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SUMMARY: 27 

Large genetic screens in model organisms have led to the identification of negative genetic 28 

interactions. Here, we describe a data integration workflow using data from genetic screens in 29 

model organisms to delineate drug combinations targeting synthetic lethal interactions in 30 

cancer. 31 

 32 

ABSTRACT: 33 

A synthetic lethal interaction between two genes is given when knock-out of either one of the 34 

two genes does not affect cell viability but knock-out of both synthetic lethal interactors leads 35 

to loss of cell viability or cell death. The best studied synthetic lethal interaction is between 36 

BRCA1/2 and PARP1, with PARP1 inhibitors being used in clinical practice to treat patients with 37 

BRCA1/2 mutated tumors. Large genetic screens in model organisms but also in haploid human 38 

cell lines have led to the identification of numerous additional synthetic lethal interaction pairs, 39 

Manuscript Click here to access/download;Manuscript;60328_R1.docx

https://www.editorialmanager.com/jove/download.aspx?id=1120189&guid=7cfd84f4-47ad-4d4d-87e6-c481d0a6c117&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1120189&guid=7cfd84f4-47ad-4d4d-87e6-c481d0a6c117&scheme=1


all being potential targets of interest in the development of novel tumor therapies. One 40 

approach is to therapeutically target genes with a synthetic lethal interactor that is mutated or 41 

significantly downregulated in the tumor of interest. A second approach is to formulate drug 42 

combinations addressing synthetic lethal interactions. In this article, we outline a data 43 

integration workflow to evaluate and identify drug combinations targeting synthetic lethal 44 

interactions. We make use of available datasets on synthetic lethal interaction pairs, homology 45 

mapping resources, drug-target links from dedicated databases, as well as information on drugs 46 

being investigated in clinical trials in the disease area of interest. We further highlight key 47 

findings of two recent studies of our group on drug combination assessment in the context of 48 

ovarian and breast cancer. 49 

 50 

INTRODUCTION: 51 

Synthetic lethality defines an association of two genes, where loss of one gene does not affect 52 

viability, but loss of both genes leads to cell death. It was first described in 1946 by Dobzhansky 53 

while analyzing various phenotypes of drosophila by breeding homozygous mutants1. Mutants 54 

that did not produce viable offspring, although viable themselves, exhibited lethal phenotypes 55 

when crossed with certain other mutants, setting ground for the establishment of the theory of 56 

synthetic lethality. Hartwell and colleagues suggested that this concept might be applicable for 57 

cancer therapy in humans2. Pharmacologically provoked synthetic lethality could rely on just 58 

one mutation, given that the mutated gene’s synthetic lethal partner is targetable by a 59 

pharmacological compound. The first gene pair to enable pharmacological induction of 60 

synthetic lethality was BRCA(1/2) and PARP1. PARP1 functions as a sensor for DNA damage, and 61 

is tied to sites of double and single DNA strand-breaks, supercoils and crossovers3. BRCA1 and 2 62 

play major roles in repair of DNA double-strand breaks through homologous recombination4. 63 

Farmer and colleagues published findings that cells deficient for BRCA1/2 were susceptible to 64 

PARP inhibition, while no cytotoxicity was observed in BRCA wild-type cells5. Ultimately, PARP 65 

inhibitors were approved for the treatment of BRCA deficient breast and ovarian cancer6,7. 66 

Further, synthetic lethality gene pairs leading to clinical approval of pharmacological 67 

compounds are much anticipated and a major area of recent cancer research efforts8. 68 

 69 

Synthetic lethal gene interactions were modelled in multiple organisms including fruit flies, C. 70 

elegans and yeast2. Using various approaches including RNA-interference- and CRISPR/CAS-71 

library knockouts, novel synthetic lethal gene pairs were discovered in recent years9–11. A 72 

protocol on the experimental procedures of RNAi in combination with CRISPR/CAS was recently 73 

published by Housden and colleagues12. Meanwhile, researchers also conducted large screens 74 

in haploid human cells to identify synthetic lethal interactions13,14. In silico methods like 75 

biological network analysis and machine learning have also shown promise in the discovery of 76 

synthetic lethal interactions15,16. 77 



 78 

Conceptionally, one approach to make use of synthetic lethal interactions in the context of anti-79 

tumor therapy is to identify mutated or non-functional proteins in tumor cells, making their 80 

synthetic lethal interaction partners promising drug targets for therapeutic intervention. Due to 81 

the heterogeneity of most tumor types, researchers have started the search for so-called 82 

synthetic lethal hub proteins. These synthetic lethal hubs have a number of synthetic lethal 83 

interaction partners that are either mutated and therefore non-functional or significantly 84 

downregulated in tumor samples. Addressing such synthetic lethal hubs holds promise in 85 

increasing drug efficacy or overcoming drug resistance as could be shown for instance in the 86 

context of vincristine resistant neuroblastoma17. A second approach to enhance drug treatment 87 

making use of the concept of synthetic lethal interactions is to identify drug combinations 88 

targeting synthetic lethal interactions. This could lead to new combinations of already approved 89 

single anti-tumor therapies and to the repositioning of drugs from other disease areas to the 90 

field of oncology. 91 

 92 

In this article, we present a step-by-step procedure to yield a list of drug combinations that 93 

target synthetic lethal interaction pairs. In this workflow, we (i) use data on synthetic lethal 94 

interactions from BioGRID and (ii) information on homologous genes from Ensembl, (iii) retrieve 95 

drug-target pairs from DrugBank, (iv) build disease-drug associations from ClinicalTrials.gov, 96 

and (v) hence generate a set of drug combinations addressing synthetic lethal interactions. 97 

Lastly, we provide drug combinations in the context of ovarian and breast cancer in the 98 

representative results section. 99 

 100 

PROTOCOL: 101 

 102 

1. Retrieving synthetic lethal gene pairs 103 

 104 

1.1. Data retrieval from BioGrid.  105 

 106 

1.1.1. Download the latest BioGRID interaction file in tab2 format from 107 

https://downloads.thebiogrid.org/Download/BioGRID/Latest-Release/BIOGRID-ALL-108 

LATEST.tab2.zip either using a web browser or directly from the Linux command line using curl 109 

or wget18. 110 

 111 
##download and unpack the latest BioGRID interaction file 112 
#download latest BioGRID interaction file using curl 113 
curl -o biogrid_latest.zip https://downloads.thebiogrid.org/Download/BioGRID/Latest-114 
Release/BIOGRID-ALL-LATEST.tab2.zip 115 
 116 



#unpack the downloaded data file 117 
unzip biogrid_latest.zip 118 
BG="BIOGRID-ALL-3.5.171.tab2.txt" 119 

 120 

1.1.2. After the zip archive has been downloaded, unpack archive must and note the name of 121 

the actual dataset file (BIOGRID-ALL-X.X.X.tab2.txt) for subsequent steps. The BioGRID datafile 122 

holds interactions of different types that will be filtered in the next step.  123 

 124 

NOTE: Other sources (e.g. DRYGIN, SynlethDB) holding synthetic lethal interactions exist, as 125 

outlined in the discussion. 126 

 127 

1.2. Filter for synthetic lethality and negative genetic interactions (Experimental System).  128 

 129 

1.2.1. Use information in the column “Experimental System” (column number 12) that 130 

indicates the nature of supporting evidence for an interaction to identify synthetic lethal 131 

interactions. 132 

 133 

1.2.2. Restrict the dataset to entries with a value of either Negative Genetic or Synthetic 134 

Lethality. In the same step, filter columns and only retain columns relevant for subsequent 135 

analysis steps as listed in table 1 below. 136 

 137 
##restrict the BioGRID interaction file to relevant columns and only retain 138 
interactions classified as negative genetic and synthetic lethality 139 
cut -d "^I" -f 1,8,9,12,16,17 "${BG}" \ 140 
 | awk -F "\t" 'BEGIN{  141 
 OFS="\t" 142 
 } 143 
 { 144 
 if(NR == 1){ 145 
 print $0 146 
 }else if($4 == "Negative Genetic" || $4 == "Synthetic Lethality"){ 147 
 print $0 148 
 } 149 
 }' > bg_synlet.txt 150 

 151 

NOTE: In the code snippets ^I is used to represent horizontal tabs. Additional BioGRID 152 

categories such as synthetic growth defect may be included. Other columns of relevance for 153 

this workflow are listed in Table 1. BioGRID also retains the scores for individual interactions. 154 

Cutoffs may be used to identify strong/high confidence interactions. 155 

 156 

[insert Table 1 here] 157 

 158 

1.3. Identify species for which synthetic lethal interactions were reported.  159 



 160 

1.3.1. Determine the number of synthetic lethal interaction partner tax-IDs to get an estimate 161 

on the number of synthetic lethal interactions being available per organism. 162 

 163 
##count the number of appearances of each tax id in the previously extracted 164 
synthetic lethal interactions 165 
cut -d "^I" -f5,6 bg_synlet.txt | tail -n +2 | tr "\t" "\n" \ 166 
 | sort | uniq -c | sort -r -g 167 

 168 

NOTE: As a result of step 1, a list of synthetic lethal interactions with gene symbols from 169 

organisms in which the interactions were determined. The majority of synthetic lethal 170 

interactions have been determined in model organisms. When loading files into a spreadsheet 171 

program (e.g., Excel) avoid ruining Gene Symbols19,20. 172 

 173 

2. Translating synthetic lethal gene pairs to human orthologs 174 

 175 

2.1. Retrieve human orthologs for relevant model organisms identified in step 1.3. 176 

 177 

2.1.1. Retrieve human orthologs from Ensembl BioMart21 by linking the respective model 178 

organism gene dataset with the human gene dataset. Use the gene symbols denoting the gene 179 

in the model organism and orthologous human genes for this task. Use the Ensembl BioMart 180 

webservice to automatize the retrieval process and send the query directly to BioMart RESTful 181 

access for retrieving the orthologous gene pairs (see example below and Ensembl BioMart Help 182 

& Documentation for further details). 183 

 184 
##retrieve human orthologous for Saccharomyces Cerevisiae from Ensembl BioMart by 185 
using curl to send the BioMart query directly to the BioMart RESTful access service  186 
curl -o s_cerevisiae.txt --data-urlencode 'query=<?xml version="1.0" encoding="UTF-187 
8"?> 188 
<!DOCTYPE Query> 189 
<Query virtualSchemaName = "default" formatter = "TSV" header = "0" uniqueRows = "1" 190 
count = "" datasetConfigVersion = "0.6" > 191 
  192 
 <Dataset name = "scerevisiae_gene_ensembl" interface = "default" > 193 
 <Attribute name = "external_gene_name" /> 194 
 </Dataset> 195 
  196 
 <Dataset name = "hsapiens_gene_ensembl" interface = "default" > 197 
 <Attribute name = "external_gene_name" /> 198 
 </Dataset> 199 
</Query> 200 
' "http://www.ensembl.org/biomart/martservice" 201 



 202 

In order to retrieve the orthologous human genes for other model organisms, replace the value 203 

of the name attribute of the first Dataset element with the name of the respective Ensembl 204 

dataset and re-execute the query. 205 

 206 

NOTE: The process of ortholog mapping is well-documented in Ensembl BioMart Help & 207 

Documentation 208 

(http://www.ensembl.org/info/data/biomart/biomart_combining_species_datasets.html). 209 

 210 

2.1.2. Access an example BioMart query for human orthologs for Saccharomyces cerevisiae, 211 

the top species identified in step 1.3, via the URL 212 

http://www.ensembl.org/biomart/martview/9b71da1415aba480a52b8dc7dd554d63?VIRTUAL213 

SCHEMANAME=default&ATTRIBUTES=scerevisiae_gene_ensembl.default.feature_page.external214 

_gene_name|hsapiens_gene_ensembl.default.feature_page.external_gene_name&FILTERS=&215 

VISIBLEPANEL=linkattributepanel. 216 

 217 

NOTE: Other sources (e.g. roundup, oma browser, HomoloGene, inparanoid) for homology 218 

mapping exist, as outlined in the discussion section of this manuscript. 219 

 220 

2.2. Add human orthologs to extracted synthetic lethal interactions.  221 

 222 

2.2.1. Join synthetic lethal interactions based on organism tax-ID and gene symbol with the 223 

orthologous pairs retrieved in step 2.1. For human synthetic lethal interaction pairs either 224 

create artificial orthologous pairs for each human gene present in the dataset or make sure that 225 

human synthetic lethal interactions are not discarded while joining and transfer the human 226 

gene symbols into the newly added columns. 227 

 228 
##collect ortholog mappings in a single file and join with synthetic lethal 229 
interaction file 230 
#create a target file with headers for collecting ortholog mappings 231 
echo "tax_id/gene_symbol^Ihuman_gene_symbol" > mapping.txt 232 
 233 
#repeat this step for each model organism, take care to adapt input file name and 234 
tax-ID 235 
#adds for each ortholog pair in s_cerevisiae.txt a new entry in mapping.txt: The Gene 236 
Symbol is prefixed with the tax id to ease subsequent joining with the synthetic 237 
lethal interactions file  238 
awk -F "\t" 'BEGIN{ 239 
 OFS="\t" 240 
 org_tax_id="559292" 241 
 } 242 



 { 243 
 if($1 != "" && $2 != ""){ 244 
 print org_tax_id"/"$1, $2 245 
 } 246 
 }' s_cerevisiae.txt >> mapping.txt 247 
 248 
#create artificial mapping entries for human genes 249 
awk -F "\t" 'BEGIN{ 250 
 OFS="\t" 251 
 human_tax_id="9606" 252 
 } 253 
 { 254 
 if($5 == human_tax_id){ 255 
 print $5"/"$2, $2 256 
 } 257 
 if($6 == human_tax_id){ 258 
 print $6"/"$3, $3 259 
 } 260 
 }' bg_synlet.txt | sort -u >> mapping.txt 261 
 262 
#add required join keys (tax id/Gene Symbol) to synthetic lethal interactions 263 
awk -F "\t" 'BEGIN{ 264 
 OFS="\t" 265 
 } 266 
 { 267 
 if(NR == 1){ 268 
 print $0, "Key Interactor A", "Key Interactor B" 269 
 }else{ 270 
 print $0, $5"/"$2, $6"/"$3 271 
 } 272 
 }' bg_synlet.txt > tmp_bg_synlet_w_keys.txt 273 

 274 
#join synthetical lethal interactions with orthologous pairs 275 
merge tmp_bg_synlet_w_keys.txt mapping.txt 7 1 > tmp.txt 276 
merge tmp.txt mapping.txt 8 1 > bg_synlet_mapped.txt 277 

 278 

NOTE: The merge command used in this example is not a standard Unix command. However, its 279 

implementation with the help of the GNU Core Utilities sort and join is straightforward. The 280 

command has been introduced to hide the complexity of sorting the files before they can be 281 

joined with the command join. An implementation of merge can be found at 282 

https://github.com/aheinzel/merge-sh. 283 

 284 

2.2.2. Use of any gene identifier uniquely identifying the gene in a certain namespace for best 285 

possible results. 286 

 287 



NOTE: Step 2 results in a list of synthetic lethal interactions from multiple organisms mapped to 288 

human genes. 289 

 290 

3. Mapping synthetic lethal interaction partners to drugs 291 

 292 

3.1. Retrieve drug-target pairs from DrugBank.  293 

 294 

3.1.1. Download DrugBank data from the downloads section of DrugBank and create an 295 

account first if not already created22. Use the CSV file with drug target identifiers (protein 296 

identifiers section: https://www.drugbank.ca/releases/latest#protein-identifiers) and the 297 

DrugBank vocabulary (open data section: https://www.drugbank.ca/releases/latest#open-data) 298 

with DrugBank identifiers and names. Alternatively, extract the required information from the 299 

XML database dump.  300 

 301 
##restrict the DrugBank drug target file to relevant columns and only retain entries 302 
for human molecular entities 303 
DB_TARGETS="all.csv" 304 
DB_NAMES="drugbank vocabulary.csv" 305 
 306 
#extract relevant columns and reformat to use tab as column seperator 307 
csvtool col 3,12,13 -u TAB "${DB_TARGETS}" > target_to_drugs_agg.txt 308 
 309 
awk -F "\t" 'BEGIN{ 310 
 OFS="\t" 311 
 } 312 
 { 313 
 if(NR == 1 || $2 == "Humans"){ 314 
 print $1, $3 315 
 }  316 
 }' target_to_drugs_agg.txt > human_target_to_drugs_agg.txt 317 

 318 

NOTE: DrugBank data is provided in two main formats. The complete database is available as 319 

XML file. In addition, the majority of data is made available in a series of comma-separated 320 

value (CSV) files. 321 

 322 

3.1.2. Be aware that DrugBank also records non-human drug-targets. The species column 323 

(column number 12) can be used to extract human drug-targets. 324 

 325 

NOTE: For better readability names of the extracted columns are provided in Table 2. Other 326 

sources (e.g. the Therapeutic Target Database or Chembl) holding drug-target links exist, as 327 

outlined in the discussion section. 328 



 329 

[Insert Table 2 here] 330 

 331 

3.2. Add drug names to drug-targets. 332 

 333 

3.2.1. Since drug name and drug-target information is provided in two separate CSV files, 334 

merge the information from the two files to subsequently add names of drugs targeting a 335 

synthetic lethal interaction partner to synthetic lethal interactions. Join the two datasets using 336 

the common DrugBank-drug-ID column. Normalize the drug-target dataset first that it only 337 

contains a single DrugBank-drug-ID per row, as the initial file may hold multiple DrugBank drug 338 

IDs in a row if a protein is targeted by multiple drugs. 339 

 340 
##generate a single file holding drug target gene symbol, DrugBank drug ID and drug 341 
name 342 
#normalize drug-target dataset 343 
awk -F "\t" 'BEGIN{ 344 
 OFS="\t" 345 
 } 346 
 { 347 
 if(NR == 1){ 348 
 print $0 349 
 }else if($1 != "" && $2 != ""){ 350 
 split($2, drug_targets, ";") 351 
 for(i in drug_targets){ 352 
 drug_target = drug_targets[i] 353 
 gsub(/ /, "", drug_target) 354 
 print $1, drug_target | "sort -u" 355 
 } 356 
 } 357 
 }' human_target_to_drugs_agg.txt > human_target_to_drug.txt 358 
 359 
#extract relevant columns and reformat to use tab as column separator 360 
csvtool col 1,3 -u TAB "${DB_NAMES}" > drugbank_id_to_name.txt 361 
 362 
merge human_target_to_drug.txt \ 363 
 drugbank_id_to_name.txt 2 1 > db_human_drug_targets.txt 364 

 365 

NOTE: Column one and three in the drugbank vocabulary.csv file hold the DrugBank drug ID and 366 

the respective name. 367 

 368 

3.3. Add drugs targeting synthetic lethal interaction partners to synthetic lethal interaction 369 

dataset. 370 

 371 



3.3.1. Join the synthetic lethal interaction dataset with the drug-target drug name file 372 

generated in the previous step using the gene symbol columns to add drugs to synthetic lethal 373 

interactions. Take care to add drug names for both partners of each synthetic lethal interaction. 374 

 375 
##enhance the synthetic lethal interaction file by adding drugs targeting the 376 
partners of each synthetic lethal interaction  377 
merge bg_synlet_mapped.txt db_human_drug_targets.txt 9 1 > tmp.txt 378 
merge tmp.txt db_human_drug_targets.txt 10 1 > bg_synlet_mapped_drugs.txt 379 

 380 

NOTE: Step 3 results in synthetic lethal interaction from multiple organism with their 381 

orthologous human genes and drugs targeting these genes. 382 

 383 

4. Establishing the set of currently tested drug combinations in clinical trials 384 

 385 

4.1. Get access to ClinicalTrials.gov data.  386 

 387 

4.1.1. Retrieve information on clinical trials in XML format from ClinicalTrials.gov on either (i) 388 

individual trials, (ii) trials resulting from a search query, or (iii) all trials in the database. 389 

Alternatively use the resources provided by the clinical trials transformation initiative which 390 

also hosts all data from ClinicalTrials.gov in a relational database. See step 4.4 for further 391 

details. 392 

 393 

NOTE: A free account is required to access the cloud-hosted database instance hosted by the 394 

clinical trials transformation initiative. In addition, a plsql client is required. 395 

 396 

4.2. Focus on interventional trials. 397 

 398 

4.3. Filter for trials specific for the indication of interest. 399 

 400 

NOTE: ClinicalTrials.gov provides disease names from the NCBI Medical Subject Headings 401 

(MeSH) controlled vocabulary. Contrary to submitter provided disease names, the controlled 402 

vocabulary allows to efficiently identify trials for the indication of interest. Nevertheless, one 403 

must keep in mind that the NCBI MeSH controlled vocabulary is a thesaurus. Therefore, check 404 

the MeSH Browser (https://meshb.nlm.nih.gov) if the general indication of interest has any 405 

child/narrower terms and include them if appropriate. 406 

 407 

4.4. Retrieve the identified trials together with the drugs tested in these trials.  A query for 408 

trials in the general indication of ovarian cancer is provided below. 409 

 410 



##retrieve interventional trials for the general indication ovarian cancer from the 411 
clinical trials transformation initiative hosted relational database containing 412 
ClinicalTrials.gov data 413 
cat <<EOF | 414 
\pset footer off 415 
SELECT DISTINCT s.nct_id, s.brief_title, i.intervention_type, i.name 416 
FROM studies s 417 
 INNER JOIN browse_conditions c ON(s.nct_id = c.nct_id) 418 
 INNER JOIN interventions i ON(s.nct_id = i.nct_id) 419 
WHERE s.study_type = 'Interventional'  420 
 AND c.mesh_term IN ( 421 
 'Ovarian Neoplasms',  422 
 'Carcinoma, Ovarian Epithelial',  423 
 'Granulosa Cell Tumor',  424 
 'Hereditary Breast and Ovarian Cancer Syndrome',  425 
 'Luteoma', 426 
 'Meigs Syndrome', 427 
 'Sertoli-Leydig Cell Tumor', 428 
 'Thecoma' 429 
 ) 430 
ORDER BY s.nct_id, i.intervention_type; 431 
EOF 432 
psql --host="aact-db.ctti-clinicaltrials.org" --username="XXX" --password --no-align 433 
--field-separator="^I" --output="clinical_trials.txt" aact 434 

 435 

4.5. Extract drug names and map to DrugBank names. 436 

 437 

NOTE: While it is tempting to directly use the drug names retrieved from clinical trials of 438 

interest one must be aware that intervention names in ClinicalTrials.gov are entered by the 439 

submitter as free text. As a consequence, the names are not standardized, brand names may be 440 

used instead of the common compound name and there is no guarantee for proper data 441 

normalization (e.g. multiple drug names in one entry). In addition, it is common that drugs are 442 

submitted with a different intervention type, differing from drug. Therefore, mapping of the 443 

retrieved intervention names to DrugBank drug names is best carried out manually. 444 

 445 
##Obtain a list of interventions used in the previously retrieved set of clinical 446 
trials. 447 
cut -d "^I" -f3,4 clinical_trials.txt | tail -n +2 | sort -u 448 

 449 

NOTE: Columns three and four hold type of intervention and intervention name, respectively. 450 

 451 

4.6. Complement with drugs already in clinical use from guidelines 452 

 453 

NOTE: Step 4 results in a list of drugs under evaluation/in use for the indication of interest. 454 



 455 

5. Identification of drug combinations targeting synthetic lethal interactions 456 

 457 

5.1. Search for synthetic lethal interactions being targeted by two drugs of interest. Restrict 458 

the dataset from step 3 to drugs of interest by filtering out lines in the file holding both drug A 459 

and drug B. 460 

 461 
##only retain entries for synthetic lethal interactions and drugs triggering them 462 
where both partners are targeted by the two drugs of interest (drug_a and drug_b) 463 
awk -F "\t" '{ 464 
 if( ($12 == drug_a && $14 == drug_b) || ($12 == drug_b && $14 == drug_a) ){ 465 
 print $0 466 
 } 467 
 }' drug_a="XXX" drug_b="YYY" bg_synlet_mapped_drugs.txt 468 

 469 

5.2. Ensure that neither of the two drugs alone is targeting both synthetic lethal interaction 470 

partners. Check the drug targets of each identified drug in the dataset from step 3.2 and 471 

evaluate whether both identified synthetic lethal partners are targets of the specific drug. 472 

 473 
##find all drug target entries for a given drug name 474 
awk -F "\t" '{ 475 
 if($3 == drug){ 476 
 print $0 477 
 } 478 
 }' drug="XXX" db_human_drug_targets.txt 479 

 480 

NOTE: A drug that would target both synthetic lethal interaction pathways would be toxic to 481 

any cell, so theoretically it is not a valuable multi- target agent. That is the reason why this 482 

possibility is excluded in this step of the algorithm. 483 

 484 

6. Testing selected new drug combinations in vitro 485 

 486 

6.1. Treat human breast cancer cell lines and human benign mammary epithelial cells 487 

cultured in standard in vitro culturing methods in a humidified a 37 °C atmosphere with 5% CO2 488 

with various drug combinations. 489 

 490 

6.2. Use media supplemented with fetal bovine serum and penicillin as well as streptomycin 491 

sulfate to hinder bacterial infection. 492 

 493 

6.3. Dilute drugs in solvents such as DMSO or phosphate-buffered saline in at least four 494 

different concentrations based on their previously established IC50 (inhibitory concentration) 495 



and use them in combination or alone for treatment of cells. 496 

 497 

6.4. Perform cell viability assays and apoptosis assays such AnnexinV/7-AAD stainings to 498 

determine cytotoxic effects caused by treatments. 499 

 500 

6.5. Monitor pharmacological inhibition of suspected molecular targets using western blots. 501 

 502 

6.6. Distinguish synthetic lethality from purely additive effects calculating the combinatory 503 

index (CI) as described by Chou and others23. 504 

 505 

REPRESENTATIVE RESULTS: 506 

Our group has recently published two studies applying the workflow depicted in this 507 

manuscript to identify drug combinations targeting synthetic lethal interactions in the context 508 

of ovarian and breast cancer24,25. In the first study, we evaluated drug combinations that are 509 

currently tested in late stage clinical trials (phase III and IV) or already being used in clinical 510 

practice to treat ovarian cancer patients regarding their impact on synthetic lethal interactions. 511 

In addition, we identified drug combinations that are currently not being tested in clinical trials 512 

but provide a rationale from the perspective of targeting synthetic lethal interactions. We 513 

therefore evaluated all possible drug combinations choosing drugs from the pool of all 514 

compounds in late stage ovarian cancer trials. We identified a unique set of 61 drug 515 

combinations that had been investigated in 68 late stage ovarian cancer trials. Twelve out of 516 

these 61 drug combinations addressed at least one synthetic lethal interaction. 84 additional 517 

drug combinations were proposed to address synthetic lethal interactions without being 518 

investigated in clinical trials to this date. 21 unique drugs contributed to the 84 identified drug 519 

combinations targeting a set of 39 synthetic lethal interactors as given in Figure 1. 520 

 521 

[insert Figure 1 here] 522 

 523 

Using the same workflow in a second study, we identified 243 promising drug combinations 524 

targeting 166 synthetic lethal gene pairs in the context of breast cancer. We experimentally 525 

tested selected drug combinations regarding their impact on cell viability and apoptosis in two 526 

breast cancer cell lines. In particular, the proposed low-toxicity drug combination of celecoxib 527 

and zoledronic acid showed cytotoxicity beyond additive effects in breast cancer cell lines as 528 

determined by their combinatorial index. Results of viability and apoptosis assays for this drug 529 

combination are displayed in Figure 2. 530 

 531 

[insert figure 2 here] 532 

 533 



FIGURES: 534 

 535 

Figure 1: Network of proposed novel drug combinations in the context of ovarian cancer. 536 

Figure 1 displays synthetic lethal interactions where interactors are addressed by two drugs 537 

currently not being tested in clinical trials. Synlet interactions are displayed in red, whereas 538 

drug-target links are indicated by grey edges. Dotted lines represent synthetic lethal 539 

interactions being addressed by other drug combinations in late stage ovarian cancer clinical 540 

trials. These investigated drug combinations are indicated with an asterisk (*), each in 541 

combination with paclitaxel with the additional investigated combination of cediranib and 542 

olaparib being indicated by a circle (o) [adapted from 25]. 543 

  544 



Figure 2: Impact of celecoxib and zoledronic acid on viability and apoptosis in SKBR-3 cells. 545 

(A) Viability assay results for celecoxib (CEL), zoledronic acid (ZOL) and the combination of 546 

zoledronic acid and celecoxib (ZOL + CEL) in SKBR-3 breast cancer cell lines. Low and high CEL 547 

concentrations used were 50µM and 75µM. Low and high ZOL concentrations used were 548 

500µM and 750µM. The drug combination had a significant synergistic effect on cell viability 549 

(** p < 0.001). (B, C) Annexin V (ANXA5) and 7-AAD stainings of SKBR-3 cells treated with CEL, 550 

ZOL, and the drug combination ZOL + CEL. The percentage of 7-AADpos/ANXA5pos cells was 551 

increased after treatment with the drug combination ZOL + CEL [adapted from 24]. 552 

 553 

Table 1: Relevant columns of the BioGRID datafile. 554 

 555 

DISCUSSION: 556 

We have outlined a workflow to identify drug combinations impacting synthetic lethal 557 

interactions. This workflow makes use of (i) data on synthetic lethal interactions from model 558 

organisms, (ii) information of human orthologs, (iii) information on drug-target associations, (iv) 559 

drug information on clinical trials in the context of cancer, as well as (v) on information of drug-560 

disease and gene-disease associations extracted from scientific literature. The consolidated 561 

information can be used to evaluate the impact of a given drug combination under 562 

investigation on synthetic lethal gene pairs. In addition, consolidated data can be used to 563 

evaluate a set of drugs currently being investigated or tested in clinical trials in the context of 564 

cancer to find combinations targeting the most relevant synthetic lethal interactions, therefore 565 

having a higher chance of impacting tumor cell survival. Lastly, the data generated can be used 566 

to screen for drug combinations consisting of drugs not initially developed for tumor treatment, 567 

thus providing a way for a computationally driven drug repositioning case. 568 

 569 

For each step in the data integration workflow we present key data sources to complete the full 570 

data workflow but point out that the workflow can be further enhanced at various stages by 571 

making use of additional data sources. In our workflow we extracted synthetic lethal interaction 572 

pairs from the BioGRID database18. We specifically focused on interactions of experiment types 573 

“synthetic lethality” and “negative genetic”. Information in BioGRID on synthetic lethal 574 

interactions contains datasets from large genetic screen as for example a dataset published by 575 

Costanzo and colleagues26, which is also available in the DRYGIN database27, as well as data on 576 

single synthetic lethal interactions as described in individual experiments in scientific literature. 577 

There are additional data sources collecting and storing synthetic lethal interactions, as for 578 

example SynLethDB28. Further, on the level of orthology mapping, a large number of different 579 

tools and databases exist. We present a way to make use of Ensembl biomart to map synthetic 580 

lethal interaction partners identified in model organisms to their corresponding human 581 

orthologs. Other orthology databases and services include NCBI’s HomoloGene database29, the 582 



OMA orthology database from the Swiss Institute of Bioinformatics30, or the InParanoid 583 

ortholog groups database maintained by the Stockholm Bioinformatics Center31. In our 584 

workflow, we focused on synthetic lethal interactions from multiple model organisms, with the 585 

largest number of synthetic lethal interactions coming from yeast. One might consider 586 

restricting the input set for the orthology mapping to data from mouse and rat only, which are 587 

evolutionary closer to humans. An additional way of defining the input set of synthetic lethal 588 

interactions is to only focus on synthetic lethal interactions being conserved in multiple species, 589 

thereby increasing the chances that the synthetic lethal interaction is truly positive. This on the 590 

other hand might reduce the set of synthetic lethal interactions dramatically, as there is already 591 

a large difference in the identified synthetic lethal interactions between S. cerevisiae and S. 592 

pombe. Another approach is to be not too stringent at the beginning and to even extend the 593 

set of experimental synthetic lethal interactions by machine learning algorithms as we did in 594 

the two studies listed in the representative results section. In brief, a random forest model was 595 

used to predict synthetic lethal interactions for human genes for which no orthologous genes 596 

existed in yeast. The random forest model was trained on the set of synthetic lethal interaction 597 

pairs from yeast and their orthologous human genes using data on pathway associations, Gene 598 

Ontology assignment as well as disease and drug associations as described previously24,25. This 599 

allowed us to consider human genes for which no ortholog mapping information was available 600 

in our integration workflow. A widely used database storing information on drug-target 601 

associations is DrugBank, which is also the primary source of interactions in the workflow. 602 

Other databases holding to some extent complementary information on drug targets are the 603 

Therapeutic Target Database (TTD)32 or ChEMBL33. Major components of the workflow are also 604 

incorporated in the e.valuation platform from emergentec and SynLethDB, which has been 605 

developed by researchers from Nanyang Technological University. The last update of 606 

SynLethDB in 2015, however, was based on the datasets stored in the download section on 607 

their respective webpage28. 608 

 609 

A way to rank identified drug combinations and targeted synthetic lethal interaction pairs is 610 

using the association of synthetic lethal partners and/or drugs with the disease of interest via 611 

literature mining methods. In our work on the evaluation of drug combinations in the context 612 

of ovarian cancer, we ranked novel proposed drug combinations based on the number of 613 

publications on ovarian cancer mentioning either one of the two synthetic lethal interactors of 614 

a respective drug combination. MeSH annotation in Pubmed can be used to identify 615 

publications for a specific disease using the exact disease terms as given in the major MeSH 616 

branch C. Information on genes in the identified publications can be extracted using NCBI’s 617 

gene2pubmed mapping file as described elsewhere34. Further, there are dedicated databases 618 

holding gene-disease and/or drug-disease links such as the Comparative Toxicogenomics 619 

Database35, DisGeNET36, or the e.valuation software platform. Ranking of drug combinations 620 



based on disease associations is one way of supporting the final selection of drug combinations 621 

for experimental testing. Additional aspects need to be considered when selecting drug 622 

combinations for further testing, like for example individual toxicity profiles of the drugs or 623 

expression status of synthetic lethal interactors in the respective target organ. 624 

 625 

In the representative results section, we present data for the drug combination of celecoxib and 626 

zoledronic acid, which was identified following the workflow to identify drug combinations in 627 

the context of breast cancer. This particular drug combination was selected for experimental 628 

testing due to the low toxicity profiles of both compounds. We used various concentrations in 629 

in-vitro experiments to evaluate the impact of the drug combination on cell viability and 630 

apoptosis. Ideally, drug concentrations could be significantly lowered for individual drugs to 631 

minimize side effects while at the same time maximizing efficacy by combining two drugs. 632 

Seeing impact on viability at lower doses is even more meaningful, as drug concentrations used 633 

for in vitro testing could be criticized to be supratherapeutical, that are not reached in in vivo 634 

models. However, the concentrations were chosen based on cell culture experiments with 635 

these given drugs in the literature. Drug dosing may further influence what targets are primarily 636 

affected, as most compounds have more than one drug target, potentially impacting a large set 637 

of known and unknown downstream molecules as well. Drug combinations showing synergistic 638 

effects on cell viability in in-vitro cell culture systems should therefore be further investigated in 639 

3D or in-vivo models. 640 

 641 

Summarizing, we present a workflow that integrates information from different data sources to 642 

evaluate and propose drug combinations targeting synthetic lethal interactions. To date, the 643 

largest information on synthetic lethal interactions is still coming from model organisms, 644 

requiring a mandatory orthology mapping step to the human genome. First screens in human 645 

haploid cells have led to the identification of synthetic lethal interactions in human cells. 646 

Additionally, the CRISPR/CAS technology has opened new ways of studying synthetic lethal 647 

interactions on a cellular level. With more high quality biological synthetic lethal interaction 648 

data becoming available, we propose that data integration efforts such as ours will transform 649 

clinical cancer treatment in the future, by discovering novel and clinically meaningful synthetic 650 

lethal gene pairs aside from BRCA(1/2)/PARP1. 651 
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DrugBank n/a n/a drugbank.ca

Ensembl BioMart n/a n/a ensembl.org

7-AAD ebioscience 00-6993-50

AnnexinV-APC BD Bioscience 550474

celecoxib Sigma-Aldrich PZ0008-25MG

CellTiter-Blue Viability Assay Promega G8080

FACS Canto II BD Bioscience n/a

fetal bovine serum Fisher Scientific/Gibco 16000044

FloJo Software FloJo LLC V10

McCoy's 5a Medium Modified Fisher Scientific/Gibco 16600082

penicillin G/streptomycin sulfate Fisher Scientific/Gibco 15140122

SKBR-3 cells American Type Culture Collection (ATCC) ATCC HTB-30

zoledronic acid Sigma-Aldrich SML0223-50MG
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Editorial Comments 

 

• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammatical errors. 

We have proofread the manuscript and corrected all the typographical errors to the best of our 

knowledge. 

 

• Protocol Language: The JoVE protocol should be almost entirely composed of numbered short steps 

(2-3 related actions each) written in the imperative voice/tense (as if you are telling someone how to do 

the technique, i.e. "Do this", "Measure that" etc.). Any text that cannot be written in the imperative 

tense may be added as a brief “Note” at the end of the step (please limit notes). Please re-write your 

ENTIRE protocol section accordingly. Descriptive sections of the protocol can be moved to 

Representative Results or Discussion. The JoVE protocol should be a set of instructions rather a report of 

a study. Any reporting should be moved into the representative results. 

1) Examples NOT in imperative voice: step 1.1, 2.1, 3.1, etc 

We rewrote the Protocol section in imperative voice (with the exception of Notes). 

 

2) For code snippets, please add a step before each code block describing the actions. 

We have added a comment line before each code block summarizing the actions. 

 

3) Please remove the enclosing boxes around the code blocks. 

The enclosing boxes around the code blocks have been removed 

 

4) Split up long steps (e.g., 2.1) into 2 or more steps. 

We have tried our best to split long sentences for purposes of readability.In 2.1, we have omitted the 

example query and displayed only show the final data retrieval step. 

 

 

• Protocol Detail: Please note that your protocol will be used to generate the script for the video, and 

must contain everything that you would like shown in the video. Please add more specific details (e.g. 

button clicks for software actions, numerical values for settings, etc) to your protocol steps. There 

should be enough detail in each step to supplement the actions seen in the video so that viewers can 

easily replicate the protocol. 

All commands as well as links for downloading data in order to execute the workflow have been 

provided in the form of code snippets.  

 

• Protocol Highlight: Please highlight ~2.5 pages or less of text (which includes headings and spaces) in 

yellow, to identify which steps should be visualized to tell the most cohesive story of your protocol 

steps. Please see JoVE’s instructions for authors for more clarification. Remember that the non-

highlighted protocol steps will remain in the manuscript and therefore will still be available to the 

reader. 

1) The highlighting must include all relevant details that are required to perform the step. For example, 

if step 2.5 is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 

and 2.5.2, then the sub-steps where the details are provided must be included in the highlighting. 
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2) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from one 

highlighted step to the next. 

3) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces when 

calculating the final highlighted length. 

4) Notes cannot be filmed and should be excluded from highlighting. 

We have highlighted the relevant steps in yellow as suggested. 

 

• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be 

similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form 

(3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance 

with respect to existing methods, 4) future applications and 5) critical steps within the protocol. 

We currently have 5 paragraphs in the Discussion section elucidating the overall aim of the workflow, 

modifications and extensions along with notes on troubleshooting, limitations and potential 

modifications and filtering steps to overcome the limitations, as well as critical steps. Thus, we believe 

that the Discussion section sufficiently follows the guidelines of the journal. 

 

• Tables: Please remove the embedded Table from the manuscript. All tables should be uploaded to the 

Editorial Manager site in the form of Excel files. A description of the table should be included with the 

Figure legends. 

 

We have removed the embedded Table and added the Table legend to the Figure legends section. The 

Tables are now provided as separate Excel files. 

 

• If your figures and tables are original and not published previously or you have already obtained figure 

permissions, please ignore this comment. If you are re-using figures from a previous publication, you 

must obtain explicit permission to re-use the figure from the previous publisher (this can be in the form 

of a letter from an editor or a link to the editorial policies that allows you to re-publish the figure). 

Please upload the text of the re-print permission (may be copied and pasted from an email/website) as a 

Word document to the Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. 

Please also cite the figure appropriately in the figure legend, i.e. "This figure has been modified from 

[citation]." 

Please see attached E-mail permissions to re-use the figures from previous publishers. 

 

Reviewers' Comments 

 

Reviewer #1 

Manuscript Summary: 

The manuscript proposes a workflow that integrates information from different sources to reveal 

potential drug combinations targeting synthetic lethal interactions, It provides a couple of previously 

reported examples of its applications. It is well-written; the protocol is crystal clear. Just minor 

comments from my side. 

 

Minor Concerns: 

* Could you please elaborate on the following statement "Relevance of organisms for the subsequent 
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translation step to human genes can be identified by counting the number of occurrences of organism 

tax-IDs". Please provide references. 

The statement has been rewritten as follows: “Determine the number of synthetic lethal interaction 

partner tax-IDs to get an estimate on the number of synthetic lethal interactions being available per 

organism”. 

 

* The authors say that, when testing drug combinations, it must be ensured that neither of the two 

drugs alone is targeting both synthetic lethal interaction partners. This is reasonable for the sole 

purpose of a combined therapy approach but if one of the retrieved drugs targets both targets 

simultaneously, it could be a valuable multi-target agent. Maybe a note on this would be appreciated. 

The following Note has been added for purposes of clarity: “A drug that would target both synthetic 

lethal interaction pathways would be toxic to any cell, so theoretically it is not a valuable multi- target 

agent. That is the reason why this possibility is excluded in this step of the algorithm.” 

 

* Please specify which folds may be advised in "Dilute drugs in solvents such as DMSO or phosphate-

buffered saline and us them in combination or alone for treatment of cells at folds of their previously 

established IC50 (inhibitory concentration)." 

We have edited the above sentence for purposes of clarity:  "Dilute drugs in solvents such as DMSO or 

phosphate-buffered saline in at least four different concentrations based on their previously 

established IC50 inhibitory concentration and use them in combination or alone for treatment of 

cells.”  

 

* Why have the authors tested such high levels of celecoxib and zoledronic acid in their combination 

experiments? As the authors themselves note, such levels would be hardly met in a therapeutic setting. 

We have added the following sentence in the Discussion section for purposes of clarity: “The 

concentrations were chosen based on cell culture experiments with these given drugs in the 

literature.” 

 

* By the way, I think "supratherapeutical" is better than "supraphysiological", since, as xenobiotics, the 

idea of a physiological concentration does not make sense. 

We have substituted “supraphysiological” with “supratherapeuticel” as suggested by the reviewer. 

 

There are minor typos. 

We have proofread the manuscript and corrected all the typographical errors to the best of our 

knowledge. 

 

Reviewer #2 

Manuscript Summary: 

The manuscript describes a protocol for extracting synthetically lethal pairs of genes from BioGrid, 

mapping the pairs to their human orthologues, and then integrating data from DrugBank and 

clinicaltrials.gov to identify druggable protein pairs. 

 

These protocols are straightforward and could be successfully implemented by novice bioinformaticians 

-which would be helpful to the community. 



Seite 5 / 7 

Major Concerns: 

i) My major issue is the underlying concept. 

While is is true that if you simultaneously drug 2 synthetically lethal proteins you have the ability to kill a 

cell, this would be of little practical use as this would affect healthy cells as well as cancer cells. 

The therapeutic attractiveness of synthetic lethality is when one protein is genetically inactivated in the 

tumour, ie is an inactivated tumour suppressor - BRCA1/2 in the clinic, and the other is inactivated 

pharmacologically - PARP1. 

In healthy cells, BRAC1/2 work, so even though PARP1 in inhibited the cells can function. 

This gives the therapeutic rationale ( ie kills cancer cells but leaves healthy cells viable). This was not 

explained in the paper. 

The example that they give is where they attack 2 proteins in a SSL pair; this would also be toxic in 

healthy cells. 

The experimental confirmation although valid- they need a control. i.e it needs to be tested in a healthy 

cell as well as a cancer cell line. Most likely it will kill the healthy cell so is of no use as a drug treatment. 

The concept does not directly result in ideal therapeutic combinations useful for cancer therapy. 

However, it can predict lethal interactions of non-toxic drugs based on synthetic lethality in cell 

culture. Consequently, in further experiments non-toxic drugs can be applied to cancer cells with 

defined genetic deficiencies in the affected pathway and a therapeutic index can be expected.    

 

ii) The prediction method. Although there is certainly an enrichment of pairs of proteins synthetically 

lethal in humans that are synthetically lethal in model organisms, the actual prediction accuracy is very 

low. The authors should have produced a ROC curve to show the performance of their algorithm. 

We agree with the reviewer that the prediction performance is of interest to the reader. 

Unfortunately, we feel that this would be out of the scope of this manuscript; however, reference 6 in 

reference 25 of this manuscript provides further details on the prediction performance. 

 

iii) Finally, the genetic interaction data itself can be quite inaccurate. For model organisms where a lot of 

data is available, multiple observations improve the reliability of the data. 

We are in full agreement with the reviewer and have added the following text in the Discussion 

section: “One might consider restricting the input set for the orthology mapping to data from mouse 

and rat only, which are evolutionary closer to humans. An additional way of defining the input set of 

synthetic lethal interactions is to only focus on synthetic lethal interactions being conserved in 

multiple species, thereby increasing the chances that the synthetic lethal interaction is truly positive.” 

 

Reviewer #3 

Manuscript Summary: 

The manuscript describes a work on identifying drug combinations that can target synthetic lethal 

proteins, so that in cancers, for instance, where the absence or mutation of one protein exists, the other 

protein can be a good candidate drug target to stop the proliferation. A protocol to identify such drug 

combinations is proposed. It is well written and easy to follow. I think it will be of great interest to 

researchers in this field. 

 

Major Concerns: 

None. 
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Minor Concerns: 

My only minor concern is the quality of the figures. It is not of high quality in the current manuscript. It 

will increase the readability if the authors provide higher quality figures. 

We have uploaded figures in high-quality for production. 

 

Reviewer #4 

Manuscript Summary: 

This manuscript provides a protocol on how to generate a list of drugs through synthetic lethality using 

bioinformatics. The authors provided a workflow and the codes on the protocol, and showed the results 

in their studies. Overall, the manuscript is well written, and the steps are clear. However, the authors 

need to tidy up their codes, specifically providing more annotations/comments in their codes to show 

users what those values mean (e.g. column numbers, taxa etc). 

 

Major Concerns: 

1. In the codes, please make annotations for ease of understanding. For example, in pg9, code starting 

from line 198: what is the "559292" means in the "print 559292" ? is it the number of interactions? Or 

what? If this is a fix value, it should be defined properly. For example, the same code, the "9606" in the 

line if($5 == 9606), this reviewer understands that this is the taxa code for human. This should be 

defined as a variable "$TAXA = 9606"; and in the line (if $5 == $TAXA). Then user will know how to 

change the value "$TAXA" to other species. Similar cases exist in other places of various codes. 

We thank the reviewer for this comment. As suggested, we have used variables for tax ids to avoid 

magic numbers in the code. We also agree with the reviewer that further constant values (only string 

constants e.g. Negative Genetic or Humans remaining) could be factored out into variables; however, 

we think that this would only complicate the code as the constant value is equally meaning full as any 

variable name that could be used instead. Therefore, we prefer to keep them directly in the code. 

 

2. The authors assumed the users/readers will know the columns name. For example: in page 11, the 

authors are extracting some columns from DrugBank csvtool col 3,12,13 -u TAB "${DB_TARGETS}. The 

authors should do the annotation for these columns similar to Table 1 for BioGrid. This will inform the 

users, and potentially DrugBank might change their columns in the future, and the users still know which 

column to extract from. 

Thank you for this valuable comment. The suggested Table 2 has been included. 

 

Reviewer #5 

Manuscript Summary: 

The authors presented an integrated workflow for identification of drug targets for synthetic lethal 

interacting pairs against ovarian and breast cancer exploiting the information available in already 

existing databases. Their workflow provides a comprehensive step by step procedure which can easily 

be replicated. The authors have systematically applied the current protocol to two already published 

studies for analyzing drug combinations currently in clinical use or investigated in late stage phase III or 

IV clinical trials against ovarian and breast cancer. Additionally, they have proposed other drug 

combinations which are not being tested in clinical trials but exhibit a synthetic lethal mechanism of 

action for cancer. Overall, the paper is reporting valuable information on possibility of selectively 

targeting cancer cells, with the potential to reduce drug resistance and side effects. Even though only 
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one synthetically lethal interaction - between PARP and breast-cancer BRCA1 and BRCA2 is clinically 

approved, nevertheless such interactions have potential for clinical applications. 

 

The article may be accepted in its current form. 

 

 



*

*

*

*

*

*

*

*

*

o

o

Figure 1 Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Figure1_synlets_novel-combos_2019-04-18_submitted_PLoS-One.pptx

https://www.editorialmanager.com/jove/download.aspx?id=1119975&guid=725db1a4-90f4-4241-ad81-ea977a4f655f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1119975&guid=725db1a4-90f4-4241-ad81-ea977a4f655f&scheme=1


A B

C

7
-A
A
D

ANXA5

DMSO CEL ZOL ZOL + CEL

Figure 2 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Figure2_FINAL.pptx

https://www.editorialmanager.com/jove/download.aspx?id=1119988&guid=7a6e8e09-aac4-4fdd-9536-80956e6fa97b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1119988&guid=7a6e8e09-aac4-4fdd-9536-80956e6fa97b&scheme=1


Mailverkehr bezüglich der 2. Figure für die JOVE Arbeit unten. 
 
LG Paul 
---------------------- 
Paul Perco, PhD, PD 
 
Medical University Innsbruck 
Department of Internal Medicine IV 
Anichstrasse 35 
A-6020 Innsbruck, Austria 
 
p: +43 699 12557273 
m: paul.perco@i-med.ac.at 
w: www.paulperco.at 
 
-----Original Message----- 
From: Dr. med. univ. Maximilian Marhold, PhD <maximilian.marhold@meduniwien.ac.at>  
Sent: Thursday, September 26, 2019 4:57 PM 
To: paul.perco@i-med.ac.at 
Subject: Fwd: RE: PONE-D-18-06274R2 Request to re-use figure 4 
 
 
 
-------- Originalnachricht -------- 
Betreff: RE: PONE-D-18-06274R2 Request to re-use figure 4 
Datum: 2019-04-10 21:03 
Von: plosone <plosone@plos.org> 
An: "maximilian.marhold@meduniwien.ac.at"  
<maximilian.marhold@meduniwien.ac.at> 
Kopie: "michael.krainer@prof-krainer.at"  
<michael.krainer@prof-krainer.at> 
 
Dear Dr. Marhold, 
 
Thank you for your message. You of course have permission to use this figure, as well as any part of 
any publication in PLOS One. As everything published on PLOS One falls under the CC BY license, you 
are free to use any publication for any purpose, as long as you properly attribute credit. To read 
more on our licenses and copyright, please see 
: https://journals.plos.org/plosone/s/licenses-and-copyright 
 
Please feel free to contact me if you have any other questions or concerns. 
 
Kind regards, 
Shayan Khan 
 
PLOS I OPEN FOR DISCOVERY 
Shayan Khan | Publications Assistant, PLOS ONE 
1160 Battery Street, Suite 100, San Francisco, CA 94111 plosone@plos.org 
 
Case Number: 06224903 
ref:_00DU0Ifis._5000Bt1iiA:ref 
 
--------------- Original Message --------------- 

E-Mail Request - Figure 4 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);JOVE_Request to re-use Figure 4.doc
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 From: Dr. med. univ. Maximilian Marhold, PhD [maximilian.marhold@meduniwien.ac.at] 
Sent: 4/6/2019 2:47 AM 
To: plosone@plos.org 
Cc: michael.krainer@prof-krainer.at 
Subject: PONE-D-18-06274R2 Request to re-use figure 4 
 
Dear editorial team, 
 
after publishing our article in your prestigious journal, we were invited to publish a protocol paper 
about the methods presented in our PLOS One manuscript in JOVE, a peer-reviewed and pubmed-
listed video journal. As JOVE calls for representative results, we kindly ask for permission to re-use 
Figure 4 in our JOVE contribution. 
 
Our PLOS One article will be cited correctly and accordingly and a sentence in the acknowledgement 
section will read: 
 
"Re-use of figures within this publication was kindly approved by Public Library of Sciences (PLOS) 
Publications." 
 
We hope for your help in spreading knowledge and increasing citations of our publication in Plos 
One. 
 
Best, 
 
Maximilian Marhold, MDPhD 
 
Am 2019-01-11 17:44, schrieb PLOS ONE: 
> PONE-D-18-06274R2 
> Synthetic lethality guiding selection of drug combinations in ovarian  
> cancer 
>  
> Dear Dr. Marhold: 
>  
> Thank you for returning your manuscript and for your continued  
> cooperation with our requests. There are still some outstanding issues  
> that must be resolved before your manuscript can be formally accepted  
> - please see below. 
>  
> To access your manuscript and complete these changes, please follow  
> this link: 
> https://pone.editorialmanager.com/l.asp?i=33154076&l=RKZ7E3WP. 
>  
> You will find the submission in "Current Task Assignments" and will  
> need to click "Submit Task" in order to upload your corrected files. 
> Your current files can be downloaded through the "Assignment Files" 
> link; you can also download the manuscript file attached to this  
> email. 
>  
> Your task is due Jan 14 2019 11:59PM. 
>  
> We appreciate your patience during this process. Please contact  
> plosone@plos.org with any questions or concerns. 
>  
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> With kind regards, 
> PLOS ONE staff 
>  
> JOURNAL REQUIREMENTS: 
>  
> 1. Please note we cannot accept changes to corresponding authorship,  
> and therefore we have ensured Dr. Krainer will continue to be listed  
> as corresponding author. If you have any questions, do not hesitate to  
> email me at plosone@plos.org. 
>  
> If this is acceptable, please submit your task and we will proceed to  
> production 
>  
>  
>  
> CONFIDENTIAL: This email and any attachments are confidential and for  
> the sole use of the individual(s) to whom they are addressed. If you  
> have received this message in error please delete the message and  
> notify plosone@plos.org. 
>  
> __________________________________________________ 
> In compliance with data protection regulations, please contact the  
> publication office if you would like to have your personal information  
> removed from the database. 
 
-- 
Dr. med. univ. Maximilian Marhold, PhD 
 
Department of Internal Medicine I - Oncology Chair for Medical Breast Cancer Research 
Comprehensive Cancer Center (CCC) Medical University of Vienna 
Address: Währinger Gürtel 18-20, A-1090 Wien 
Mail: maximilian.marhold@meduniwien.ac.at 
Phone: +43 1 40400 73792 
 
-- 
Dr. med. univ. Maximilian Marhold, PhD 
 
Department of Internal Medicine I - Oncology Chair for Medical Breast Cancer Research 
Comprehensive Cancer Center (CCC) Medical University of Vienna 
Address: Währinger Gürtel 18-20, A-1090 Wien 
Mail: maximilian.marhold@meduniwien.ac.at 
Phone: +43 1 40400 73792 
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Liebe Almas, 
 
weitergeleitet die Nachricht von Max bezüglich der Verwendung der Figure aus dem Oncotarget 
paper. 
Dies bitte bei der Resubmission des JOVE Manuscrtipts berücksichtigen und in die Reviewer 
Comments einbauen. 
 
Ein zweites Mail bezüglich der anderen PLOS One Figure kommt auch gleich weitergeleitet. 
 
Beste Grüße, 
 
Paul 
---------------------- 
Paul Perco, PhD, PD 
 
Medical University Innsbruck 
Department of Internal Medicine IV 
Anichstrasse 35 
A-6020 Innsbruck, Austria 
 
p: +43 699 12557273 
m: paul.perco@i-med.ac.at 
w: www.paulperco.at 
 
-----Original Message----- 
From: Dr. med. univ. Maximilian Marhold, PhD <maximilian.marhold@meduniwien.ac.at>  
Sent: Thursday, September 26, 2019 4:57 PM 
To: paul.perco@i-med.ac.at 
Subject: Fwd: Re: 027244R4 - Request to re-use Figure 5B 
 
 
 
-------- Originalnachricht -------- 
Betreff: Re: 027244R4 - Request to re-use Figure 5B 
Datum: 2019-04-09 04:26 
Von: Editorial Office <editorialoffice@oncotarget.com> 
An: "Dr. med. univ. Maximilian Marhold, PhD"  
<maximilian.marhold@meduniwien.ac.at> 
Kopie: "Dr. Michael Krainer" <michael.krainer@prof-krainer.at> 
 
You may use the paper as needed, as long as Oncotarget is cited as the source, in accordance with 
the license we use for all our papers: 
http://creativecommons.org/licenses/by/3.0/ 
 
Authors retain ownership of copyright but allow anyone to download, reuse, reprint, modify, 
distribute, or copy an article as long as the original authors and source are cited. 
 
On Sat, Apr 6, 2019 at 4:44 AM Dr. med. univ. Maximilian Marhold, PhD 
<maximilian.marhold@meduniwien.ac.at> wrote: 
 
> Dear editorial team, dear Dr. Blagosklonny, 
>  
> after publishing our article in your prestigious journal, we were  

E-Mail Request - Figure 5B Click here to access/download;Supplemental File (Figures,
Permissions, etc.);JOVE_Request to re-use Figure 5B.doc
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> invited to publish a protocol paper about the methods presented in our 
>  
> Oncotarget manuscript in JOVE, a peer-reviewed and pubmed-listed video 
>  
> journal. As JOVE calls for representative results, we kindly ask for  
> permission to re-use Figure 5B and Figure S3 in our JOVE contribution. 
>  
> Our Oncotarget article will be cited correctly and accordingly and a  
> sentence in the acknowledgement section will read: 
>  
> "Re-use of figures within this publication was kindly approved by  
> Oncotarget (Impact Journals, LLC)." 
>  
> We hope for your help in spreading knowledge and increasing citations  
> of our publication in Oncotarget. 
>  
> Best, 
>  
> Maximilian Marhold, MDPhD 
>  
> Am 2018-10-22 05:46, schrieb editorialoffice@oncotarget.com: 
>> October 20, 2018 
>>  
>> Michael Krainer 
>> Vienna General Hospital (AKH) 
>> Oncology 
>> Allgemeines Krankenhaus der Stadt Wien Waehringer Guertel 18-20  
>> Vienna, Vienna 1090 Austria 
>>  
>> RE: Synthetic lethal combinations of low-toxicity drugs for breast  
>> cancer identified in silico by genetic screens in yeast 
>>  
>> Dear Dr. Michael Krainer: 
>>  
>> I am pleased to inform you that your manuscript "Synthetic lethal  
>> combinations of low-toxicity drugs for breast cancer identified in  
>> silico by genetic screens in yeast" has been accepted for 
> publication 
>> in Oncotarget. 
>>  
>> Your paper will be published after you fill out the required author  
>> agreement form. The Publisher will email a link to this form to you  
>> shortly. 
>>  
>> To ensure delivery of our email, please add the following addresses 
> to 
>> your address book, spam filter "whitelist", or tell your  
>> organization's IT group to allow these address to pass through any  
>> filtering software they may have set up: 
>>  
>> forms@oncotarget.com 
>> payment@oncotarget.com 
>>  

mailto:editorialoffice@oncotarget.com
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mailto:payment@oncotarget.com


>> Sincerely, 
>>  
>> Mikhail 
>> Prof. Mikhail V. Blagosklonny, MD, PhD Co-Editor-in-Chief Oncotarget 
>>  
>> --- 
>>  
>> This email message may contain legally privileged and/or 
> confidential 
>> information. If you are not the intended recipient(s), you are 
> hereby 
>> notified that any disclosure, copying, distribution, or use of this  
>> email message is prohibited. If you have received this message in  
>> error, please notify the sender immediately by e-mail and delete 
> this 
>> email message from your computer. Thank you. 
>  
> -- 
> Dr. med. univ. Maximilian Marhold, PhD 
>  
> Department of Internal Medicine I - Oncology Chair for Medical Breast  
> Cancer Research Comprehensive Cancer Center (CCC) Medical University  
> of Vienna 
> Address: Währinger Gürtel 18-20, A-1090 Wien 
> Mail: maximilian.marhold@meduniwien.ac.at 
> Phone: +43 1 40400 73792 
 
--  
 
_ANY UNAUTHORIZED OR IMPROPER DISCLOSURE, COPYING, DISTRIBUTION, OR USE OF THE 
CONTENTS OF THIS DOCUMENT IS PROHIBITED. THE INFORMATION CONTAINED IN THIS E-MAIL 
MESSAGE IS INTENDED ONLY FOR THE PERSONAL AND CONFIDENTIAL USE OF THE RECIPIENT(S) 
NAMED ABOVE. IF YOU HAVE RECEIVED THIS COMMUNICATION IN ERROR, PLEASE NOTIFY THE 
SENDER IMMEDIATELY BY E-MAIL AND DELETE THE ORIGINAL MESSAGE._ 
 
-- 
Dr. med. univ. Maximilian Marhold, PhD 
 
Department of Internal Medicine I - Oncology Chair for Medical Breast Cancer Research 
Comprehensive Cancer Center (CCC) Medical University of Vienna 
Address: Währinger Gürtel 18-20, A-1090 Wien 
Mail: maximilian.marhold@meduniwien.ac.at 
Phone: +43 1 40400 73792 
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