@uni-koeln.de )

University of Cologne https://orcid.org/0000-0002-7816-5919

Research Article

Keywords: PDAC, KRAS, Cancer, cell death, necroptosis, caspase 8

Posted Date: July 24th, 2023

DOI: https://doi.org/10.21203/rs.3.rs-2971504/v2

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: There is NO Competing Interest.

https://orcid.org/0000-0002-1306-2169
https://orcid.org/0000-0003-0234-7094
https://orcid.org/0000-0002-9870-0966
https://orcid.org/0000-0003-2084-1803
https://orcid.org/0000-0002-8613-1890
mailto:s.vonkarstedt@uni-koeln.de
https://orcid.org/0000-0002-7816-5919
https://doi.org/10.21203/rs.3.rs-2971504/v2
https://creativecommons.org/licenses/by/4.0/


 1 

Oncogenic KRAS-induces necroptotic priming of pancreatic neoplasia 1 

Sofya Tishina1, 2, Alina Dahlhaus1, 2, Ariadne Androulidaki1, 2, Michael Kotliar3, Lejla Mulalic1, 2, Hassan 2 

Rakhsh-Khorshid4, Florian Hocher5, Jenny Stroh1, 2, Julia Beck1, 2, Marta Manik1, 2, Riley M. Willliams6, 3 

Gülce G. Balta1, Ali T. Abdallah2, Christina M. Bebber1, 2, Moritz Reese1, 2, Jonathan K. M. Lim7, Anna 4 

Trauzold5, 8, Alexander Quaas9, Johannes Brägelmann1, 10, 11, Filippo Beleggia1, Manolis Pasparakis2, 11, 12, 5 

Gianmaria Liccardi4, Siddharth Balachandran6, Igor Astsaturov13 & Silvia von Karstedt1, 2, 11,  # 6 

1University of Cologne, Faculty of Medicine and University Hospital Cologne, Department of Translational 7 
Genomics, Cologne, Germany. 8 

2CECAD Cluster of Excellence, University of Cologne, Cologne, Germany. 9 

3Cincinnati Children’s Hospital Medical Center, Division of Allergy and Immunology, Cincinnati, USA 10 
 11 
4University of Cologne, Faculty of Medicine and University Hospital Cologne, Center for Biochemistry, Cologne, 12 
Germany.  13 

5University of Kiel, Institute for Experimental Cancer Research, Kiel, Germany 14 
 15 
6Fox Chase Cancer Center, Cancer Signaling and Microenvironment Program, Philadelphia, USA 16 

7Heinrich Heine University, Medical Faculty and University Hospital Düsseldorf, Institute of Neuropathology, 17 
Düsseldorf, Germany. 18 

8University Hospital Schleswig-Holstein (UKSH), Department of Gynecology and Obstetrics, Campus Kiel, 19 
Kiel, Germany. 20 
 21 
9University of Cologne, Faculty of Medicine and University Hospital Cologne, Institute of Pathology, Cologne, 22 
Germany.  23 

10University of Cologne, Faculty of Medicine and University Hospital Cologne, Mildred Scheel School of 24 
Oncology, Cologne, Germany. 25 

11University of Cologne, Faculty of Medicine and University Hospital Cologne, Center for Molecular Medicine 26 
Cologne, Cologne, Germany. 27 

12University of Cologne, Institute for Genetics, Cologne, Germany 28 
 29 
13Fox Chase Cancer Center, Molecular Therapeutics Program, Philadelphia, USA 30 

 31 

#Corresponding author: S von Karstedt, Department of Translational Genomics/CECAD, 32 
University of Cologne, CECAD Research Building, Joseph-Stelzmann-Str. 26, 50931 Cologne, 33 
Germany. Tel.: +49 (0)221 / 478 84340; E-mail: s.vonkarstedt@uni-koeln.de  34 



 2 

SUMMARY 35 

Pancreatic ductal adenocarcinoma (PDAC) is a leading cause of cancer mortality. PDAC 36 

expresses high levels of caspase 8, a central enzyme controlling various types of regulated cell 37 

death. Here, using genetically engineered mouse models we find that oncogenic KRAS-driven 38 

neoplastic transformation induces a transcriptional state of necroptotic priming, but necroptosis 39 

itself is counter selected against through co-upregulation of caspase 8. Mechanistically, 40 

expression of the driver oncogene KRAS induced a STING-dependent type I interferon (IFN) 41 

response resulting in upregulation of the necroptosis pathway leading to necroptotic priming. 42 

High caspase 8 expression in precursor lesions was a result of co-selection to prevent 43 

necroptosis. Hence, genetic or pharmacological targeting of caspase 8 was therapeutically 44 

highly efficacious in models of genetically engineered PDAC in vivo. These results identify 45 

type I IFN-induced necroptotic priming as synthetic lethality of KRAS-driven PDAC and show 46 

that targeting it has therapeutic benefit in this incurable malignancy.  47 

48 
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INTRODUCTION 49 

Caspase 8 is essential for the induction of extrinsic apoptosis triggered through death receptors 50 

belonging to the tumor necrosis factor (TNF) receptor (TNFR)-superfamily 1. Moreover, during 51 

development and in healthy adult tissue homeostasis caspase 8 protects cells from aberrant 52 

necroptosis 2–4, a non-apoptotic form of cell death driven by RIPK1, RIPK3 5,6 and MLKL 4. 53 

While its role in normal tissue homeostasis has been the subject of intense investigation, the 54 

role of caspase 8 in neoplastic disease remains controversial and both up- and downregulation 55 

has been observed. In cancers with neuroendocrine differentiation caspase 8 expression is 56 

characteristically low and this has been suggested to promote metastasis by disabling apoptosis 57 

7–12. By contrast, high nuclear caspase 8 has been shown to promote melanoma by protecting 58 

from p53-driven apoptosis 13. Moreover, caspase 8 expression fulfils a central role in promoting 59 

liver injury- and inflammation-associated hepatocarcinogenesis 14,15. Despite these advances, 60 

genetic evidence for a role of caspase 8 in neoplastic disease driven by defined oncogenes has 61 

been lacking. Interestingly, analyzing caspase 8 expression within the cancer genome atlas 62 

(TCGA) we found that all human cancers with frequent activating point mutations in the small 63 

GTPase KRAS highly expressed caspase 8 (Figure S1A). These included lung adenocarcinoma 64 

(LUAD), colon adenocarcinoma (COAD) and pancreatic ductal adenocarcinoma (PDAC, 65 

PAAD in TCGA). PDAC is amongst the deadliest cancer entities and it is expected to become 66 

the second leading cause of cancer-related deaths within this decade 16–18. Interestingly, caspase 67 

8 mRNA was also upregulated in PDAC as compared to adjacent normal pancreas in two 68 

independent patient cohorts 19,20 (Figure S1B, C) and in a recent proteogenomic study 21. 69 

Overall, these data hint at an unrecognized cancer-beneficial function of caspase 8 expression 70 

in several cancer entities in general and in the context of oncogenic KRAS-driven neoplasia in 71 

particular.  72 

 73 

Caspase 8 upregulation protects oncogenic KRAS-driven pancreatic neoplasia 74 

To approach a potential causal connection of KRAS-driven neoplastic transformation and 75 

caspase 8 upregulation, we first correlated caspase 8 expression in human PDAC and normal 76 

pancreatic tissue using respective datasets from TCGA (PAAD) and the genotype tissue 77 

expression project (GTEx) with a recently published new score for transcriptional RAS 78 

pathway activation (Ras84) which provides robust means to determine Ras-pathway 79 
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transcriptional activity 22. Indeed, caspase 8 expression strongly correlated with the Ras84 80 

score in PDAC while normal pancreas showed significantly less caspase 8 and Ras84 score 81 

expression (Figure 1A). Of note, the few cases of neuroendocrine pancreatic cancers contained 82 

within the PAAD dataset expressed explicitly low levels of caspase 8 and Ras84. Moreover, 83 

the 10% of PDAC patients with lowest caspase 8 expression constituted a group of PDAC 84 

supersurvivors (Figure 1B). In order to genetically define the function of caspase 8 in KRAS-85 

driven PDAC, we first addressed whether PDAC-specific caspase 8 upregulation as compared 86 

to adjacent normal pancreas was recapitulated within the most commonly used genetically 87 

engineered mouse model (GEMM). In this model, hemizygous expression of Lox-Stop-Lox 88 

(LsL)-KRASG12D (K) is targeted to pancreatic precursor cells (PDX1-Cre; C) giving rise to all 89 

stages of pancreatic intraepithelial neoplasia (PanINs) and adenocarcinoma (KC-mice) 23. In 90 

order to specifically assess mRNA expression of caspase 8 in PanINs as compared to adjacent 91 

normal pancreas, we crossed KC-mice to a reporter strain in which all tissues express tandem 92 

tomato (tdTomato) which switch to expression of green fluorescent protein (GFP) upon Cre-93 

mediated excision (ROSA26mTmG-mice) 24. As expected, macroscopic pancreata showed 94 

mosaic tdTomato+ and GFP+ areas and microscopic inspection confirmed these to be mutually 95 

exclusive (Figure S1D). Next, pancreatic tissues were digested and GFP+ and GFP- cells were 96 

sorted by fluorescent cell sorting (Figure 1c, Figure S1E) and subjected to RNA extraction and 97 

quantitative real-time PCR (qPCR). Strikingly, GFP+ PanIN cells expressing KRASG12D from 98 

4 individual mice expressed significantly elevated levels of caspase 8 mRNA as compared to 99 

adjacent normal tissue (Figure 1D). Next, to approach a function of caspase 8 in pancreatic 100 

tissue before and after oncogenic transformation, we first generated mice with mosaic deletion 101 

of caspase 8 in normal pancreatic precursor cells, PDX1-Cre (C);Casp8FL/FL(C8FL/FL). 102 

Surprisingly, and unlike in other organs, C-C8 FL/FL mice did not show any overt signs of 103 

inflammatory disease of the pancreas or changes in CD45+ immune infiltrates (Figure 1E, 104 

Figure S1F). To test whether caspase 8 deletion may instead elicit an inflammatory response 105 

in the context of neoplastic transformation, we crossed C8FL/FL mice with KC-mice. Indeed, 106 

expression of KRASG12D resulted in a drastic overall increase in CD45+ immune infiltrates 107 

(Figure S1F). Strikingly, caspase 8 deletion led to a drastic amelioration of PanIN development 108 

in KC-mice with more than 60% of ducts presenting with normal morphology and only 30% 109 

of ducts presenting with low grade cytokeratin 19+ (CK19) lesions (Figure 1E-G). Of note, 110 

caspase 8 protein was also upregulated within PanINs as compared to adjacent normal pancreas 111 

in tissue stainings of KC-mice and effectively depleted in KC-C8Fl/Fl lesions (Figure S1G). 112 

Importantly, relative immune infiltration was nevertheless enhanced within the fewer CK19+ 113 



 5 

lesions obtained upon deletion of caspase 8 (Figure 1H) suggesting that caspase 8 deletion can 114 

revert immune exclusion, a characteristic feature observed in the majority of human PDAC 115 

cases 25. To obtain a comprehensive characterization of immune infiltration and ductal cellular 116 

differentiation states upon caspase 8 deletion, we next analyzed the transcriptomes of single 117 

cells isolated from 5 months-old KC-pancreata with or without caspase 8 deletion. After initial 118 

quality control and pooled analysis batch correction 26, we obtained transcriptomes from 5,356 119 

cells from KC-C8WT/WT (3 mice) and 8,251 cells from KC-C8Fl/Fl (2 mice) pancreata. Overall, 120 

dimensionality reduction using Uniform Manifold Approximation and Projection (UMAP) 121 

identified 12 cell clusters in all replicates whose cellular identity was inferred from established 122 

pancreatic lineage markers 27,28. While pancreatic acinar, ductal, mesothelial and inflammatory 123 

cancer-associated fibroblasts (iCAFs) could be detected, a significant proportion of single cells 124 

constituted immune cells in both genotypes (Figure 1I). Importantly, within the non-immune 125 

compartment (CD45- cells), highest caspase 8 expression was detected within ductal cells 126 

containing the PanIN cell fraction and was downregulated in the majority but not all caspase 127 

8Fl/Fl ductal cells (Figure S2A). Ductal cells from KC-C8Fl/Fl mice showed significantly lower 128 

expression of the transcription factor Sox9- a known driver of acinar-to-ductal cell 129 

reprogramming 29 (Figure S2B) supporting the presence of less progressed PanINs in the 130 

absence of caspase 8. In line with the histology data (Figure S1F), the overall amount of CD45+ 131 

cells within the scRNA-seq dataset did not differ between KC-C8WT/WT and KC-C8Fl/Fl (30.6% 132 

in WT, 32% in FL) yet differences within individual immune cell clusters were evident from 133 

the initial UMAP analysis. In order to resolve differences within the infiltrating immune 134 

compartment, we next re-clustered CD45+ cells only and identified 10 distinct clusters in all 135 

samples whose cellular identity was inferred from published mouse immune cell markers for 136 

scRNA-seq data 30 (Figure S2C). Interestingly, absence of caspase 8 specifically increased the 137 

overall B-cell, and in particular plasma cell compartment, a cell type associated with anti-tumor 138 

immunity 17,31 (Figure S2D). Moreover, conventional dendritic cell (cDC1) -described to 139 

promote T-cell cross presentation and anti-tumor immunity 32- along with T-cell cluster 140 

proportions were also increased upon caspase 8 deletion. Klf2, a transcription factor highly 141 

expressed by naïve CD8 T-cells which is downregulated in effector cytotoxic T lymphocytes 142 

33 was expressed at significantly lower levels in the cytotoxic T- and NK-cell fraction of KC-143 

C8FL/FL mice (Figure S2E). Along similar lines, expression of Malt1, a paracaspase promoting 144 

induction of NF-kB downstream of B- and T-cell receptor activation was upregulated within 145 

the cytotoxic T- and NK-cell fraction in KC-C8FL/FL mice (Figure S2F). Consistent with this, 146 

there was a trend towards higher levels of the T-cell effector interferon-g (IFN-g) along with 147 
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known NF-kB-induced chemo- and cytokines including CXCL2 (Figure 1J). Moreover, we 148 

could trace activated NK- and T-cells as the cellular source of increased IFN-g, total T-cells as 149 

the source for IL-4 production and neutrophils/eosinophils as the main source of CXCL2 on 150 

single-cell level (Figure 1K). Differential gene expression analysis within the 151 

neutrophil/eosinophil cluster (cluster 4) indeed revealed genes associated with neutrophil 152 

activation to be highly enriched in the KC-C8Fl/Fl group (Figure S2G). Given that at time of 153 

sampling (5 months), KC-C8Fl/Fl mice had already less PanINs and some of the differential 154 

immune response might have subsided, we also profiled immune infiltrates at 3 months of age, 155 

a time at which pancreata showed minimal PanIN development in both groups (Figure S2H). 156 

Indeed, pancreata of 3 months-old KC-C8Fl/Fl mice contained significantly elevated level of 157 

neutrophils (CD11b+Gr1+ cells) (Figure S2I), reduced levels of M2-macrophages (Figure S2J) 158 

and enhanced levels of inflammatory chemo- cytokines indicative of innate immune activation 159 

(Figure S2K). Taken together, caspase 8 upregulation is an inherent feature of pancreatic 160 

neoplasia which serves cancer progression and protects the maintenance of an M2-type 161 

immune environment. 162 

Pancreatic neoplasia progression is pruned by constitutive necroptosis and apoptosis  163 

Neutrophils are known to infiltrate sites of cell death within tissues 34 in particular in the context 164 

of necroptotic cell death 35. Given that we observed an amelioration of disease and increased 165 

neutrophil infiltration upon caspase 8 deletion within PanINs, we next tested whether the 166 

reduced disease burden observed upon caspase 8 deletion was caused by induction of 167 

necroptosis. Indeed, all non-immune cells (CD45- cells) within the pancreas expressed caspase 168 

8, RIPK1, RIPK3, ZBP1 and MLKL fulfilling the prerequisite to undergo necroptotic cell death 169 

(Figure 2A). In addition, necroptosis can be induced by TNF-superfamily death ligand 170 

stimulation including TNF, CD95L or TRAIL all of which are known to be expressed by 171 

activated immune cells while TRAIL was also suggested to be expressed by KRAS-mutated 172 

cancer cells 36,37. Interestingly, we found TNF to be widely expressed by innate immune cells, 173 

CD95L expression was restricted to the T- and effector cell compartment and TRAIL was in 174 

addition also expressed by endothelial and ductal cells supporting a possibility of autocrine 175 

stimulation 37 (Figure 2A). The presence of soluble death ligand protein expression could also 176 

be confirmed using ELISA on whole pancreas extracts from KC-mice (Figure S3A-C). To test 177 

whether necroptosis was responsible for disease amelioration upon caspase 8 deletion, we 178 

crossed KC-C8Fl/Fl mice with mice deficient in the essential necroptosis downstream effector 179 
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MLKL 38. While the CK19+ area was not fully reversed due to the fact that very large ductal 180 

lesions with very thin CK19+ ductal linings were observed in KC-C8Fl/Fl ; MLKL-/- mice, 181 

MLKL deletion fully reverted the amelioration observed in pathological PanIN quantification 182 

caused by caspase 8 deletion (Figure 2B-D). Moreover, when analyzing bulk RNA samples 183 

from these mice via qPCR, we found that the increase in perforin 1, IFN-g, CXCL10 and 184 

CXCL2 cDNA and protein level observed upon caspase 8 deletion was reverted upon MLKL 185 

co-deletion (Figure 2E, F).  186 

While the effect on decreased PanIN progression in the absence of caspase 8 was fully reverted 187 

upon additional deletion of MLKL, upon necropsy at experimental endpoint we noted a 188 

drastically increased occurrence of macroscopic liver lesions confirmed to be liver metastasis 189 

by pathological inspection in 68% of KC-C8Fl/Fl; MLKL-/- as opposed to 38,5 % in KC-C8wt/wt 190 

and only 28,6 % in KC-C8Fl/Fl mice (Figure 2G, H). In line with this, KC-C8Fl/Fl mice showed 191 

a significant increase in overall survival in comparison to KC-C8Fl/Fl; MLKL-/- (Figure S3D). 192 

Moreover, we found that heterozygous KC-C8WT/Fl mice which have reduced extrinsic 193 

apoptotic activity but retain caspase 8-mediated blockade of necroptosis 5,39 show an 194 

exacerbated disease phenotype reminiscent of KC-C8Fl/Fl; MLKL-/- mice (Figure S3E, F). 195 

These data suggest that pancreatic cancer metastases are constitutively edited via the 196 

necroptosis and apoptosis pathways.  197 

In contrast to our results using MLKL-deficient mice, a previous study has shown that whole 198 

body RIPK3-deficiency in KC-mice ameliorates PanIN progression 40. Based upon these data 199 

it was concluded that necroptosis-associated inflammation promotes pancreatic oncogenesis. 200 

In order to account for this discrepancy, we also crossed KC-mice to RIPK3-/- mice 41 and could 201 

confirm the prior observed phenotype amelioration in this model (Figure S3E, F). Yet, genetic 202 

evidence from mice supports a concept wherein RIPK3 fulfils additional pro-inflammatory 203 

functions also within the immune compartment which likely accounts for tumor promotion and 204 

extend beyond induction of necroptosis while MLKL-deficiency specifically abrogates 205 

necroptosis in mouse models of tissue injury 42. Moreover, RIPK3 has been shown to limit 206 

RIPK1/caspase 8-dependent apoptosis 41,43 and small molecule inhibitors against RIPK3 can 207 

trigger apoptosis 44. To test whether expression of oncogenic KRAS in a minimal cellular 208 

system was sufficient to sensitize to apoptosis upon RIPK3 inhibition made possible by 209 

elevated caspase 8 expression, we made use of Rasless MEFs (N- and HRAS-deficient MEFs 210 

45) reconstituted with stable expression of either WT KRAS or KRASG12D 46. Indeed, MEFs 211 
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expressing KRASG12D were sensitized to toxicity induced by RIPK3 inhibition (RIPK3i) alone 212 

and also to apoptosis induced by TNF, smac mimetic (SM) and RIPK3i, which was entirely 213 

reverted by co-incubation with the caspase inhibitor Emricasan indicating the induction of 214 

apoptosis in KRAS-mutated cells (Figure S3G). Given that we found that caspase 8 expression 215 

is highest within ductal cells amongst non-immune cells and we found that caspase 8-mediated 216 

extrinsic apoptosis and necroptosis constitutively limit tumor progression and metastasis in this 217 

model, the effects observed with RIPK3-deficiency in PDAC likely relate to impaired 218 

inflammatory signaling in immune cells. 219 

Taken together, we provide genetic proof that elevated caspase 8 expression protects pancreatic 220 

neoplasia from aberrant anti-tumor necroptosis. Moreover, our data reveal a previously 221 

unrecognized constitutive anti-metastatic surveillance via necroptosis and extrinsic apoptosis 222 

in pancreatic neoplasia. 223 

Oncogenic KRAS upregulates necroptosis pathway components as part of a type I 224 

interferon response  225 

Having found that KRAS-expressing PanINs showed upregulation of caspase 8 (Figure 1) to 226 

protect themselves from aberrant necroptosis (Figure 2), we hypothesized that caspase 8 227 

upregulation may be a result of stochastic selection over time whereupon cellular clones with 228 

high caspase 8 expression would survive necroptosis leading to a gradual passive upregulation 229 

within PanINs. Strikingly, caspase 8 upregulation observed within PanINs in KC-C8WT/WT mice 230 

was not evident in KC- C8WT/WT;MLKL-/- lesions (Figure 3A) providing genetic evidence for 231 

constitutive necroptosis to select for caspase 8high malignant cells. Therefore, we next aimed to 232 

understand whether KRAS-expressing cells may have a propensity to undergo cycles of 233 

constitutive selection via necroptosis. To first mechanistically address this question in a 234 

simplified cellular system which has not undergone intratumoral selection (such as human 235 

PDAC cell lines), we generated mouse embryonic fibroblasts (MEFs) from a cross of an 236 

inducible Cre strain (CAG-ERT2-Cre) with the LsL-KRASG12D mouse strain and mTmG 237 

reporter mice as previously described 46 (hereafter referred to as LsL-KRASG12D MEFs). Upon 238 

treatment with 4-hydroxytamoxifen (4OHT), tdTomato+ MEFs switched to express GFP 239 

indicating successful Cre-mediated recombination and KRASG12D expression (Figure S4A). 240 

Next, we subjected LsL-KRASG12D MEFs derived from 7 independent embryos from 3 distinct 241 

litters to treatment with or without 4OHT and bulk RNA-sequencing in order to obtain 242 

information on transcriptional programs imminently induced upon expression of KRASG12D 243 
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from its endogenous promotor. Expression of endogenous KRASG12D most strongly induced a 244 

list of bona fide interferon-stimulated genes (ISGs) including IRF7, Oas1a, Ccl5, ZBP1, Mx1 245 

and Ifi206 (Figure 3B). Moreover, gene set enrichment analysis (GSEA) confirmed a strong 246 

enrichment of type I and II interferon pathway activation along with NF-kB activation, IL-247 

6/STAT3 and KRAS signaling activation signatures (Figure 3C). In line with a proposed 248 

mechanism of in vivo selection over time, caspase 8 merely showed a slight upregulation upon 249 

direct induction of KRASG12D (Figure S4B) suggesting that expression of oncogenic KRAS 250 

itself may create selective pressure via the necroptosis pathway. Strikingly, induction of 251 

KRASG12D led to an upregulation of MLKL and RIPK3 along with the known KRAS effector 252 

pathway target gene DUSP6 (Figure 3D, Figure S4C). Caspase 8 was also very slightly 253 

induced. Moreover, in an independent dataset and cellular system comparing Rasless MEFs 254 

(N- and HRAS-deficient MEFs 45) reconstituted with near-endogenous level expression of 255 

either WT KRAS or KRASG12D 46, we also found an enrichment of interferon-related signatures 256 

and RIPK3, MLKL to be upregulated in cells constitutively expressing KRASG12D (Figure S4D, 257 

E). To validate a connection of oncogenic KRAS-induced transcriptional activity with IFN 258 

pathway activity and ensuing necroptosis pathway upregulation in human PDAC, we computed 259 

an ISG score from 11075 patient samples across all cancer types present within the TCGA 260 

based upon a published set of 38 ISGs 47 and correlated it with the respective Ras84 score. 261 

Indeed, most Ras84high cancer entities also scored high in ISG score (Figure 3E). Moreover, 262 

pan-cancer analysis separating high, intermediate and low ISG score cases revealed an almost 263 

perfect correlation with the necroptosis molecular machinery as well as caspase 8 (Figure 3F). 264 

Indeed, inducible expression of KRASG12D in normal human pancreatic duct epithelial (HPDE) 265 

cells and in KRAS WT human PDAC cell line Bxpc3 and could confirm induction of DUSP6 266 

along with a significant induction of MLKL while induction of caspase 8 was also not detected 267 

(Figure S4F, G). To determine the mechanisms of KRAS-induced upregulation of necroptosis 268 

pathway components, we next induced KRASG12D expression in the presence or absence of 269 

small molecule inhibitors against the main KRAS effector pathways including the MAPK and 270 

AKT pathways and included an inhibitor against Jak1/Jak2 (Ruxolitinib) -known effector 271 

kinases inducing ISG expression- in order to address a potential role of the IFN pathway 272 

signatures observed in the GSEA analysis. Induction of KRASG12D expression indeed enhanced 273 

total and phosphorylated STAT1 along with a mild induction of ERK and AKT 274 

phosphorylation (Figure 3G). Interestingly, inhibition of both the MAPK pathway and the 275 

JAK1/2 pathway using Ruxolitinib blocked KRAS-mediated induction of MLKL as well as 276 

caspase 8 (Figure 3G). Moreover, this observation could be validated on mRNA level (Figure 277 
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S4H). Importantly, siRNA-mediated silencing of JAK1 but not JAK2 was sufficient to abrogate 278 

KRASG12D-induced upregulation of MLKL (Figure S4I). JAK1 can activate ISG expression 279 

downstream of type I IFN receptor 1 (IFNAR1) and 2 (IFNAR2) upon binding of secreted type 280 

I interferons. Therefore, we next tested whether supernatants collected from KRASG12D- 281 

uninduced as compared to -induced cells might be sufficient to stimulate expression of the 282 

necroptosis machinery in recipient WT and Ifnar1-/- MEFs cells lacking the LsL-KRASG12D 283 

locus (Figure 3H). Indeed, supernatants from KRASG12D-induced cells stimulated expression 284 

of MLKL in WT but not Ifnar1-/- MEFs (Figure 3I). Of note, DUSP6 was, as expected, not 285 

induced in these cells given that they did not express oncogenic KRAS. These data strongly 286 

suggested supernatants to contain type I interferon activity induced as a result of KRASG12D 287 

expression. Cell autonomous induction of a type I IFN response as well as STAT1 activation 288 

has been described to depend upon activation of stimulator of interferon genes (STING) 48. 289 

Indeed, incubation with a small molecule STING inhibitor (STINGi) readily blocked pSTAT1 290 

and MLKL expression upon KRASG12D induction (Figure 3J). Moreover, we detected 291 

significant levels of secreted IFN-α and -ß but not -g upon induction of KRASG12D expression 292 

which was blunted upon incubation with STINGi (Figure 3K). This induction was not evident 293 

in WT MEFs upon 4OHT-treatment (Figure S4J) and thereby clearly dependent upon 294 

oncogenic KRAS. Moreover, recipient WT cells simulated with conditioned media from 295 

KRASG12D-induced cells in the presence of + STINGi abrogated the induction of the 296 

necroptosis machinery (Figure 3L). In support of a KRASG12D-induced type I IFN response, 297 

we also observed increased phosphorylation of STAT1 within KRASG12D-driven PanIN lesions 298 

of the KC mouse model (Figure S4K). These data indicate that oncogenic KRAS induces 299 

STING-dependent soluble type I IFNs which elicit necroptosis pathway component expression 300 

upon IFNAR/Jak1 stimulation.  301 

Oncogenic KRAS-induced necroptotic priming represents a synthetic lethality 302 

Based upon the observation that induction of oncogenic KRAS led to type I IFN-dependent 303 

upregulation of necroptosis pathway components, we next assessed whether this would be 304 

sufficient to sensitize to experimental induction of necroptotic cell death. Strikingly, inducible 305 

expression of KRASG12D created synthetic lethality to necroptotic cell death induced by 306 

TNF/emricasan/smac mimetic (TES) an effect which was reverted by RIPK1 or -3 inhibition 307 

(Figure 4A). Addition of an MK2 inhibitor (MK2i) to boost formation of the ripoptosome and 308 

thereby enhance necroptosis 49 further sensitized cells expressing oncogenic KRAS and was 309 
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only reverted by RIPK1 inhibition (Figure 4A). Moreover, constitutive expression of 310 

KRASG12D was also sufficient to selectively sensitise to necroptotic cell death induced by TNF, 311 

CD95L or TRAIL all of which was blockable by Nec1s indicating RIPK1-dependent 312 

necroptosis (Figure 4B-D). In addition, TES treatment in KRASG12D-expressing or induced 313 

MEFs led to an earlier detection of phosphorylated MLKL and RIPK3-indicative of more 314 

efficient induction of necroptosis upon expression of oncogenic KRAS (Figure 4E, Figure 315 

S5C). Hence, cells expressing oncogenic KRAS are primed to die via necroptosis due to a 316 

KRAS-induced type I IFN response; yet, compensatory selection of caspase 8high cells prevents 317 

this from happening, a state we term necroptotic priming.  318 

Unlike MEFs, human cancer cell lines frequently lose RIPK3 expression despite detectable 319 

RIPK3 expression in associated primary patient tissue 50. Indeed, we also observed loss of 320 

RIPK3 and variable expression of RIPK1 and MLKL in several human PDAC cell lines (Figure 321 

S5A) despite the fact that RIPK3 and MLKL are highly overexpressed in the human PAADs 322 

dataset as compared to normal pancreas (Figure S5B). These data suggest that primary cancer 323 

tissues may be more susceptible to necroptosis than associated cancer cells lines. Nevertheless, 324 

about half of the human PDAC cell lines tested known to highly express TRAIL-receptor 2 37 325 

showed some level of sensitivity to necroptosis induced by TRAIL in combination with zVAD 326 

(Figure 4F, G). Contrary to expectations, the only PDAC cell line expressing KRAS wild type 327 

(Bxpc3) was highly sensitive to necroptosis. Yet in accordance with the finding of the ISG 328 

score to be decisive for necroptosis pathway regulation, Bxpc3 cells had one of the highest ISG 329 

scores (data not shown) and also expressed all components of the necroptosis pathway (Figure 330 

S5A). In order to assess necroptotic priming of human PDAC but circumnavigate the problem 331 

of RIPK3 loss in human PDAC cell lines, we computed a necroptotic priming score for all 332 

human cancers by plotting caspase 8 expression as a function of RIPK3/MLKL/ZBP1 co-333 

expression across TCGA datasets. Strikingly, all cancers with frequent KRAS mutations (red) 334 

grouped together as the cancers with highest necroptotic priming score (Figure 4H).  335 

Therefore, we propose a model in which oncogenic KRAS induces a STING-dependent type I 336 

IFN response which mediates a state of necroptotic priming kept in check by co-selection for 337 

high caspase 8 expression (Figure 4I). Importantly, this state of necroptotic priming creates a 338 

synthetic lethality of KRAS-mutated cells via the necroptosis pathway. 339 

Targeting necroptotic priming is an effective therapeutic strategy  340 
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To test whether the potential synthetic lethality of necroptotic priming can be targeted 341 

therapeutically, we isolated murine ducts from KC-mice (Figure 5A), 3D-cultured them to 342 

obtain organoids and treated them with TES and also included MK2i to boost formation of the 343 

ripoptosome 49. In this setting TES alone was insufficient to induce necroptosis yet addition of 344 

MK2i rapidly killed KC-organoids which could be reverted by addition of nec1s indicative of 345 

RIPK1-driven necroptosis (Figure 5B, C). To next test induction of necroptosis in a KRAS-346 

driven cancer model in vivo, we treated 21-week-old KC mice for 4 weeks with either vehicle 347 

or combined caspase inhibition with a SMAC mimetic (emricasan/birinapant, ES) (Figure 5D). 348 

Strikingly, inducing necroptosis showed a very strong anti-tumor effect achieving a restoration 349 

of 50% normal pancreatic ducts and strongly reduced presence of CK19+ area and, as a result, 350 

less CD45+-cells (Figure 5E-H). While CD45+ cells relative to residual CK19+ area or TUNEL+ 351 

cells were not significantly different between both groups at this time point (Figure S6A-C), 352 

we could detect cleaved caspase 3/TUNEL double positive cells in vehicle-treated KC-mice 353 

while we observed cases of TUNEL-positive cells which were cleaved caspase 3-negative 354 

suggesting the presence of regulated necrosis in emricasan/birinapant-treated KC-mice (Figure 355 

S6D). Moreover, KC-mice receiving emricasan/birinapant also presented with elevated 356 

pancreatic levels of CCL3 and other M1-type inflammatory chemo- cytokines observed in the 357 

context of genetic induction of necroptosis (Figure 5I). A hallmark of many cancers including 358 

PDAC is chromosomal instability (CIN) which promotes cancer evolution and aggressiveness. 359 

Therefore, we next tested therapeutic efficacy of necroptosis induction in mice expressing LsL-360 

KRASG12D and LsL-Trp53R172H in the pancreas (KPC mice) which gives rise to highly 361 

aggressive metastasizing PDAC with high levels of CIN 51. Strikingly, therapeutic induction 362 

of necroptosis via only 4 weeks of treatment as per protocol approved were sufficient to 363 

drastically prolong overall survival of KPC mice (Figure 5J, K). Upon necropsy at experimental 364 

endpoint, no significant difference in incidence of liver metastasis between the groups was 365 

observed which is not surprising given the fact that ES-treated KPC-mice survived significantly 366 

longer and, hence had significantly more time to develop metastasis. These results together 367 

with the fact that human cancers with KRAS mutations present with high levels of necroptotic 368 

priming (Figure 4H) suggest that pharmacological induction of necroptosis might be an 369 

effective therapeutic strategy to target human PDAC, a concept which may extend to other 370 

cancers with ISG activation profiles.  371 

 372 
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Discussion 373 

In this work, we have shown that caspase 8 upregulation is an inherent feature of PDAC, arises 374 

from necroptosis selection pressure and protects malignant cells from the potentially 375 

deleterious effects of a KRAS-driven type I IFN-driven necroptotic response. We show that 376 

necroptotic priming via STING-dependent upregulation of type I IFN signaling constitutes a 377 

novel vulnerability in PDAC and possibly other cancers where the IFN pathway is activated 378 

through other means 47.  379 

We identify that KRAS-induced upregulation of necroptosis pathway components is mediated 380 

via induction of a type I IFN response. Of note, in the context of inflammation, the core 381 

necroptosis pathway machinery has been described to be regulated as part of a transcriptional 382 

IFN response including RIPK3 52, ZBP1 53,54 and MLKL 55. While the KRAS-induced soluble 383 

type I IFN response may overall serve prosurvival responses and resistance to DNA damage 56 384 

it comes at the cost of high necroptotic priming. In addition, we find that KRAS-induced type 385 

I IFN production is STING-dependent, yet how activated KRAS might activate STING remains 386 

to be discovered. Of note, PDAC lesions within the KPC mouse model have been shown to 387 

present with vast chromosomal instability (CIN) 51. While the fact that these mice initially 388 

expressing hemizygous p53R172H but lose the p53 wild type allele during tumor progression has 389 

been used to argue that CIN may select against the remaining wild type allele and hence 390 

originate from mutant p53 expression, several early experiments have linked the expression of 391 

oncogenes including activated forms of RAS directly to the rapid induction of CIN in a cell-392 

autonomous manner 57–61. Importantly, the induction of CIN and the resulting accumulation of 393 

cytosolic DNA has been shown to induce STING activation and metastasis62. Therefore, it is 394 

tempting to speculate whether the observed rapid induction of a STING-dependent type I IFN 395 

response might derive from KRAS-induced CIN. Aside from the here discovered causal role 396 

of oncogenic KRAS itself in driving an IFN response, caspase 8 or FADD deletion were shown 397 

to induce ZBP1- expression and -dependent necroptosis through a cGAS/STING-mediated 398 

pathway 63. Along similar lines, absence of caspase 8 may additionally unleash RIPK1/TBK1-399 

dependent induction of an IFN response 64 which may contribute towards the oncogenic KRAS-400 

induced IFN response we observed here upon caspase 8 deletion in vivo. However, we find that 401 

aside from the IFN response induced by oncogenic KRAS caspase 8 is co-upregulated through 402 

selection thereby keeping cells alive but in a necroptotically primed state. Interestingly, 403 

therapeutic induction of necroptosis in acute myeloid leukemia (AML), one of the most 404 
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necroptotically primed cancers we find (LAML, Figure 4H), was shown to be highly effective 405 

65. These data suggest that targeting necroptotic priming might represent a therapeutic treatment 406 

strategy which is potentially efficacious beyond PDAC.  407 

Large research efforts of recent years have described the existence of several molecular 408 

subtypes of PDAC 66–69. Interestingly, a recent study identified an IFN signature as 409 

characteristic feature within a molecular PDAC subtype deriving from ductal cells and defined 410 

by hypomethylation of repetitive elements 70. Moreover, this subtype largely overlapped with 411 

the prior described basal-like subtype of PDAC. Of note, the GSEA transcriptional response 412 

pattern we observed upon KRAS induction in MEFs strongly overlapped with the GSEA 413 

pattern observed within the basal-like PDAC subtype 21,66–69. Based upon the observation that 414 

we found necroptotic priming to be caused by an oncogenic KRAS-induced type I IFN 415 

response, we propose that patients with the high IFN signature subtype comprising the basal-416 

like subtype might benefit from therapeutic caspase inhibition combined with IAP inhibition 417 

both stabilizing RIPK1-driven necroptosis in the presence of TNF superfamily ligands 71. 418 

Beyond Ras pathway activation, we also found that cancers with high ISG score presented with 419 

high necroptotic priming, hence ISG score might be considered as biomarker group to predict 420 

necroptosis vulnerability of several additional aggressive human cancer entities beyond PDAC. 421 

Mechanistically, we find that KRAS-induced cells secrete type I IFNs which are responsible 422 

for the induction of further downstream ISGs. This opens up the intriguing possibility that aside 423 

from an autocrine effect within KRAS-mutated cells, their secretome may elicit a type I IFN 424 

response also in bystander cells including cancer-associated fibroblasts (CAFs). Recently, 425 

inflammatory CAFs (iCAFs) have been described which present with activation of IFN-related 426 

pathways 27,72,73. Of note, we also find very high expression of all necroptosis pathway 427 

components tested including the strong IFN pathway target gene ZBP1 in iCAFs (Fig. 2a). 428 

Therefore, the strong therapeutic effect observed with induction of necroptosis using combined 429 

emricasan/birinapant in KC and KPC mice may in part also derive from targeting iCAFs along 430 

with cancer cells. In addition, this also suggests that even in cases where cancer cells may have 431 

disabled the necroptosis pathway -as we have observed in several cases of human PDAC cell 432 

lines- therapeutic induction of necroptosis may still elicit a therapeutic response by targeting 433 

the tumor microenvironment (TME). In addition to PDAC cells expressing oncogenic KRAS, 434 

other cells within the PDAC TME have been shown to express type I IFNs 74, which would 435 

similarly prime PDAC tumors for necroptotic cell death. Taken together, this study assigns a 436 
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role for elevated caspase 8 expression in PDAC, contributes towards an understanding of 437 

oncogene-driven rewiring of regulated cell death and discovers necroptotic priming as novel 438 

principle based on which the clinical use of caspase inhibitors and smac mimetics can be 439 

tailored towards targeting PDAC and possibly other IFN-pathway activated cancers. 440 
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Antibodies The following antibodies for Western Blots were used: pERK (Thr202/Tyr204) 709 

(Cell Signaling, 4307 1:1000), ERK (Cell Signaling, 9102 1:1000), pAKT (Ser473) (Cell 710 

Signaling, 4060 1:1000), AKT (Cell Signaling, 4691 1:1000), pStat1 (Tyr701) (Cell Signaling, 711 

9167 1:500), Stat1 (Cell Signaling, 14995 1:1000), pMLKL (Ser345) (Cell Signaling, 37333 712 

1:1000), pMLKL (Ser358) (Cell Signaling, 91689 1:1000), MLKL (Millipore, MABC604 713 

1:1000), MLKL (Cell Signaling, 14993 1:1000), pRIPK1 (Ser166) (Cell Signaling, 65746 714 

1:1000), pRIPK1 (Ser321) (Cell Signaling, 83613 1:1000), RIPK1 (Cell Signaling, 3493 715 

1:1000), pRIPK3 (Thr231/Ser232) (Cell Signaling, 91702 1:1000), RIPK3 (Cell Signaling, 716 

15828 1:1000), RIPK3 (Enzo Life Sciences, ADI-905-242 1:1000), ZBP1 (Adipogen, 717 

A42342106 1:1000), Caspase 8 (AdipoGen, AG-20B-0057-C050 1:1000), Caspase 8 (Enzo 718 

Life Sciences, ALX-804-447-C100 1:1000) ß-Actin (Sigma, A1978, 1:10,000), GAPDH (Cell 719 

Signaling, 97166 1:2000); HRP-conjugated secondary antibodies: goat-anti-mouse-HRP 720 

(Linaris GmBH, 20400, 1:10,000), goat-anti-rabbit-HRP (Linaris GmBH, 20402, 1:10,000), 721 

goat-anti-rat-HRP (Sigma, A9037, 1:10,000). The following antibodies were used for tissue 722 

stainings: Cytokeratin 19 (1:100, AHP1846, Bio rad antibodies (discontinued) and TROMA-723 

III from Developmental Studies Hybridoma Bank Iowa University), CD45 (1:100, 14-0451-724 

82, Invitrogen), Caspase 8 (1:200, ALX-804-447-C100, Enzo), cleaved caspase 3 (1:500, 9661, 725 

Cell Signaling), pSTAT1 (1:50, 9167, Cell Signaling). 726 

 727 

Reagents Birinapant (S7015, sellekchem), Emricasan (HY-10396 , Hölzel),  zVAD (BML-728 

P416-0001, ENZO), nec1s (ab221984, Abcam), GSK872 (530389, Millipore), PF-3644022 729 

hydrate (PZ0188, Sigma Aldrich), TRAIL (1121-TL-010/CF, R&D systems), Fas Ligand 730 

(6128-SA-025/CF, R&D systems), PD184352 (PZ0181, Sigma Aldrich), MK2206 (S1078, 731 

Sellekchem), Ruxolitinib (S1378, Selleckchem), C-178 (S6667,  Selleckchem), DRAQ7 732 

(424001, Biolegend), Dharmafect I (T-2005-01, Dharmacon), Puromycin (Sigma), 733 

Doxycycline hydrochloride (Alfa Aesar), 4-hydroxy-tamoxifen (4OHT) (T5648, Sigma), HBS 734 

(Sigma Aldrich), propidium iodide (Sigma), AnnexinV (29005, Biotium), Matrigel (Growth 735 

Factor Reduced, Phenol Red Free; 356231, Corning), PancreaCult™ Organoid Growth 736 

Medium (06040, Stemcell). 737 

Mice LsL-KRASG12D-23, LsL-Trp53R172H and PDX-Cre mice were purchased from the Jackson 738 

Laboratory. Casp8FL/FL mice75 on a C57BL/6 background were obtained under a material 739 

transfer agreement (MTA) from Stephen Hedrick. MLKL-/- mice were newly generated in the 740 
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Pasparakis lab and described in Körner et al.76, RIPK3-/- mice were obtained from Genentech 741 

under an existing MTA as part of the Pasparakis lab41. All mice were maintained on a 12-hour 742 

light/dark cycle with water and food ad libitum. For four consecutive weeks, 5-months-old 743 

mice were injected i.p. 2 x per week either with vehicle (PBS with 40% PEG-4000, 0.4% 744 

DMSO) or Emricasan [2.5 mg/kg] with Birinapant [5 mg/kg]. KC mice were sacrificed four 745 

weeks after the last treatment and the pathologist was blinded to the group allocation while 746 

performing the progression analysis. 8-week-old KPC mice were treated as described above 747 

and kept until humane end point. 748 

 749 

Pathological Inspection and quantification of PanINs All Samples were fixed in 4% 750 

buffered formalin for a minimum of 24 hours and a maximum of 72 hours, then transferred to 751 

paraffin. Three micrometer thin sections were prepared according to the standardized 752 

procedures at the Institute of Pathology and hematoxylin-eosin stained (H&E). A 753 

histopathologist with particular experience in the field of gastroenteropathology (AQ) 754 

evaluated all sections in a blinded manner. All primary ductal structures were identified and 755 

their various forms of intraepithelial Neoplasia of the pancreas (PanIN). PanINs were 756 

determined according to the current WHO classification (2019) and classified into low grade 757 

pancreatic intraepithlial neoplasia versus high grade pancreatic intraepithlial neoplasia. The 758 

extent of the PanINs relative to the total of available ductules was also quantified. The majority 759 

of the low grade PanINs found corresponded to the classic, simple mucin-filled columnar cells 760 

that completely or partially replaced the ductal epithelia.  Furthermore, other 761 

histomorphological changes were determined: a) duct ectasia b) periductular fibrosis/stroma 762 

reaction c) extent and type of inflammation (low versus marked inflammation) (lymphocyte-763 

dominated versus neutrophil-granulocyte dominated inflammation) d) invasive carcinoma.  764 

 765 

FACS analysis on pancreatic immune cell infiltrates In order to isolate immune cells from 766 

the pancreas, whole tissue was dissected and minced with scalpels into fragments small enough 767 

to be aspirated into a 5 ml pipette at RT. 45 ml of tissue suspension was incubated with 5ml of 768 

a 10x Triple Enzyme Mix (1 g Collagenase IV, 100 mg Hyaluronidase and 20,000 Units DNase 769 

IV into 80 ml HBSS) at RT for 30min on a shaker at 80 rpm. Cell suspension was repeatedly 770 

pipetted to further dissociate cells, centrifuged at 50 x g at RT for 10 min and the supernatant 771 

was collected by passing it through a 70 µm nylon strainer. The bigger pellets at the bottom of 772 

the tube were then discarded and the filtered supernatant was centrifuged at 200 x g for 5 min. 773 

Cell pellets were washed with 10 ml Wash Buffer (1 g BSA and 2 ml 0.5 M EDTA in 800 ml 774 
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HBSS) at 200 x g for 5 min once and were resuspended with 2 ml ACK lysis buffer (Gibco) 775 

for 1 min to deplete red blood cells. Cells were washed with PBS and immediately stained for 776 

live/dead cells using the viability dye eFluor660 (eBioscience) (1:1000) in PBS for 30 min, at 777 

4 °C. Cells were then washed twice with FACS buffer (PBS, 2% FCS) and Fc block (CD16/32, 778 

biolegend, 1:50) was used 15 min. Cells were then stained with CD45-BV421 (30.F11) or 779 

CD45-FITC (30.F11) (biolegend), NK1.1- BV421 (PK136) (biolegend), CD4-V450 (RM4-5) 780 

(BD Horizon), CD11b-PE (M1/70) (ebioscience), CD8-PE (53-6.7) (biolegend), CD19- PE 781 

(1D3) (ebioscience), CD11c-BV421 (N418) (biolegend), Ly-6G/Ly-6C-FITC (RB6-BC5) 782 

(ebioscience) all at 1:1000 for another 30min, at 4oC. For subsequent intracellular stainings, 783 

cell pellets were resuspended in 200 µl Fixation/Permeabilization buffer (eBioscience) and 784 

incubated overnight at 4 °C. The next day, cells were washed with 1× permeabilisation buffer 785 

(eBioscience) and incubated for 15 min with 2% goat serum before adding CD206-BV421 786 

(MMR) (C068C2) or Rat IgG2a, κ-isotype Ctrl -BV-421 (RTK-2758) (biolegend)1:50 for 787 

30 min at 4 °C in 1× permeabilisation buffer. After washing twice with 1× permeabilisation 788 

buffer cells were resuspended in FACS buffer. Measurements were acquired using a BD LSR 789 

Fortessa flow cytometer and data were analyzed using the FlowJo (10.6.1) software.  790 

 791 

Single-cell sample preparation for scRNA-seq and fluorescent cell sorting Mouse 792 

pancreata harvested from 5 months-old mice was cut into ~3mm pieces, incubated with 5 ml 793 

of digestion medium (200mg/l Dispase (17105041, Thermo Fisher), 200mg/l collagenase P 794 

(11249002001, Merck) in DMEM (Gibco) containing Pen/Strep and 1% FCS) for 20 min 37 °C 795 

while shaking at 150 rpm. Tissue was processed with gentleMACS™ Octo Dissociator 796 

imp.tumor3 program. Then cells were strained through a 70µm strainer, spun down at 300 g 797 

for 7 minutes. Blood cells were removed with Red Blood Cell Lysis Solution (Milenyi Biotec 798 

130-094-183). Cells were then washed with 0.04% BSA (9048-46-8, Thermo Fisher) in PBS, 799 

strained through a 40µm tissue strainer and resuspended in 0.04% BSA in PBS for scRNA-seq. 800 

For fluorescent cell sorting, single cells were prepared as described above, washed in PBS and 801 

immediately stained for live/dead cells using the viability dye eFluor660 (eBioscience) 802 

(1:1000) in PBS for 30 min, at 4 °C. Cells were then washed twice with FACS buffer (PBS, 803 

2% FCS) and incubated with Fc block (CD16/32, biolegend, 1:50) for 15 min. Then cells were 804 

stained with CD45-APC-Cy7 (30.F11) (biolegend), washed and CD45- cells with or without 805 

GFP signal were sorted to obtain KRASG12D- or KRASWT-expressing cells, respectively. Cells 806 

were spun down at 200g for 5 min and the cell pellet was used for RNA extraction (according 807 

to manufacture instructions 740902.10, Macherey Nagel) and further qPCR analysis. 808 
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Single cell RNA-sequencing (scRNA-seq) bioinformatic pipeline 809 

Preprocessing Bioinformatics analysis of single-cell RNA sequencing data was conducted as 810 

described previsoly77 using the reproducible Common Workflow Language (CWL) pipelines 811 

available on Scientific Data Analysis Platform (SciDAP). Briefly, raw FASTQ files (GEO 812 

accession number) were independently mapped to the mm10 (2020-A from July 7, 2020) 813 

reference genome by the Cell Ranger Count (version 4.0.0) pipeline. Produced gene expression 814 

profiles per sample were aggregated into a single feature-barcode matrix by running Cell 815 

Ranger Aggregate (version 4.0.0) pipeline with disabled depth normalization parameter. All 816 

other data analysis workflows described below used the Seurat (version 4.1.0) R package. 817 

Low quality cell removal Low quality cells were removed in two iterations. First, the following 818 

filtering thresholds were applied per cell – from 80 to 6000 genes, minimum 500 uniquely 819 

mapped fragments, maximum 5 percent of transcripts mapped to mitochondrial genes. 820 

Preliminary filtered data were run through the dimensionality reduction pipeline to integrate 821 

all samples into a single UMAP. The latter allowed us to identify the red blood cells based on 822 

the expression of the marker genes (gene names) and manually exclude them on the next 823 

iteration of the filtering pipeline. 824 

Datasets integration and clustering High quality cells from all samples were first processed 825 

by dimensionality reduction pipeline. On this step gene expression data from each sample were 826 

normalized and scaled using SCTransform function. When scaling, the expression levels of the 827 

following genes – Xist and Ddx3y, were set as variables to regress out. Normalized data were 828 

then integrated following the instructions from the official Seurat vignette using the first 20 829 

dimensions for principal component analysis (PCA) and UMAP projection. Next, cluster 830 

analysis workflow was run on the PCA reduced data using 20 dimensions and 0.1 clustering 831 

resolution. Gene markers were identified for each cluster using FindAllMarkers function with 832 

default parameters, but returning only upregulated genes. Based on the identified gene markers 833 

the cell types were assigned. For the analysis of only immune cells, dimensionality reduction 834 

and clustering pipelines were run on the prefiltered cells using 0.2 clustering resolution. 835 

Pseudobulk differential gene expression analysis To identify differences in gene expression 836 

profiles between two groups of samples (KC-C8WT/WT and KC-C8Fl/Fl) pseudobulk differential 837 

gene expression pipeline was run for each identified cell type. Cells were first prefiltered to 838 

belong only to the specific cell type, then aggregated to a pseudobulk form within each sample. 839 
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Ribosomal, mitochondrial, as well as Xist and Ddx3y genes were excluded from the analysis. 840 

Aggregated raw reads counts were processed by DESeq2 as bulk RNA sequencing data. The 841 

results were filtered to include only differentially expressed genes with p adjusted values not 842 

bigger that 0.05. 843 

Cells LsL-KRASG12D inducible MEFs were generated as described previously46. “Rasless” 844 

MEFs reconstituted with either WT KRAS4B or KRASG12D (RPZ25854, RPZ26198) were 845 

generated and kindly provided by the RAS Initiative at the Frederick National Laboratory for 846 

Cancer Research (FNLCR), US. Rasless MEFs were grown in Dulbecco’s modified Eagle’s 847 

(DMEM) + GlutaMAX™ medium (Gibco) with 4 µg/ml of blasticidin. Freshly isolated LsL-848 

KRASG12D inducible MEFs and IFNAR1-/- MEFs were cultured in DMEM (Gibco) supplied 849 

with 1% L-Glutamine (Sigma) and 1% Sodium Pyruvate (Sigma). Inducible human pancreatic 850 

duct epithelial cells (HPDE) pCW-KRASG12D were described previously46 and cultured in 75% 851 

RPMI 1640/ medium in presence of 25% keratinocyte growth medium 2 (PromoCell) + 0,5µg 852 

Puromycin, Bxpc3 pCW-KRASG12D46 in RPMI 1640 GlutaMAX™ + 1% Sodium Pyruvate 853 

(Sigma) + 2,5 µg Puromycin. Human PDAC cell lines BxPC3, A818-6, HPFA2, Capan1, 854 

AsPc1, PancTul, Colo357, Capan 2, Panc1, Panc89, MiaPaCa2, PT45 were cultured in RPMI 855 

1640 GlutaMAX™ + 1% Sodium Pyruvate (Sigma). KC- organoids were isolated from KC-856 

mice and cultured as described previously46. All media were supplemented with 10% fetal calf 857 

serum (FCS) (Sigma Aldrich) and 1000 U/mL of both penicillin and streptomycin (Pen/Strep) 858 

(Sigma Aldrich). All cells were kept at 37 °C with 5% CO2 and tested for mycoplasma at 859 

regular intervals (mycoplasma barcodes, Eurofins Genomics). 860 

siRNA transfections 861 

Two hundred microliters Opti-MEM (Gibco) and 1.5 µL Dharmafect Reagent I (Dharmacon) 862 

were mixed and incubated for 5–10 min at room temperature. 2.8 µL of siRNA (Stock 20 mM) 863 

(Dharmacon) were added to the mixture and incubated for another 30 min at room temperature. 864 

After incubation, 200 µL of the mixture was added to each well (6-well) plate and cells were 865 

plated on top. Knockdowns were incubated for 72 h, as indicated. 866 

Quantitative real-time PCR (qPCR) The NucleoSpin RNA kit (740955.5, Macherey-Nagel) 867 

was used to isolate total RNA following the manufacturer's instructions. The isolated RNA was 868 

then converted to cDNA using the LunaScript RT SuperMix Kit (E3010L, New England 869 

Biolabs). For qPCR each reaction contained 5 µl of Luna Universal qPCR Master Mix 870 
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(M3003E, New England Biolabs), 2 µl of nuclease-free water, 1 µl (10 µM) of primer mix 871 

(forward and reverse primers), and 2 µl of cDNA (10 ng/µl). qPCR was performed in 872 

quadruplicates on the Quant Studio5 qRT PCR cycler. All results were normalized to the 873 

expression of the housekeeping gene control Rpl13a. Primer sequences used can be found in 874 

Extended Data Table 1. 875 

Bulk RNA-seq analysis The RNA -seq dataset was analyzed on the CHEOPS HPC cluster of 876 

the University of Cologne using the RNA-Seq pipeline of the nf-core suite v3.778 with default 877 

parameters and Nextflow v21.10.679. For instance, the reads were aligned to the mm10 878 

reference genome sequence using STAR v2.7.10a80 with default parameters. In the 879 

quantification step, reads were counted with the quasi-mapping quantification tool Salmon 880 

v1.5.281. Differential expression analysis (DEA) was then performed in R using the DESeq 881 

function of the DESeq2 v1.36.0 package82, with default parameters. Genes with absolute value 882 

of log2 fold change ≥ 0.56 and adjusted p-value ≤ 0.05 were considered differentially 883 

expressed. 884 

Bioinformatic analysis of human TCGA datasets Processed RNA-sequencing data of TCGA 885 

patient cohorts was downloaded using the R packages GenomicsDataCommons and 886 

TCGAutils on 2023-01-12. Interferon stimulated gene (ISG) expression signatures were 887 

calculated using a published approach and Interferon gene set47. In brief, to derive Interferon 888 

signature scores, median absolute deviation (MAD) Z-scores of log2-transformed and 889 

Transcript Per Million (TPM)-normalized mRNA expression values were calculated per gene. 890 

The mean of all signature genes’ Z-scores per sample was subsequently defined as the ISG 891 

score. Categories of high or low ISG score were defined by the mean ISG score +/- 1 standard 892 

deviation, remaining samples were considered having medium ISG score and log2-TPM 893 

expression of candidate genes compared between groups.  For survival analysis of PAncreatic 894 

ADenocarcinoma (PAAD), patients were grouped by Caspase 8 expression as low (lowest 895 

10%) or high Caspase 8 (highest 90%). Kaplan-Meier analysis was performed between both 896 

groups. Events after 5 years of follow-up were censored to minimize artifacts by competing 897 

risks. The Ras84 gene set was downloaded from East et al.22 and every gene within the gene 898 

set was assigned a value corresponding to the rank of its expression level within each sample. 899 

For each sample, the Ras84 score is then calculated as the median of the ranks of the 84 genes. 900 

For each tumor cohort, the Ras84 score was calculated as the median of the Ras84 scores of 901 

individual samples. The necroptosis score was calculated as the sum of the expression levels 902 
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of MLKL, RIPK3, and ZBP1 after log10(TPM+1) transformation. For each tumor cohort, the 903 

necroptosis score was calculated as the median of the necroptosis score of individual samples. 904 

Mutation data was downloaded from the TCGA repository on 2023-05-03 and cohorts with a 905 

frequency of missense mutations in KRAS greater than 25% were marked as high-frequency 906 

KRAS tumor types. 907 

 908 

Cell death assays (flow cytometry) Four days before treatment 120,000 LsL-KRASG12D 909 

inducible MEFs (with or without 4OHT [1 µg/ml]), one day before treatment 500,000 cells 910 

(“Rasless” MEFs) were plated in each well of a 6-well plate. To determine cell death, adherent 911 

and detached cells were harvested and stained with propidium iodide (PI) [1 µg/ml] (Sigma 912 

Aldrich) or with Fixable Viability Dye eFluor™ 660 (eBioscience™) [1:1000] in PBS (Thermo 913 

Fisher) supplemented with 2% FBS. For staining with Annexin V (Biotium) [1 µg/ml] we used 914 

manufacturer’s protocol. Staining-positive cells were quantified by flow cytometry using an 915 

LSR-FACS Fortessa (BD Bioscience) and FlowJo software (BD Bioscience). 916 

Cytotoxicity/viability assay NYONE® 917 

The cells were seeded at 1×104 cells/well in 96-well plates. After 24 h, the cells were pre-918 

treated with Birinapant (1 µM; Selleck Chemicals, Houston, Texas, United States) or 919 

Birinapant (1 µM) and zVAD-fmk (20 µM, Bachem Holding, Bubendorf, Switzerland) for 1 920 

h, followed by treatment with 100 ng/ml TRAIL (PeproTech, Hamburg, Germany). After 24 h 921 

cell viability and cell death were assessed by triple-fluorescence staining with Propidium 922 

Iodide (PI) (10 µg/ml, Invitrogen, Karlsruhe, Germany), Calcein AM (0.1 µg/ml, BioLegend, 923 

San Diego, California, United States) and Hoechst 33342 (2.5 µg/ml, Invitrogen). PI/Calcein 924 

AM/Hoechst 33342 staining was performed by diluting the substances in PBS and adding to 925 

the wells. The cells were incubated in the dark at 37°C and 5% CO2 for 20 min and 926 

subsequently centrifuged for 5 min at 400 g. Fluorescence imaging was performed by 927 

NYONE® SCIENTIFIC (SYNENTEC GmbH, Elmshorn, Germany) and the images were 928 

quantified using YT-software® (SYNENTEC GmbH): Cells stained with Hoechst 33342 and 929 

Calcein AM were considered living cells, whereas PI stained cells were counted as dead cells 930 

due to the loss of membrane integrity. 931 

 932 

Crystal violet cell viability assay 933 

The cells were seeded at 1×104 cells/well in 96-well plates. After 24 h, the cells were pre-934 

treated with Birinapant (1 µM; Selleck Chemicals, Houston, Texas, United States) or 935 
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Birinapant (1 µM) and zVAD-fmk (20 µM, Bachem Holding, Bubendorf, Switzerland) for 1 936 

h, followed by treatment with 100 ng/ml TRAIL (PeproTech, Hamburg, Germany). After 24 h, 937 

cell viability was assayed by crystal violet staining as described previously83. In brief, the cells 938 

were stained with 0.5% crystal violet (Sigma-Aldrich) in 20% MeOH (Carl Roth GmbH + Co. 939 

KG, Karlsruhe, Germany), incubated gently shaking for 20 min and thoroughly washed with 940 

ddH2O. After the wells were dried, they were filled with 200 µl of 100% MeOH and incubated 941 

for 20 min at room temperature with gentle shaking. Finally, absorption was measured by 942 

Tecan Sunrise at 590 nm and reference at 700 nm. 943 

 944 

Live cell imaging (IncuCyte) Five thousand (“Rasless” MEFs) per 96-well plate were seeded 945 

24 h in advance. Treatments were added in two parts: “pre-treatment” everything except TNF 946 

or TRAIL or Fas Ligand and 30 minutes later cells are treated with ligands. Cells were imaged 947 

using the 10× objective within the IncuCyte SX5 live cell imaging system (Sartorius). For dead 948 

cell quantification, 100 nM DRAQ7 (Thermofisher) were added to each well. Cells were 949 

imaged for indicated timepoints every 2 h. Analysis for confluence, DRAQ7- positive (dead) 950 

or was performed using the Software IncuCyte 2021A (Sartorius).  951 

Organoids treatments KC-organoids were seeded for treatment experiments and their 952 

viability was analyzed as described previously46. 953 

Western Blotting. The cells were washed with PBS and lysed with RIPA buffer (89901, 954 

Thermo Fisher), which was supplemented with phosphatase and protease inhibitors (Roche). 955 

The protein lysate concentrations were determined using the bicinchoninic acid (BCA) protein 956 

assay (50000113, Bio-Rad) and subsequently adjusted to the same concentration.  Equal 957 

amounts of protein were mixed with a final concentration of 1× LDS sample buffer (NP0008, 958 

NuPAGE) and DTT (200mM) and then heated to 80 °C for 10 min. The samples were separated 959 

via gel electrophoresis and transferred to nitrocellulose membranes (Bio-Rad). The membranes 960 

were blocked in PBS with 0.1% Tween 20 (PBST) with 5% BSA (Sigma-Aldrich) for at least 961 

1 h and incubated with primary antibodies overnight at 4°C. After washing with PBST, 962 

membranes were incubated with 1:10000 diluted horse radish peroxidase (HRP)-coupled 963 

secondary antibodies for at least 1 h at room temperature. After another washing step, bound 964 

antibodies were detected using chemiluminescent Amersham ECL Prime Western Blotting 965 

Detection Reagent (RPN2235, Cytiva) or SuperSignalTM West Femto Maximum Sensitivity 966 
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Substrate (34095, Thermo Fisher). The FUSION Solo S system and software (Vilber) were 967 

used to image the membranes.  968 

ELISA CXCL2 (DY452-05, R&D systems), IFN-α (MFNAS0, R&D systems), IFN-ß 969 

(DY8234-05, R&D systems), IFN-γ (DY485-05, R&D systems), TNF (DY410-05, R&D 970 

systems), Fas ligand (DY526, R&D systems), TRAIL (DY1121, R&D systems) were used 971 

following the manufacturer’s instructions. Cell culture supernatants and murine pancreatic 972 

extracts were analysed after storage at − 80°C. For mouse samples amounts of released protein 973 

was normalized to total protein level in the sample measured by DC protein assay kit (774985, 974 

Bio-rad). For the IFN-detecting ELISAs, cell culture supernatants were 16-fold concentrated 975 

using using 3 kDa molecular weight cut-off spin columns (VS2092, Satorius).  976 

Tissue stainings (immunohistochemistry and immunofluorescence) Pancreatic tissues were 977 

fixed in 4% paraformaldehyde, embedded in paraffin and cut into 3–5 µm sections. Paraffin 978 

sections were rehydrated by passing the slides through xylene and descending grades of alcohol 979 

then rinsed in water. The slides for IHC were incubated for 15 minutes with Peroxidase 980 

Blocking Solution (SP-6000, Vector Laboratories). Then heat-induced antigen retrieval was 981 

performed in citrate buffer (H-3300, Vector Laboratories) in a pressure cooker (110°C) for 1.5h 982 

or by proteinase K treatment for 15 min at 37°C (only CD45). Slides were then immediately 983 

cooled under running water and rinsed in PBS. 100 µl of Protein Block (ab64226, Abcam) was 984 

added to each slide for 45 minutes. After washing 3 x with 0.05% PBS/Tween 20 solution for 985 

5 minutes, the slides were incubated with 100 µl of the primary antibody at 4°C overnight in a 986 

humidity chamber. Following overnight incubation, slides were washed with 0.05% 987 

PBS/Tween 20 solution. The sections were then incubated with secondary antibody for 1 h at 988 

room temperature and again washed three times. For IHC, the sections were developed using 989 

the ABC kit (PK-6100, Biozol) and consequently incubated with DAB substrate before being 990 

counterstaining with haematoxylin and rinsed in water for 1 minutes. Slides were then 991 

dehydrated in ascending grades of alcohol and cleared in xylene (IHC). Finally, the sections 992 

were mounted using Di-N-Butyle Phthalate in Xylene (DPX) mounting solution and covered 993 

with a glass coverslip (IHC) or mounted in DAPI (ProLong® Golds antifade reagent with 994 

DAPI, Invitrogen) (IF). For negative controls, adjacent duplicate slides from each case were 995 

used. These slides were incubated with 100 µl antibody diluent instead of primary 996 

antibody/secondary antibody. H&E stainings were examined by an experienced pathologist 997 

(A.Q.) who was blinded to the study design. TUNEL stainings were performed according to 998 
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manufacturer’s protocol (Promega, G3250) for paraffin embedded tissue. The propidium 999 

iodide step was omitted, and slides were instead covered with ProLong™ Gold Antifade 1000 

mounting medium with DAPI (Invitrogen™, P36941). The Trichrome staining was performed 1001 

according to the manufacturer’s protocol of the Trichrome Stain (Masson) Kit (HT15-1KT, 1002 

Sigma-Aldrich). Fluorescence pictures were acquired using the Keyence BZ-X800 microscope 1003 

and analyzed with the BZ-X800 Analyzer software. Cytokeratin 19 and CD45 IHC stainings 1004 

were analyzed and quantified using the QuPath software. 1005 

Statistical analysis The data were analyzed by GraphPad Software and either t-test, one-way 1006 

ANOVA or two-way ANOVA was used to calculate p values as indicated. Results were 1007 

arranged by the Tukey method and were considered significant at p < 0.05. In vitro results and 1008 

in vivo results are presented as mean ± SEM unless otherwise noted. A minimum of n ≥ 3 was 1009 

used for all experiments. 1010 

Ethics approval Our study makes use of publicly available TCGA and other cited RNA-1011 

sequencing datasets.  As such, prior ethics approval has been obtained for these studies and no 1012 

additional approval is required. All mouse experiments were conducted in accordance with an 1013 

Institutional Animal Care and Use Committee (IACUC). All people involved in animal 1014 

experiments received prior training and have passed the additionally required personal 1015 

licensing course (FELASA B). All animal experiments were approved by the local authorities 1016 

(LANUV, North-Rhine-Westphalia, Germany).  1017 

Data availability 1018 

The single cell RNA-seq datasets are available from Sequence Read Archive (SRA) accession 1019 

code PRJNA975357 and bulk RNA-seq datasets are available on SRA accession code 1020 

PRJNA975358. Other data are available from the corresponding authors upon reasonable 1021 

request. 1022 
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 1058 

Figure 1. Caspase 8 upregulation protects oncogenic KRAS-driven pancreatic neoplasia 1059 

(A) Caspase 8 expression levels are plotted as a function of the Ras84 score22 in the PAAD 1060 

TCGA and normal human pancreas (GTEx) datasets.  1061 

(B) Kaplan Meier survival of the 10th percentile highest caspase 8 expression vs. the rest within 1062 

the PAAD dataset (TCGA) is plotted.  1063 

(C) Schematic representation of GFP+ and dtTomato+ cell isolation from pancreata of KC-1064 

mice. 1065 

(D) Caspase 8 mRNA from adjacent WT pancreas (dtTomato+, n=4) and KRASG12D-1066 

expressing PanINs (GFP+, n=4) from 5 months-old KC mice was quantified by qPCR. Boxplot 1067 

center line, mean; box limits, upper and lower quartile; whiskers min. to max.  1068 
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(E-H) 5 months-old mice of the indicated genotypes were sacrificed and pancreata were 1069 

excised, fixed and stained by H&E and for CK19 or CD45, (E) representative images are 1070 

shown. Size bars represent 100 µm.  (F) 5 months-old C-C8WT/WT (n=13), KC-C8WT/WT (n=14) 1071 

and KC-C8FL/FL (n=13) mice were stained by H&E. % of ducts visible per section were graded 1072 

and quantified by blinded pathological inspection. (G) KC-C8WT/WT (n=7) and KC-C8FL/FL 1073 

(n=9) sections were stained for CK19 using immunofluorescence and immunohistochemistry 1074 

and quantified using QuPath. Boxplot center line, mean; box limits, upper and lower quartile; 1075 

whiskers min. to max. (H) KC-C8WT/WT (n=6) and KC-C8FL/FL (n=7) sections were stained for 1076 

CD45 using immunohistochemistry, CD45+ area normalized to CK19+ area was quantified 1077 

using QuPath. Boxplot center line, mean; box limits, upper and lower quartile; whiskers min. 1078 

to max. 1079 

(I) Single cell suspensions from 5 months-old KC-C8WT/WT (n=3) and KC-C8FL/FL (n=2) were 1080 

subjected to single cell RNA-sequencing (scRNA-seq) and RNA UMAP plots were generated 1081 

as indicated.  1082 

(J) Pancreata from 5 months-old KC-C8WT/WT (n=10), KC-C8FL/FL (n=13) were isolated and 1083 

RNA extracted. The indicated cytokines were detected within bulk RNA using qPCR.  1084 

(K) Cell type-specific expression of the indicated genes is shown as log1p-transformed scaled 1085 

average gene expression (scale factor 10000) within CD45+ KC-C8WT/WT single cells.  Data 1086 

are means +/- SEM. Two-way ANOVA + Tukey’s multiple comparison test (F), Log-rank test 1087 

for survival analysis (B) and two-tailed unpaired t tests for all others, ****p<0.0001, * p<0.05.  1088 

  1089 



 35 

 1090 

Figure 2. Pancreatic neoplasia progression is pruned by constitutive necroptosis and 1091 

apoptosis 1092 

(A) Cell type-specific expression of the indicated genes is shown as log1p-transformed scaled 1093 

average gene expression (scale factor 10000) within all KC-C8WT/WT single cells.   1094 

(B-D) 5 months-old mice of the indicated genotypes were sacrificed and pancreata were 1095 

excised, fixed and stained by H&E, trichrome, CK19 or CD45, (B) representative images are 1096 

shown. Size bars represent 100 µm. (C) 5 months-old KC-C8WT/WT (n=14), KC-C8FL/FL (n=13), 1097 

KC-C8FL/FL;MLKL-/- (n=11) and KC-C8WT/WT;MLKL-/- mice (n=7) were stained by H&E. % 1098 

of ducts visible per section were graded and quantified by blinded pathological inspection. (D) 1099 

Pancreata from 5 months-old KC-C8WT/WT (n=8), KC-C8FL/FL (n=8), KC-C8FL/FL;MLKL-/- 1100 

(n=8) and KC-C8WT/WT;MLKL-/- mice (n=7) were stained for CK19 using immunofluorescence 1101 

and immunohistochemistry, CK19+ area was quantified using QuPath. Boxplot center line, 1102 

mean; box limits, upper and lower quartile; whiskers min. to max. 1103 

(E) Pancreata from 5 months-old KC-C8WT/WT (n=8), KC-C8FL/FL (n=8), KC-C8FL/FL;MLKL-/- 1104 
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(n=8) and KC-C8WT/WT;MLKL-/- (n=8) were isolated and RNA extracted. The indicated 1105 

cytokines were detected within bulk RNA using qPCR.  1106 

(F) protein extracts from samples as in e were subjected to ELISA for the quantification of the 1107 

indicated secreted proteins.  1108 

(G) percentage of macroscopic liver metastasis was quantified at experimental endpoint. (H) 1109 

Photos of representative livers are shown. Data are plotted as means +/- SEM. Two-way 1110 

ANOVA + Tukey’s multiple comparison test (C), Ordinary one-way ANOVA (D) and two-1111 

tailed unpaired t tests for all others, ****p<0.0001, * p<0.05.  1112 

  1113 
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 1114 

Figure 3. Oncogenic KRAS upregulates necroptosis pathway components as part of a 1115 

type I interferon response 1116 

(A) 5 months-old mice of the indicated genotypes were sacrificed and pancreata were excised, 1117 

fixed and stained for caspase 8. Representative images are shown. Size bars represent 100 µm. 1118 

(B and C) 7 individual LsL-KRASG12D;mTmG MEF lines generated from 3 distinct litters were 1119 

treated with control or 4OHT [1µM] for 96 h. RNA was collected and sequenced. (B) A 1120 

volcano plot for the top 20 upregulated transcripts by adjusted p-value [p(adj)] or fold change 1121 

is shown. red = +4OHT (KRASG12D), blue= -4OHT (KRASWT). (C) A ranked list from the 1122 

RNA-seq data from b was subjected to gene set enrichment analysis (GSEA). Significant 1123 

negative enrichment score (NES) is shown for all hallmark gene sets within the KRASG12D-1124 

induced group (+4OHT). 1125 

(D) Expression of the indicated genes was quantified in qPCR experiments in MEFs detailed 1126 

in B.  1127 

(E) An ISG score was computed as published47 and correlated to the Ras84 score which was 1128 

calculated as the median of the ranks of the 84 genes associated with RAS oncogenic activity22. 1129 



 38 

Red dots mark cancers with frequent KRAS mutations. (F) Gene expression of Casp8, MLKL, 1130 

Ripk3 and ZBP1 within cancers with high, intermediate and low ISG score. 1131 

(G) LsL-KRASG12D MEFs as in a were treated with 4OHT [1µM] for 48h and subsequently 1132 

treated with either MEKi [PD184352, 5µM] or AKTi [MK2260, 5µM] or Jak1/2i [Ruxolitinib, 1133 

1µM] for another 48h. The indicated proteins were detected by Western blotting. 1134 

(H and I) Schematic representation of supernatant transfer experimental set-up for I. (I) To 1135 

generate supernatants, LSL-KRASG12D MEFs were treated with or without 4OHT [1µM] for 1136 

36 h to induce KRASG12D. After this, media were replaced by fresh media without 4OHT and 1137 

incubated for additional 60 h. Media were collected, spun down and recipient WT or ifnar1-/- 1138 

MEFs were incubated with these supernatants for 60h and mRNA expression of the indicated 1139 

genes was quantified by qPCR. M; media.  1140 

(J) LsL-KRASG12D or WT (ERT2_Cre) MEFs were treated with control or 4OHT for the 1141 

indicated times +/- DMSO, STINGi [C-178, 10µM] or Jak1/Jak2i [Ruxolitinib, 1µM]. 1142 

Representative Western Blots for the indicated proteins are shown.  1143 

(K) LSL-KRASG12D MEFs were treated with or without 4OHT [1µM] for 96 h to induce 1144 

KRASG12D +/- STINGi as indicated [C-178, 10µM], followed by 16-fold supernatant 1145 

concentration using 3 kDa molecular weight cut-off spin columns and supernatants were 1146 

subjected to ELISA quantification of the indicated proteins.  1147 

(L) To generate supernatants, LSL-KRASG12D MEFs were treated with or without 4OHT 1148 

[1µM] for 36 h to induce KRASG12D +/- STINGi as indicated [C-178, 10µM]. After this, media 1149 

were replaced by fresh media without 4OHT and incubated for additional 60 h. Media were 1150 

collected, spun down and recipient WT MEFs which did or did not receive STINGi as indicated 1151 

[C178, 10µM] 2 days prior to supernatant stimulation were then incubated with these 1152 

supernatants for 60h and mRNA expression of the indicated genes was quantified by qPCR. 1153 

M; media. Each gene is normalized to its respective non-induced media control stimulation. 1154 

Data are means +/- SEM or representative images if not indicated otherwise. Two-tailed 1155 

unpaired t tests, ****p<0.0001, ** p<0.01. 1156 
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 1157 
Figure 4. Oncogenic KRAS-induced necroptotic priming represents a synthetic lethality 1158 

(A) LsL-KRASG12D or WT (ERT2_Cre) MEFs were treated with control or 4OHT for 96h 1159 

followed by the indicated treatment combination for 24h TNF [50ng/ml], SM [1µM], 1160 

emricasan [2.5µM], MK2i [10µM], RIPK3i [3.3µM] and RIPK1i [10µM]. Dead cells 1161 

(eFluor660+ cells) were quantified by flow cytometry.  1162 

(B-D) KRASG12D and KRASWT MEFs (Rasless MEFs constitutively reconstituted) were treated 1163 

with (SM, birinapant [1 µM], z-VAD [20 µM], MK2i [20 µM], nec1s [10 µM], TNF [50 1164 

ng/ml], TRAIL [1 µg/ml], CD95-L [1 µg/ml]). Cell death was analyzed by DRAQ7 1165 

fluorescence with normalization to cell confluence using the IncuCyte S3 bioimaging platform. 1166 
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(E) KRAS WT or G12D MEFs (Rasless MEFs constitutively reconstituted) were treated for 1167 

the indicated times with combined TNF [50ng/ml], SM [1µM], emricasan [2.5µM] and MK2i 1168 

[10µM]. Representative Western blots are shown.  1169 

(F and G) The indicated human PDAC cell lines were treated with the smac mimetic (S) 1170 

birinapant [1 µM], z-VAD (Z) [20 µM] and TRAIL (T) [100 ng/ml]. (F) Viability was 1171 

quantified using the crystal violet cell viability assay. (G) Percentage of dead cells from cells 1172 

treated as in c was analyzed using the NYONE fluorescence assay. 1173 

(H) A necroptosis score was computed based upon combined RIPK3, MLKL and ZBP1 1174 

expression and correlated to the median caspase 8 expression across all human TCGA datasets. 1175 

Red dots mark cancers with frequent KRAS mutations.  1176 

(I) schematic representation of proposed mechanism. Data are means +/- SEM or representative 1177 

images if not indicated otherwise. Two-tailed unpaired t tests, ****p<0.0001, ** p<0.01.  1178 
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 1179 

Figure 5. Targeting necroptotic priming is an effective therapeutic strategy 1180 

(A) Schematic representation of organoid isolation from KC-mice. (B) organoids were isolated 1181 

from 5 months-old KC-mice. Once growing, they were dissociated into single cell suspension, 1182 

counted and seeded +/- the indicated treatments for 24h: TNF [500ng/ml], SM [1µM], 1183 

emricasan [2.5µM], MK2i [10µM], RIPK3i [3.3µM] and RIPK1i [10µM]. Organoid viability 1184 

was quantified using organoid brightness as a proxy and the BZ-X800E microscope (Keyence) 1185 

and BZ-H4M/Measurement Application Software (Keyence). (C) images of representative 1186 

organoids are show.  1187 

(D-I) (D) Scheme of KC-mice treatment schedule. (E) 5 months-old KC-mice were treated i. 1188 

p. with vehicle (PBS with 40% PEG-4000, 0.4% DMSO) (n=9) or Emricasan (E) [2.5 mg/kg] 1189 

/ Birinapant (smac mimetic; S) [5 mg/kg] (n=10), twice a week for 4 consecutive weeks. Four 1190 

weeks after the last treatment the mice were sacrificed, pancreata excised and tissues analyzed 1191 

by the indicated stains. Representative images are shown. (F) in pancreata from treated mice 1192 

as in d, % of ducts visible per section were graded and quantified by a pathological blinded to 1193 
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the group allocation. (G) vehicle (n=6) and ES (n=8)-treated sections were stained for CK19 1194 

using immunofluorescence and CK19+ area was quantified as before. Boxplot center line, 1195 

mean; box limits, upper and lower quartile; whiskers min. to max. (H) vehicle (n=7) and ES 1196 

(n=7)-treated sections were stained for CD45 using immunohistochemistry and CD45+ area 1197 

was quantified with QuPath. Boxplot center line, mean; box limits, upper and lower quartile; 1198 

whiskers min. to max. (I) mRNA expression of the indicated genes within bulk pancreatic 1199 

mRNA extracts from mice treated as in d was quantified using qPCR in vehicle (n=8) and ES 1200 

(n=8)-treated pancreata.  1201 

(J) Scheme of KPC mice treatment schedule. (K) 8-week-old KPC mice were treated with 1202 

vehicle (PBS with 40% PEG-4000, 0.4% DMSO) (n=14) or the combination of Emricasan [2.5 1203 

mg/kg] / Birinapant [5 mg/kg] (n=13), twice a week for 4 consecutive weeks. Mice were kept 1204 

for Kaplan Meier survival studies until experimental endpoint was met. Data are plotted as 1205 

means +/- SEM. Two-way ANOVA + Tukey’s multiple comparison test (F), Log-rank test for 1206 

survival analysis (K) and two-tailed unpaired t tests for all others, ****p<0.0001, * p<0.05.  1207 
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