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APPLICATION NOTE

Proteogenomics Analysis of 
 Colorectal Cancer Using the 
 Indivumed  Multi-omics Database

Here we present the power of our multi-omics discovery 
platform, nRavel®, to drive cutting edge analytics within 
oncologyinformatics.Wecombinegenomics,transcriptomics,
andproteomicsdatasetsgeneratedfromhigh-qualitypatient
tissuetoaccelerateprecisionmedicineapproaches.Weused
thenRavel®platformtodriveanintegratedproteogenomics
approach to aid the identification of putative therapeutic
targets in a colorectal cancer (CRC) cohort of 500 patients,
consistingof388patientswithprimarytumorandmatching

adjacentnormalsamples,aswellas112patientswithmeta-
static CRC (Figure 1).We identified hundreds of proteins
 dysregulated in CRC that are dependent on the genetic 
background of the patient. Further,we characterized these
proteinsusingclinicalparametersfromthenRavel®database
to prioritize targets for precision medicine approaches. 
This project highlights the utility of using multiple omics  
levels to better describe themolecularmechanisms under-
pinningcancer.

Figure 1 Subsetofclinicalattributesforthecohortof~500colorectalcancer(CRC)patients.1personrepresents20patients.

INTRODUCTION
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MATERIALS AND METHODS

Collection of Patient Tissue Samples

• Patientswithcolorectalcancergaveinformedconsent
andinstitutionalreviewboardapprovalwasobtained
frompartnerclinicalsites.Theuseofhumantissuewas
approved,andanonymizationofpatientdataandsamples
wasincompliancewithdataprotectionregulations.

• TumortissueofCRCandmatchednormaladjacenttissue
werecollectedaccordingtoIndivumed’sstandardoperating
procedureswithin10minutesofsurgicalresectionand
tissuesamplesweresnapfrozeninliquidnitrogen.

Genomics

• Foreachsample,≤20mgtissuewashomogenized,and
DNAwasextractedusingQiagen´sQIAampDNAMiniKit.

• ThelibrarywaspreparedusingtheZymocleanupkitand
NexteraDNAFlexkit.

• Wholegenomesweresequencedtoadepthof35x
 (normal) and 70x (tumor/metastasis) using a NovaSeq 
6000sequencer(Illumina).

• Shortsomaticvariationdatasetwasgeneratedusinga
consensuscallingapproachfromfourvariantcallers.

Proteomics

• Foreachsample,≤20mgtissuewaslysedandhomogenized
priortotrypsinandLysCproteindigestion.

• ElectrosprayionizationwasfollowedbyMS/MS
quadropole /usingCIDonFUSIONLUMOS(Thermo
Scientific™).

• Datadependentacquisitionofionswasperformedprior
topeptideidentificationusingMaxQuantsoftware.

Transcriptomics

• Foreachsample,≤20mgtissuewashomogenized,and
RNAwasextractedusingQiagen´smiRNeasyMiniKit.

• LibrarywaspreparedusingTruSeqStrandedTotalmRNA
kit(Illumina).

•  Sequencing was performed using Illumina´s NovaSeq 
6000sequencerwith100bppairedendreads,finally
obtaining̴70millionreadspersample.

qPCR Validation

• qPCRvalidationanalysiswasdonewiththesameRNA
samplesusedforRNA-Seq.

•  cDNA synthesis was performed with oligo-dT and  
randomprimers.

•  DPEP1 expression levels were measured in triplicates 
usingaSYBR®Green-basedassayonaCFX96Real-Time
Cycler(BioRad).EEF1A1,GAPDHandRPLP0wereused 
asreferencegenes.

Bioinformatics analysis

• AllanalysiswasundertakenusingRstudio,asoftware
environmentforstatisticalcomputingandgraphics,using
custombuiltscripts.
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RESULTS

Genomics

TheselectedCRCcohortwascharacterizedatthegenomic
level, identifyingmanyknownandnovelproteincoding
somaticvariants.Wefound307of388primarytumorcases
and96of112metastatictumorcasestobeAPCmutantand
so decided to use APC as an example to demonstrate a 
proteogenomicsworkflowfortargetdiscovery(Figure2).

Proteomics

The CRC cohortwas characterized by proteomics analysis
and hundreds of dysregulated proteinswere identified in
the tumor samples as compared to the matching normal 
samples(Figure3A),encompassingmanyknownandnovel
proteinsunderlyingCRCbiology.Whenthesub-cohortsof

Figure 2 The CRC cohort was split into hypermutated and non- 
hypermutatedgroupstorevealcodingmutationalpatternsacross
distinctCRCsubtypes.Themutationfrequencyofallhypermutated
andnon-hypermutatedtumorsisshown.

Hypermutated tumors

Non-hypermutated tumors

patientsdefinedbythemutationalstatusofAPCwerecom-
pared,weobservedtheimpactofthegeneticbackground
onproteinexpression(Figure3B).Wefoundoverthree-fold
more differentially expressed proteins in tumor samples
thatweredependentongeneticbackground,incomparison
tothecorrespondingnormalsamples(Figure3C).

Figure 3 (A) Volcano plot of protein fold change with p-value in 
primarytumorvsnormalsamples. (B) Volcano plot of protein 
fold change in APC mutant tumor samples vs wild-type against 
p-value.(C)2166and678proteinsweresignificantlydifferentially
expressed in APC mutant vs wild-type primary tumor samples 
andnormalsamples,respectively.Nosignificantdifferencesin
proteinexpressionwereobservedinmetastaticsamplespossibly
becauseofthesmallcohortsizeincludedinthisanalysis.
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Figure 4 (A) DPEP1dimerstructure(red,blue;PDBID:1ITU)withboundcilastatinmolecule(grey)[1].(B) DPEP1localizesinnucleoplasmandcell
junctions(blue;modifiedfromHumanGenomeAtlas).
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Target Discovery and Therapeutic Potential

Next,weusedmultipleopensourceresources(e.g.CanSar,
OpenTarget)tosystematicallyprioritizeAPCdependentdif-
ferentially expressed proteins for their actionability using
eitherantibodyorsmallmolecule-basedapproaches.

Example of APC Mutant-Dependent Expression, DPEP1

OneofthetoptargetsidentifiedwasDipeptidase1(DPEP1).
DPEP1isinvolvedinmetabolismofglutathionebydipeptide
hydrolysis. There isanapproveddrug forDPEP1, cilastatin,
whichisusedtotreatbacterialinfections(Figure4A).Cilastatin

is being independently tested in CRC [2]. DPEP1 over-
expressionisreportedtocausesignificantincreaseincolon
cancercelladhesion,invasionandmetastasis(Figure4B)[2].

UsingourbioinformaticsplatformnRavel®,weobservedDPEP1
protein levels in APC mutant tumor samples were higher as 
compared to wild-type (Figure 5A), a trend replicated in RNA-
Seqdata(Figure5B).InordertoexperimentallyvalidateDPEP1
expression data, we performed qPCR on both tumor and
normalsamples.DPEP1foldchangeswerehighlycorrelated
betweentheRNA-SeqandqPCRresults(Figure5C).

Figure 5 DPEP1isdifferentiallyexpressedinAPCmutantvswild-typeinprimarytumorsamples,butnotinnormalsamples,in(A) protein expression 
data, and (B)RNAexpressiondata.(C)HighcorrelationofDPEP1expressionlevelsinRNA-SeqcomparedtoqPCR.
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Relapse-Free Survival

Finally,weassessedifDPEP1expressionlevelscouldbeaprog-
nostic factor for CRC relapse-free survival.We performed
survival analysis onproteinexpression inboth, theentire
coloncohortandthesub-cohortdependentonAPCgenetic

We have demonstrated how nRavel®’s proteogenomics
workflow successfully identifiedpotential drug targets for
colorectalcancer.Availabilityofhigh-qualitymulti-omicsdata
enabledthein-depthcharacterizationoftheCRCcohortused
inthisstudy.Theintegrationofgenomics,transcriptomics,
proteomics,andclinicaldatamakesnRavel®apowerfultool
toadvance targetandbiomarkerdiscovery.AsDPEP1has
pre-existingtherapeuticsthatarebeingevaluatedforCRC,it
wasnottakenforwardintoexperimentalfunctionalvalida-
tion.Aprioritizedshortlistofproprietarytherapeutictargets
basedonthisanalysiswasmovedforwardintoexperimental
validation.

Nitanaietal.;Crystalstructureofhumanrenal
dipeptidaseinvolvedinbeta-lactamhydrolysis.,Journal
ofMolecularBiology,2002,Aug1;321(2):177-184, 
http://doi.org/10.1016/s0022-2836(02)00632-0.

background(Figure6A).PatientswithhigherDPEP1 levels
showedworseprognosisforbothAPCmutantandwild-type
sub-cohorts.DPEP1expressionalsohadprognosticvalueat
the RNA level when it was assessed for the colon cohort 
(Figure6B).
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Figure 6 (A)TriagingpatientsbasedonDPEP1log2foldchange(FC)medianillustratesworserelapse-freesurvivalforpatientswithhigherprotein
expressionFCinprimarytumorvsnormalsamples.(B) Analysisofthecoloncancersub-cohortshowsworsesurvivalwithhigherDPEP1expression
onbothRNAandproteinlevels.
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