
Supplementary Materials 1 

Supplementary methods 2 

Ethics statement 3 

The biomaterial used was provided either by the PancoBank of the European Pancreas Centre 4 

Heidelberg and used in accordance with the regulations of the Biobank and the vote of the 5 

Ethics Committee of the University of Heidelberg (resected tumor, Prof. Thilo Hackert) or by 6 

the biobank of the University Hospital of Ulm following the regulations of the Biobank and the 7 

vote of the Ethics Committee of the University of Ulm (PDAC Liver Metastasis): 67/2019 and 8 

72/2019 (human tissue and blood). 9 

 10 

Plasmids and shRNA sequences 11 

EZ-Tet-pLKO-puro (#1864), pLKO.1-puro-shRNA-scramble (#85966, shRNA sequence 5’-12 

CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG) were obtained from 13 

Addgene. pLKO.1-puro-shRNA-RINT1 (TRCN0000136655, shRNA sequence 5’- 14 

GAAGAGGTTCAGGTATCACTTCTCGAGAAGTGATACCTGAACCTCTTC), pLKO.1-puro-shRNA-15 

RINT1-b (TRCN00000133979, shRNA sequence 5’-16 

CCACAGTTAAATTCTGGCATACTCGAGTATGCCAGAATTTAACTGTGG), pLKO.1-puro-shRNA-17 

RINT1-c (TRCN00000136532, shRNA sequence 5’- 18 

CAAGTCAGTGAAGGTACAGATCTCGAGATCTGTACCTTCACTGACTTG) was obtained from Sigma-19 

Aldrich as bacterial glycerol stock. 20 

 21 

Cloning of doxycycline-inducible shRNA plasmids 22 

Oligos containing shRNA were designed with additional 5’ and 3’ overhangs as followed: 23 

Scramble-Fwd: 24 



AGAGACGCTAGCCCTAAGGTTAAGTCGCCCTCGTACTAGTCGAGGGCGACTTAACCTTAGGTTTTTG25 

AATTCTCGACC; Scramble-Rev: 26 

GGTCGAGAATTCAAAAACCTAAGGTTAAGTCGCCCTCGACTAGTACGAGGGCGACTTAACCTTAGGG27 

CTAGCGTCTCT; shRNA RINT1-Fwd: 28 

AGAGACGCTAGCGAAGAGGTTCAGGTATCACTTTACTAGTAAGTGATACCTGAACCTCTTCTTTTTGA29 

ATTCTCGACC; shRNA RINT1-Rev: 30 

GGTCGAGAATTCAAAAAGAAGAGGTTCAGGTATCACTTACTAGTAAAGTGATACCTGAACCTCTTCG31 

CTAGCGTCTCT. First, annealing of single-strand oligos (ss-oligos) was carried out as following: 32 

5 µL of forward ss-oligo (200 µM) and 5 µL of corresponding reverse ss-oligo (200 µM) were 33 

annealed in 50 mM NaCl, 10 mM Tris-Base, 1 mM EDTA in a total volume of 20 µL at 95°C and 34 

allowed to cool down to room temperature slowly for 1 h. Afterwards, 15 µg of EZ-Tet-pLKO-35 

Puro or 15 µL of annealed double-strand (ds)-oligos were digested with 5 µL of EcoRI-HF and 36 

5 µl of NheI-HF in CutSmart buffer (all NEB) in a total volume of 30 µL overnight at 37°C at 450 37 

rpm. To remove the insert (200 bp) from the backbone plasmid (9,000 bp), the digested 38 

plasmid was subjected to 1% agarose-gel electrophoresis. The linearized vector plasmid (9,000 39 

bp vector) and digested ds-oligos were purified using Wizard® SV Gel and PCR Clean-Up 40 

System (Promega) according manufacturer guidelines and eluted in 15 µL of nuclease-free 41 

water. Subsequently, DNA concentration was determined using NanoDrop 2000/2000c 42 

spectral photometer and quality of annealed, digested, and purified ds-oligos were analyzed 43 

by 3% agarose gel electrophoresis. Afterwards, ligation reactions were performed using 1 µL 44 

T4 DNA Ligase (Promega, #M1808) and the 2´ Rapid Ligation Buffer (Promega, #C6711). 250 45 

ng of vector backbone and 4 µL of 1:500 diluted annealed, digested, and purified ds-oligos 46 

were mixed in a final reaction volume of 10 µL. The ligation was executed at room 47 

temperature for 2 h. Following ligation, transformation was performed using 50 µL of OneShot 48 



Stbl3 chemically competent E. coli (Invitrogen) according manufacturer’s instructions. 2 µL of 49 

ligation mix was incubated with Stbl3 bacteria for 30 min on ice, followed by heat shock at 50 

42°C for 30 sec. After addition of 250 µL SOC medium and 1 h of recovery at 37°C, 200 µL cell 51 

suspension was distributed and incubated on LB agar plates containing 25 µg/mL carbenicillin 52 

at 37°C. The day after, colony PCR was performed to validate clones harboring plasmids with 53 

correct shRNA integration using GoTaq DNA Polymerase (Promega) with following primer: 54 

forward 5’-ATTAGTGAACGGATCTCGACGG; reverse 5’-TGCCTTGGAAAAGGCGCAA. Therefore, 55 

colonies were resuspended in 20 µL sterile nuclease-free water (Qiagen). 10 µL were 56 

transferred in 300 µL LB medium supplemented with 25 µg/mL carbenicillin and then 57 

incubated at 37°C. Colony PCR was carried out with the remaining 10 µL cell suspension and 58 

0.3 µM of forward and reverse primer in a total volume of 25 µL. PCR was executed under 59 

following conditions: initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturing 60 

at 95°C for 1 min, annealing at 56°C for 1 min, and elongation at 72°C for 1 min, and completed 61 

by final elongation at 72°C for 5 min. PCR products were analyzed using 2% agarose gel 62 

electrophoresis. Up to 10 colonies with a PCR product of 445 bp were further amplified in 4 63 

mL LB-medium supplemented with 25 µg/mL carbenicillin. 2 ml were taken for DNA isolation. 64 

Isolated DNA was subsequently sent for Sanger sequencing to Eurofins to verify shRNA 65 

sequence. Plasmids from clone containing correct shRNA sequence were further amplified as 66 

described above and further named as EZ-scramble (EZ-scr) or EZ-shRINT1. 67 

 68 

Lentiviral shRNA mediated knockdown 69 

Production of lentiviral particles and vector systems were performed as followed. Briefly, one 70 

day prior infection 500000 Lenti-X cells (Takara Clontech) were seeded in a 0.1% gelatin coated 71 

145 mm petri dish. The transfection was performed using polyethylenimine (PEI, 72 



Polysciences), and a DNA mix of 25 μg target plasmid, 25 μg psPAX2, and 5 μg pMD2.G (both 73 

Addgene), at a DNA:PEI ratio of 1.25 in DMEM. After 6 h of incubation of transfected Lenti-X 74 

cells with DNA/PEI mix, medium was replaced by fresh DMEM with 10% FBS, 1% P/S.  75 

Forty-eight hours post-transfection, virus-containing supernatant was filtered through a 0.45 76 

µm filter (Corning), and overlayed onto pancreatic cell lines. Routinely, 300,000 cells were 77 

incubated with 10 mL virus-containing supernatant (scramble or shRINT1) supplemented with 78 

8 µg/mL polybrene (Sigma Aldrich). After 24 h of transduction, infected cells were selected in 79 

normal culture medium supplemented with appropriate amount of puromycin (InvivoGen, 2 80 

µg/mL for MIA PaCa-2 and HPDE, and 3 µg/mL for PANC-1 and PancTu-2). After 4 days of 81 

selection, knockdown was confirmed by either RT-PCR or western blot analysis, followed by 82 

outperforming the experiments. 83 

 84 

Colony forming assay 85 

Cells were seeded after selection in 12-well plates in triplicates in standard cultivation 86 

medium. After 12 days of cultivation, cells were fixed with methanol and stained with 5% 87 

Giemsa (Merck). 88 

 89 

Growth curve 90 

PANC-1 and MIA PaCa-2 cells were seeded after transduction and selection in duplicate in 6-91 

well plates in standard cultivation medium. After 1 d, 2 d, 4 d, 6 d, and 8 d of incubation, cell 92 

number was determined using Neubauer counting chamber. 93 

 94 

MTT viability assay 95 



Cells were seeded after selection in 96-well plate in standard cultivation medium. After 1 d, 2 96 

d, 4 d, and 7 d of incubation, cell viability was determined. Therefore, cells were incubated 97 

with 20 µL of a 5 mg/mL tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 98 

bromide or MTT) solution. After 3 h of incubation at 37°C, supernatant was aspirated. Plates 99 

were air-dried for 30 min and cells were resuspended in 200 µL DMSO. The absorbance was 100 

measured at 590 nm at Tecan Infinite M200 Pro. 101 

 102 

Cytotoxicity assay  103 

Cells were seeded in 96-well plate and incubated with 1 µg/mL doxycycline (Sigma-Aldrich) or 104 

vehicle (PBS) for 1 to 7 days. Cell death inhibition by either caspase- (ZVAD-FMK) or RIP1-105 

kinase (necrostatin-1) inhibitor treatment, was carried out as follows. Cells were seeded and 106 

incubated with doxycycline (1 µg/mL) for 5 days. 20 µM ZVAD-FMK, 20 µM necrostatin-1 (both 107 

Selleckchem) or vehicle (DMSO) were added after 48 h to the medium containing doxycycline. 108 

Incubation of cells were continued for another 72 h. Cell death and viability was determined 109 

using CytoToxGlo (Promega) according to manufacturer’s instructions. Bioluminescence was 110 

measured at Tecan Infinite M200 Pro. 111 

 112 

Annexin V staining 113 

After seeding, cells were treated for 4 days with doxycycline (1 µg/mL) or vehicle (PBS). Forty-114 

eight hours after start of incubation with doxycycline, 20 µM ZVAD-FMK or vehicle (DMSO) 115 

were added. Cancer cells were cultured for additionally 48 h before Annexin V staining was 116 

performed using FITC Annexin V Apoptosis Detection Kit II (BD Biosciences) according to 117 

manufacturer’s guidelines. Prior measurement of samples on a BD LSRII (BD Biosciences cells), 118 

4',6-diamidino-2-phenylindole (DAPI, 1:10000, Sigma-Aldrich) was added to the cells to 119 



discriminate dead cells. Data were analyzed using FACSDIVA version 6.1.3 and FlowJo version 120 

10, respectively. 121 

 122 

EdU labeling 123 

The transduced PANC-1 and MIA PaCa-2 cancer cells were seeded in 6-well plates after 124 

selection in standard cultivation medium. One day after seeding, proliferation and cell cycle 125 

progression were addressed by labeling cells with 10 µM 5-Ethynyl-2’-Desoxyuridin (EdU) for 126 

3 h at 37°C using Click-iT EDU-imaging kit (Thermo Fisher Scientific) according manufacturer 127 

guidelines. Samples were measured on a BD LSRII (BD Biosciences) and analyzed using 128 

FACSDIVA version 6.1.3 and FlowJo version 10, respectively. 129 

 130 

RINT1 protein stability assay 131 

Cells were seeded in 10 cm petri dishes. One day after seeding, cells were treated with either 132 

50 or 100 µg/mL of cycloheximide (CHX, Sigma Aldrich) for indicated time. Afterwards, RINT1 133 

protein expression was analyzed by western blotting. 134 

 135 

Immunofluorescence staining 136 

The transduced cells were seeded after selection in 6-well plates on a coverslip, propagated 137 

overnight in standard cultivation medium at 37°C. Cells were fixed with 4% para-formaldehyde 138 

(PFA, Sigma-Aldrich) for 10 min at room temperature. Inducible cell lines were seeded in 6-139 

well plates on a cover slips and cultivated in standard medium containing 1 µg/mL doxycycline 140 

or vehicle (PBS). Medium was changed every second day. After 96 h cells were fixed in 4% PFA. 141 

For RPA staining cells were incubated for 1 min with pre-extraction buffer (50 mM NaCl, 1 mM 142 

EDTA, 3 mM MgCl2, 300 mM Sucrose, 0.5% Triton X-100 in 20 mM HEPES, pH 7.4) prior 143 



fixation. Following fixation, cells were permeabilized with 0.7% Triton-X in PBS for 10 min at 144 

room temperature. After one hour of blocking in 5% skim milk in Tris-buffer saline with 0.1% 145 

Tween20 (TBST), incubation with primary antibody (listed in supplementary table S2) was 146 

conducted at 4°C overnight. Afterwards, the blots were incubated with secondary antibody 147 

for 1 h in the dark. Finally, cells were mounted with DAPI-containing ProLong Diamond 148 

Antifade Mountant (Life TechnologiesTM). Images were obtained using an oil immersion 149 

objective (Plan-Neofluar 40×/1.3 oil DIC M27; Carl Zeiss) mounted on a Zeiss Axio Imager Z1 150 

fluorescence microscope (Carl Zeiss) equipped with an AxioCam MRm camera and AxioVision 151 

LE imaging software (Carl Zeiss). Acquired images were subsequently analyzed using ImageJ 152 

software. Size of nucleus was counted from at least 200 cells per condition. Golgi 153 

fragmentation, H3P-pS10 positive cells, 53BP1 foci, and H2AX p-S139 foci were counted from 154 

three independent experiments and at least 10 random pictures per condition. 155 

 156 

GFP pull down  157 

Forty-eight hours after the transfection of 293T with SUMO1-GFP and SUMO2-GFP plasmids 158 

(generous gift from Thomas G Hofmann). Cells were lysed with a GFP-Binding Buffer (Tris 20 159 

mM, 1% NP-40, NaCl 150 mM, EDTA 5 mM, Glycerol 10%, NaF 25 mM, 0.1% SDS) 160 

supplemented with cOmplete, EDTA-free Protease Inhibitor Cocktail (Roche) and 20 mM N-161 

Ethylmaleimide (NEM, Sigma-Aldrich) for 45 min on ice. One milligram of protein was used to 162 

perform GFP- pull-down using GFP-Trap agarose (Chromotek) following exactly the 163 

manufacturer instructions. The pull-down and input (50 mg) were loaded on a 10% SDS-Page 164 

gel for 1.5 h at 130 V using 25 mM Tris buffer pH 8.3 with 192 mM glycine. Afterwards proteins 165 

were blotted overnight at 30 V on polyvinylidene difluoride (PVDF) membrane with 25 mM 166 

Tris buffer pH 8.3 containing 192 mM glycine and 20% Methanol. After 1 h of blocking in milk 167 



5% in TBS-Tween 20, membranes were incubated with primary antibody (listed in 168 

supplementary table S4) overnight at 4°C, followed by probing in HRP-linked F(ab')₂ fragment 169 

goat anti-mouse and donkey anti-rabbit (both 1:5000, GE Healthcare Life Sciences) for 2 h at 170 

room temperature. Western blots were developed using SuperSignal West Dura 171 

Chemiluminescent-Substrate (Thermo Fisher Scientific) on an iBright Western Blot Imaging 172 

Systems (Thermo fisher scientific). Intensity of protein bands were quantified using Fiji 173 

(ImageJ, (National Institutes of Health). 174 

 175 

Western blot analysis 176 

Following shRNA-mediated knockdown and selection or doxycycline-induction for the 177 

indicated time, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing 178 

50 mM Tris, pH 8.0, 150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, and 179 

0.1% sodium dodecyl sulfate (SDS, all Sigma-Aldrich) and supplemented with cOmplete, EDTA-180 

free Protease Inhibitor Cocktail and PhosSTOP (both Roche) for 30 min on ice. After 181 

centrifugation, protein concentration from supernatant was determined using Bradford 182 

method. 25 µg protein and PageRuler Plus Prestained Protein Ladder (Thermo Fisher 183 

Scientific) were loaded and separated on 12% SDS-PAGE for 1.5 h at 130 V using 25 mM Tris 184 

buffer pH 8.3 with 192 mM glycine. Afterwards proteins were blotted on polyvinylidene 185 

difluoride (PVDF) membrane with 25 mM Tris buffer pH 8.3 with 192 mM glycine and 20% 186 

Methanol transfer buffer for 2 h. Membranes were blocked in 5% BSA in TBS-Tween 20 and 187 

incubated with primary antibody (listed in supplementary table S2) overnight at 4°C. After 188 

washing in TBST, membrane were incubated in HRP-linked F(ab')₂ fragment goat anti-mouse 189 

and donkey anti-rabbit (both 1:5000, GE Healthcare Life Sciences) for 2 h at room 190 

temperature. Western blots were developed using SuperSignal West Dura Chemiluminescent-191 



Substrate (Thermo Fisher Scientific) on a Fusion SL device. Intensity of protein bands were 192 

quantified using Fiji (ImageJ, (National Institutes of Health). 193 

 194 

RNA extraction, cDNA synthesis, and qRT-PCR 195 

Following selection or doxycycline-induction for 96 h, RNA from cells was extracted using 196 

RNeasy Plus Mini Kit (Qiagen) according to manufacturer protocol. RNA quantity was 197 

measured using NanoDrop. cDNA was synthesized using Superscript II Reverse Transcriptase 198 

(Thermo Fisher Scientific) and 250 ng RNA according user’s guidelines. PCR was performed 199 

with 4 µL of 10-fold diluted DNA, 5 µL PowerUp SYBR Green Master Mix (Thermo Fisher 200 

Scientific), 0.5 µM forward (0.5 µL) and 0.5 µM reverse primer (0.5 µL) using the QuantStudio 201 

3 System. Primers used are listed in supplementary table S1. mRNA levels were normalized to 202 

housekeeping gene HPRT and showed as fold change (2-ΔΔCT) to the target mRNA amount in 203 

the control cells. 204 

 205 

Hematoxylin-eosin and immunohistochemistry 206 

Tissue specimens were fixed in 4% PFA overnight at 4°C and embedded in paraffin (FFPE). 207 

Hematoxylin and eosin (HE) staining was performed using standard procedures. 208 

Immunohistochemical staining (IHC) was performed on 5 µm serial sections. After 209 

deparaffinization and rehydration, antigen retrieval was carried out in the microwave for 20 210 

min using citric-acid or Tris-based antigen unmasking solution (Vector Laboratories). After 30 211 

min of blocking of unspecific binding sites with 2% BSA (Sigma-Aldrich), 5% normal goat serum 212 

(NGS, Jackson ImmunoResearch), 0.4% Triton-X (Sigma-Aldrich) in Tris-buffered saline (TBS) 213 

tissue sections were incubated with primary antibodies (listed in supplementary table S2) 214 

overnight at 4°C, followed by incubation with biotinylated secondary antibody for 30 min at 215 



room temperature. Tissue sections for IHC were further processed using VECTASTAIN Elite 216 

ABC and VECTOR NovaRED Peroxidase (HRP) Substrate Kit. After hematoxylin counterstaining 217 

and dehydration, tissue sections were mounted with Entellan (Sigma-Aldrich). Bright-field 218 

images were obtained using a HCX PL APO 40×/0.85 (Leica) objective mounted on a Leica 219 

DM5500 B microscope equipped with a Leica DFC420C camera and Leica Application Suite 220 

software (Leica). Images were analyzed using ImageJ software (National Institutes of Health). 221 

RINT1 mean intensity signal and Ki-67+ cells were quantified from at least three random 222 

pictures of all subcutaneous and orthotopic grafts (n ≥ 3 per condition). 223 

 224 

TUNEL staining 225 

Cell death on tissue sections were investigated by TUNEL staining using the in situ cell death 226 

detection kit, Fluorescein (Roche) as described in the user manual. Tissue section used as 227 

positive control were treated with 100 U/ml DNase I, Amplification Grade (Thermo Fisher 228 

Scientific) in PBS for 10 min. After staining tissue sections were mounted with DAPI-containing 229 

ProLong Diamond Antifade Mountant (Life Technologies). Images were obtained using an oil 230 

immersion objective (Plan-Neofluar 40×/1.3 oil DIC M27; Carl Zeiss) mounted on a Zeiss Axio 231 

Imager Z1 fluorescence microscope (Carl Zeiss) equipped with an AxioCam MRm camera and 232 

AxioVision LE imaging software (Carl Zeiss). Acquired images were subsequently analyzed 233 

using ImageJ software. 234 

 235 

RNA-Microarray and gene set enrichment analysis 236 

After RNA isolation from MIA PaCa-2 EZ-scramble and EZ-shRINT1 treated for 0 d, 1 d, 2 d, and 237 

4 d with 1 µg/mL doxycycline, gene expression analysis was performed using the SurePrint G3 238 

Unrestricted GE 8x60K chip (AMADID 028004, human, Agilent Technologies, Santa Clara, CA, 239 



USA). Samples were labeled with the Low Input Quick Amp Labeling Kit (Agilent Technologies, 240 

Santa Clara, CA, USA) according to the manufacturer's guidelines. Microarray slides were 241 

scanned on a G2565CA microarray scanner (Agilent Technologies, Santa Clara, CA, USA). Raw 242 

data files were extracted using the Feature Extraction software (v.10.7.3.1, Agilent 243 

Technologies, Santa Clara, CA, USA). The expression files were deposited in Gene Expression 244 

Omnibus (GEO accession number GSE165629). Data were normalized according to Agilent's 245 

standard workflow. Genes with a log2 fold change of < -1 or > 1 and a U-value of 0 or 4 from 246 

the U statistics was considered to be deferentially expressed and plotted as heatmap using 247 

GraphPad Prism Version 9. Venn diagrams showing the overlap were generated using the 248 

Bioinformatics & Evolutionary Genomics platform. Enriched pathways were analyzed using 249 

the gene annotation and analysis resource “Metaspace” (30944313). Gene set enrichment 250 

analysis comparing control (scramble) and target (shRINT1) condition after 96 hours of 251 

doxycycline treatment was performed using the gene ontology (GO) and the hallmark data 252 

sets from the Molecular signatures database v7.0 (MSigDB, Broad Institute; 253 

http://software.broadinstitute.org/gsea/msigdb). Significant enrichments were defined with 254 

p < 0.05 and false discovery rate (FDR) < 0.10. 255 

 256 

Sample preparation and MS-analysis  257 

Cell pellets for whole proteome analysis were lysed using 7 M urea, 2 M thiourea, 30 mM Tris-258 

HCl, pH 8.5. After dilution one to six, proteins were reduced, alkylated and subsequently 259 

digested overnight using a trypsin to protein ratio of 1:50. The resulting peptides were 260 

lyophilized, reconstituted in 15 µL 5% TFA and analyzed via HPLC-MS. While chromatographic 261 

separation was achieved as described previously(1), MS analysis was performed using an LTQ 262 

Orbitrap Elite system (Thermo Fisher Scientific) with the following settings: the 20 most 263 



intense ions from the survey scan were picked for CID fragmentation, with collision energy set 264 

to 35% and an activation Q of 0.25. Singly charged ions were rejected and m/z of fragmented 265 

ions were excluded from fragmentation for 60 s. 266 

 267 

Sample preparation and MS-analysis of interactome analysis 268 

Plasmids were EGFP-C (GFP-EV) and RINT1-open-EGFP-C (EGFP-RINT1) were transfected in 269 

HEK293T cells using PEI (Sigma-Aldrich). The cells were harvested 48h upon transfection. Cells 270 

were lysed in ice-cold immunoprecipitation buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 271 

mM EDTA and 1% Triton X-100) containing protease inhibitor cocktail (cOmplete mini EDTA-272 

Free, Roche) and 1 mM PMSF, for 30 min at 4°C. Lysates were spun at 14.000 g for 15 min. A 273 

total of 500 µg to 1 mg of the proteins were immunoprecipitated according to manufacturer’s 274 

protocols and then electrophoresed through an SDS-polyacrylamide gel. The following 275 

agarose beads conjugated antibody was used for immunoprecipitation: anti-GFP-Trap_A 276 

(ChromoTek). Mass spectrometry analysis was performed by the Core Facility for mass 277 

spectrometry, ZMBH, Heidelberg, Germany. Analysis of obtained results was performed using 278 

Scaffold4 software. 279 

 280 

Xenotransplantation of inducible cell lines 281 

Subcutaneous (s.c.) transplantation was performed as following: 1 x 106 cells resuspended in 282 

a mixture of 50 µL DMEM and 50 µL growth factor reduced (GFR) Matrigel (Corning) were 283 

subcutaneously injected in Hsd:Athymic Nude-Foxn1nu (Nude, Envigo). Tumor volume was 284 

measured three times a week a caliper device. Tumor volume was calculated using the 285 

formula: v = (l × w2) × π / 6 (where v is volume, l is length and w is width). Treatment was 286 

started with doxycycline (1 mg/mL, Sigma-Aldrich) supplemented in drinking water containing 287 



5% sucrose (Sigma-Aldrich) when tumor volume reached 80 - 120 mm3. All mice were 288 

sacrificed than control mice reached a tumor diameter of 1 cm after 22 days after initial 289 

application of doxycycline. Tumors were resected and fixed in 4% formaldehyde overnight, 290 

followed by paraffin embedding for subsequent histological analysis.  291 

Orthotopic engraftment was carried out by injection of 5 x 105 cells resuspended in 50 µL GFR-292 

Matrigel into the head of the pancreas upon laparotomy of Hsd:Athymic Nude-Foxn1nu (Nude, 293 

Envigo). Tumor growth was monitored by magnetic resonance imaging (MRI) or 294 

bioluminescence imaging (IVIS 200, Xenogen, Living Image software version 4.3.2) at indicated 295 

days post-transplantation. Doxycycline (1 mg/mL) was given after confirmed engraftment of 296 

tumor cells by MRI or IVIS via drinking water. Survival of mice was monitored. All mice were 297 

euthanized as soon as they reached the ethical endpoint defined by animal weight loss of max. 298 

19%, behavior (e. g. motility, fatigue), tumor size, or maximal approved observation time of 299 

60 days after transplantation. However, three mice orthotopically transplanted with PancTu-300 

2 EZ-shRINT1 were sacrificed when the first control mice (EZ-scr) reached its endpoint. The 301 

remaining five EZ-shRINT1 animals were further kept for survival analysis.  302 
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Supplementary figures 316 

 317 

Figure S1. RINT1 protein expression correlates with clinical outcome. 318 

A, Correlation of RINT1 mRNA expression with different PDAC subtypes (classical, basal-like) 319 

separated according to Moffitt et al. (2) clustered by the Cancer Genome Atlas Research 320 

Network (3). B, Representative images of RINT1 protein expression in adjacent normal tissue 321 

of human PDAC specimens. C, Representative images of GATA6 staining in different RINT1 322 

positive PDAC. 323 



 324 

Figure S2. RINT1 knockdown induces cell death in PDAC cell lines. 325 



A, RINT1 gene expression in different human PDAC cell lines (n=25) extracted from the 326 

Expression Atlas of EMBL-EBI. Dotted line indicates threshold between low and medium 327 

expression. B, Western blot analysis of RINT1 in MIA PaCa-2 transduced with either scramble 328 

or different RINT1-specific shRNAs and C, quantification of RINT1 expression levels. D, Cell 329 

growth assay in MIA PaCa-2 (n=2) after transduction with scramble or RINT1 shRNA. E, 330 

Representative images of colony formation assay (n=2). F, qRT-PCR analysis of RINT1 331 

expression level in PancTu-2 cells transduced with scramble (scr) and shRNA-RINT1 (shRINT1). 332 

Data are represented as fold change to scramble control (n=3). G, Representative images of 333 

colony formation assay on PancTu-2 cells transduced with scramble and shRINT1 (n=2). H, 334 

MTT-based cell growth on Panc-Tu2 transduced with scramble and shRINT1 (n=2). I, qRT-PCR 335 

analysis of RINT1 expression level in HPDE cells transduced with scramble (scr) and shRNA-336 

RINT1 (shRINT1). Data are represented as fold change to scramble control (n=3). J, 337 

Representative images of colony formation assay on HPDE cells transduced with scramble and 338 

shRINT1 (n=2). K, MTT-based cell growth on HPDE cells transduced with scramble and shRINT1 339 

(n=2). L, Western blot analysis of RINT1 in different inducible scramble (EZ-scr) or RINT1  340 

shRNA (EZ-shRINT1) MIA PaCa-2 cell lines treated with vehicle or doxycycline (1 µg/mL) for 96 341 

h. M, Cytotoxicity assay on clonal inducible MIA PaCa-2 cell lines treated with doxycycline (1 342 

µg/mL) for indicated time. Data are represented as percentage of viable cells in relation to 343 

untreated cells (n=4). N, Western blot analysis of cleaved PARP on indicated inducible MIA 344 

PaCa-2 cell lines treated with indicated compounds (n=3). O, Quantification of early and late 345 

apoptotic cells from annexin V flow cytometry assay on indicated clonal MIA PaCa-2 cell lines 346 

treated with vehicle or doxycycline (1 µg/mL) for 96 h and Z-VAD-FMK (20 µM) for 48 h (n=3). 347 

P, Cytotoxicity assay on clonal inducible MIA PaCa-2 cell lines treated with vehicle or 348 

doxycycline (1 µg/mL) for 5 days and with Z-VAD-FMK (pan-caspase inhibitor, 20 µM) and/or 349 



necrostatin-1 (RIP1-kinase inhibitor, 20 µM) for 72h. Data are represented as percentage of 350 

viable cells in relation to untreated control (n=3). Data are represented as mean ± SEM. 351 

Student’s t-test, * p ≤ 0.05, ** p < 0.01, *** p < 0.001). 352 

 353 

Figure S3. RINT1 depletion causes DNA double-strand breaks and G2 cell cycle arrest in PDAC 354 

cell lines. 355 

A, Representative pictures of immunofluorescence staining of phospho-Histone H2AX (S139) 356 

(red) in scramble and shRINT1 transduced PANC-1 cells, and B, quantification of phospho-357 

Histone H2AX (S139) positive foci (n ≥ 200 cells per condition). C, Representative pictures of 358 

immunofluorescence staining for RPA (green) in vehicle and doxycycline-treated EZ-scr or EZ-359 



shRINT1 MIA PaCa-2 cells, and D, quantification of RPA-positive foci (n ≥ 150 cells per 360 

condition). Data are represented as mean ± SEM. Student’s t-test, ***, p < 0.001. 361 

 362 

Figure S4. RINT1 downregulation causes Golgi fragmentation, ER stress activation, and 363 

inhibition of late autophagy in PDAC cell lines. 364 

A, qRT-PCR analysis of unfolded protein response (UPR) genes in different inducible MIA PaCa-365 

2 cell lines treated with doxycycline (1 µg/mL) for 96 h. B, Quantification of RFP-GFP double 366 

positive and only RFP-positive dots per cell in scramble (EZ-scr) or shRINT1 (EZ-shRINT1) MIA 367 

PaCa-2 transfected with RFP-GFP-LC3B tandem sensor, and treated with either vehicle or 368 

doxycycline (1 µg/mL) for 96 h as well as bafilomycin A1 and HBSS (n=3 independent 369 

experiments). Data are represented as mean ± SEM. Student’s t-test was applied for (B) and 370 

Mann-Whitney U was used for qRT-PCR, *, p ≤ 0.05; **, p < 0.01; ***, p < 0.001). 371 



 372 

Figure S5. Time-resolved microarray-based transcriptome profiling reveals event cascade 373 

mediated by RINT1 depletion in PDAC cells. 374 

A, Gene set enrichment analysis in RINT1-depleted PDAC cell lines. B, Heatmap displaying 375 

RINT1 expression and differentially expressed genes of indicated gene sets, over the course of 376 

96 hours post-RINT1 depletion. C, Western blot analysis of RINT1 with corresponding 377 

quantifications (data are represented as mean ± SD) in MIA PaCa-2 and PANC-1 cells treated 378 

with indicated concentration of cycloheximide for depicted time. CHX, cycloheximide; UPR, 379 

unfolded protein response. 380 



 381 

Figure S6. Mass spectrometry-based proteome and interactome analyses identified altered 382 

SUMOylation affecting nucleocytoplasmic transport, and DSB repair in RINT1-depleted 383 

PDAC cells. 384 

A, Venn diagram displaying intersection between putative SUMO target proteins (4) and 385 

proteome and interactome analysis. B, Venn diagram displaying intersection between SUMO 386 

target proteins after heat shock response and proteome and interactome analysis. C, Western 387 

blot analysis of RINT1 after GFP immunoprecipitation on protein lysates of 293T cells 388 

transfected with EGFP-N3 control, SUMO1-GFP, or SUMO2-GFP. 389 



 390 

Figure S7. RINT1 downregulation stops tumor progression in vivo. 391 

A, Schematic illustration depicting subcutaneous xenotransplantation of inducible MIA PaCa-392 

2 monoclonal cell lines (EZ-scr #1 and EZ-shRINT1 #2) in Hsd:Athymic Nude-Foxn1nu to assess 393 



tumor growth after doxycycline treatment. B, Representative image of endpoint mouse 394 

transplanted with EZ-scramble #1 (scr, left flank) and EZ-shRINT1 #2 (shRINT1, right flank) 395 

monoclonal MIA PaCa-2 cells and treated with doxycycline (1 mg/mL in drinking water). C, 396 

Time-dependent development of subcutaneously engrafted tumors arising from EZ-scramble 397 

#1 and EZ-shRINT1 #2 monoclonal MIA PaCa-2 cells, over the course of doxycycline treatment, 398 

with representative macroscopic images (n=6). D, Waterfall plot showing response of 399 

subcutaneous engrafted tumors to RINT1 depletion. Every bar represents one subcutaneous 400 

tumor. E, Hematoxylin-eosin (HE) staining and immunohistochemistry for proliferation marker 401 

Ki-67 on resected tumors from subcutaneous assay shown in (C). F, Quantification of Ki-67-402 

positive cells per magnification field (20´; n=3). Data are represented as mean ± SEM.  403 

Student’s t-test, *, p ≤ 0.05, **, p < 0.01, ***, p < 0.001. G, Representative images of 404 

immunostainings for RINT1 with corresponding quantifications and H, representative images 405 

of TUNEL staining on resected subcutaneous xenografts of EZ-scr and EZ-shRINT1 MIA PaCa-2 406 

cells treated with doxycycline (1 mg/mL). I, Representative images of hematoxylin-eosin (HE,) 407 

and immunostainings for RINT1 with corresponding quantifications, on resected orthotopic 408 

xenografts of EZ-shRINT1 MIA PaCa-2, treated with vehicle or doxycycline (1 mg/mL). Each 409 

tumor was resected at the ethical endpoint. J, Representative images of HE, and 410 

immunostainings for RINT1 and Ki-67 on resected orthotopic xenografts of EZ-scr and EZ-411 

shRINT1 PancTu-2 cells treated with doxycycline (1 mg/mL) over the course of 27 days post-412 

transplantation. Data are represented as mean ± SEM.  Student’s t-test, *, p ≤ 0.05, ***, p < 413 

0.001. 414 

 415 

 416 

 417 



 418 

Figure S8. RINT1 depletion causes proliferative defects and accumulation of DSB in PDAC 419 

patient-derived organoids. 420 

A, Clinical characteristics of biopsied PDAC patients. B, Representative images of hematoxylin-421 

eosin (HE) and immunostainings for RINT1, Ki-67, and H2AX p-S139 in scramble or shRINT1 422 

PDOs 96 h after transduction. Cells were counterstained with DAPI (blue). FOLFIRINOX, folinic 423 

acid-fluorouracil-irinotecan-oxaliplatin; Gem/nab-P, gemcitabine/nab-paclitaxel; hep, 424 

hepatic; lymph, lymph node; M, metastasis; pT, primary tumor; TNM, tumor, nodes, 425 

metastasis classification; US-GB, ultrasound-guided biopsy. 426 

 427 

  428 



Supplementary tables 429 

Supplementary table S1: qRT-PCR primers and sequences used in this study. 430 

Gene Forward primer-5' Reverse primer-5' Company 
HPRT Hs_HPRT1_1_SG #QT00059066 Qiagen 
RINT1 ACGCAAGGCTTGAATTTTCTCG CATGAACACTGTGTAGCTCCCT Biomers 
EDEM CAAGTGTGGGTACGCCACG AAAGAAGCTCTCCATCCGGTC Biomers 
DDIT3 (CHOP) AGAACCAGGAAACGGAAACAGA TCTCCTTCATGCGCTGCTTT Biomers 
total XBP-1 TGGCCGGGTCTGCTGAGTCCG ATCCATGGGGAGATGTTCTGG Biomers 
spliced XPB-1 CTGAGTCCGAATCAGGTGCAG ATCCATGGGGAGATGTTCTGG Biomers 
HSPA5 TGTTCAACCAATTATCAGCAAACTC TTCTGCTGTATCCTCTTCACCAGT Biomers 
ATF4 GTTCTCCAGCGACAAGGCTA ATCCTGCTTGCTGTTGTTGG Biomers 
WEE1 GATGTGCGACAGACTCCTCAAG CTGGCTTCCATGTCTTCACCAC Origene 

 431 

 432 
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 452 

 453 



Supplementary table S2: Antibodies used in this study. 454 

Antibody Species Dilution Antigen 
retrival Company Catalog-No. 

Immunohistochemistry (IHC, IF)           
Ki-67 rabbit 1:250 Citrat Thermo Fisher Scientific MA5-14520 
H2AX (Ser139) rabbit 1:100 Citrat Cell Signaling 9718 
NKp46 rabbit 1:200 Citrat Thermo Fisher Scientific PA5-79720 
CD3 rabbit 1:150 Citrat Thermo Fisher Scientific MA5-14524 
F4/80 rat 1:500 Citrat Acris BM4007 
RINT1 rabbit 1:100 Tris Thermo Fisher Scientific PA5-54104 
Western Blot           
RINT1 rabbit 1:125   Thermo Fisher Scientific PA5-54104 
RNF40 mouse 1:1000   Sigma-Aldrich R9029 
DNA-PKcs (3H6) mouse 1:1000   Cell Signaling 12311 
PARP rabbit 1:1000   Cell Signaling 9542 
GAPDH rabbit 1:5000   Cell Signaling 2118 
ACTB mouse 1:1000   Santa Cruz sc-47778 
ACTB rabbit 1:1000   Cell Signaling 4970 
GFP (FL) rabbit 1:1000   Santa Cruz sc-8334 
spliced XBP-1 rabbit 1:1000   Santa Cruz sc-7160 
CHOP (GADD153) rabbit 1:200   Santa Cruz sc-575 
SQSTM1 (p62) rabbit 1:1000   MBL pM045 
LC3B rabbit 1:1000   Cell Signaling 2775 
Phospho-Histone H2A.X (Ser139) rabbit 1:1000   Cell Signaling 9718 
Immunofluorescence           
RINT1 rabbit 1:50   Thermo Fisher Scientific PA5-65104 
Phospho-Histone H3 (Ser10) rabbit 1:500   Cell Signaling 9701 
H2AX (Ser139) rabbit 1:100   Cell Signaling 9718 
H2AX (Ser139) mouse 1:2500   Millipore 05-636 
53BP1 rabbit 1:2500   Novus NB100-304 
RPA (RPA34-19) (Ab-2) mouse 1:200   Calbiochem® NA18 
TGN46 rabbit 1:500   Thermo Fisher Scientific PA1-1069 
GM130 mouse 1:500   BD Biosciences 610822 
Secondary antibodies 
biotinylated goat anti-rat 1:100   Vector Laboratories BA-9200 
biotinylated goat anti-rabbit 1:100   Vector Laboratories BA-1000 
HRP-conjugated goat anti-rabbit IgG 1:5000   GE Healthcare NA9340 
HRP-conjugated goat anti-mouse IgG 1:5000   GE Healthcare NA9310 
donkey anti-rabbit AlexaFluor 488 1:500   Thermo Fisher Scientific A21206 
donkey anti-rabbit AlexaFluor 568 1:500   Thermo Fisher Scientific A10042 
donkey anti-mouse AlexaFluor 488 1:500   Thermo Fisher Scientific A21202 
donkey anti-mouse AlexaFluor 568 1:500   Thermo Fisher Scientific A10037 



Supplementary table S3: Distribution of RINT1 rare variants (with frequency < 0.5%) in 455 

human PDAC cases. 456 

Study Protein 
change Mutation Mutation 

Type 
Copy No. 
Alteration 

Align-GVGD 
(Class, score) 

PolyPhen-2  
(Hum Div) 

QCMG I38T c.113T>C Missense  C65 
GD 89.28 

Benign 
Score 0 

TCGA D48Y c.142G>T Missense Diploid C65 
GD 159.94 

Pro. Dam. 
Score 0.963  

TCGA R609H c.1826G>A Missense Diploid C25 
GD 28.82 

Pro. Dam. 
Score 0.999 

TCGA E292* c.874G>T Nonsense Diploid n. a. n. a. 

TCGA E353A c.1058A>C Missense Diploid C65 
GD 106.71 

Pos. Dam. 
Score 0.679 

TCGA R104Q c.311G>A Missense Gain C35 
GD 42.81 

Benign 
Score 0 

Variants in bold and highlighted are considered to be likely pathogenic, defined as Align-GVGD 457 
score > C0 or PolyPhen-2 analysis of RINT1 (UniProtID Q6NUQ1) “probably damaging”; Prob. 458 
Dam. Probably damaging, pos. dam. Possibly damaging, n. a. not applicable. 459 



Supplementary table S4: Patient characteristics of cohort with resected PDAC sub-grouped by RINT1 protein expression. 460 

Characteristics Cohort 
RINT1 

(Score 0) 
RINT1 

(Score 1) 
RINT1 

(Score 2) 
RINT1 

(Score 3) 
RINT1 

(Score 4) 
RINT1 

(Score 5) 
RINT1 

(Score 1-5) 
p-value (Chi-

Square) 
Fisher's 
exact 

  N=110 N=7 N=32 N=26 N=32 N=9 N=4 N=103 all 
w/o 
score 0 

neg. vs 
pos. 

Sex n (%)                       
Male 68 (62%) 7 (100%) 17 (53%) 14 (54%) 21 (66%) 7 (78%) 2 (50%) 61 (59%) 0.1891 0.5968 0.0425 
Female 42 (38%) 0 (0%) 15 (47%) 12 (48%) 11 (34%) 2 (22%) 2 (50%) 42 (41%)       
Age - yr                       
Median 67.1 67.6 67.3 65.6 67.1 70.8 54.1 67.0       
range 40 - 82 59 - 75 40 - 80 44 - 81 47 - 82 56 - 82 40 - 69 40 - 82       
> 65 y 66 (60%) 5 (71%) 17 (53%) 14 (54%) 23 (72%) 6 (67%) 1 (25%) 61 (59%)       
Tumor size, n (%)                       
T1/2 11 (10%) 0 (0%) 4 (12.5%) 4 (15%) 1 (3%) 2 (22%) 0 (0%) 11 (11%) 0.3627 0.3589 1.000 
T3/4 99 (90%) 7 (100%) 28 (87.5%) 22 (85%) 31 (97%) 7 (78%) 4 (100%) 92 (89%)       
Nodal 
Metastasis, n (%)                       
N0 35 (32%) 3 (43%) 11 (34%) 11 (42%) 7 (22%) 2 (22%) 1 (25%) 32 (31%) 0.5883 0.4999 0.6773 
N1 75 (68%) 4 (57%) 21 (66%) 15 (58%) 25 (78%) 7 (78%) 3 (75%) 71 (69%)       
Systemic 
Metastasis, n (%)                       

M0 
100 

(92%) 7 (100%) 30 (97%) 22 (85%) 31 (97%) 9 (100%) 1 (25%) 93 (90%) <0,0001 <0,0001 1.000 
M1 9 (8%) 0 (0%) 1 (3%) 4 (15%) 1 (3%) 0 (0%) 3 (75%) 9 (10%)       
Stage Grouping, 
n (%)                       
I / II 95 (86%) 7 (100%) 30 (94%) 21 (81%) 28 (88%) 8 (89%) 1 (25%) 88 (85%) 0.0064 0.0068 0.5903 
III / IV 15 (14%) 0 (0%) 2 (6%) 5 (19%) 4 (12%) 1 (11%) 3 (75%) 15 (15%)       
Surgical 
margins, n (%)                       
R0 80 (73%) 5 (71%) 24 (75%) 21 (81%) 21 (66%) 6 (75%) 3 (75%) 75 (73%) 0.878 0.7768 1.000 
R1 29 (26%) 2 (29%) 8 (25%) 5 (19%) 11 (34%) 2 (25%) 1 (25%) 27 (27%)       
Histological 
Grade, n (%)                       
G1/2 75 (68%) 2 (29%) 22 (69%) 18 (69%) 23 (72%) 6 (67%) 3 (75%) 72 (70%) 0.3853 0.9962 0.0368 
G3/4 35 (32%) 5 (71%) 10 (31%) 8 (31%) 9 (28%) 3 (33%) 1 (25%) 31 (30%)       
all = Chi-Square test from RINT1 (Score 0) until RINT1 (Score 5), w/o score 0 = Chi-Square test from RINT1 (Score 1) until RINT1 (Score 5),  Fisher's exact from 
RINT1 (Score 0) (neg.) and RINT1 (Score 1-5) (pos.) 
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