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Abstract

Proteogenomics has emerged as a valuable approach in cancer
research, which integrates genomic and transcriptomic data with
mass spectrometry-based proteomics data to directly identify
expressed, variant protein sequences that may have functional
roles in cancer. This approach is computationally intensive,
requiring integration of disparate software tools into sophisticat-
ed workflows, challenging its adoption by nonexpert, bench
scientists. To address this need, we have developed an extensible,
Galaxy-based resource aimed at providing more researchers access

Introduction

Proteogenomics integrates genomic, transcriptomic, and mass
spectrometry (MS)-based proteomics data to verify the expression
of protein sequence variants resulting from sequence variations at
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to, and training in, proteogenomic informatics. Our resource
brings together software from several leading research groups to
address two foundational aspects of proteogenomics: (i) gener-
ation of customized, annotated protein sequence databases from
RNA-Seq data; and (ii) accurate matching of tandem mass spec-
trometry data to putative variants, followed by filtering to confirm
their novelty. Directions for accessing software tools and work-
flows, along with instructional documentation, can be found at
z.umn.edu/canresgithub. Cancer Res; 77(21); e43-46. ©2017 AACR. [Z]

the DNA or RNA level (1). Most commonly, assembled RNA-
Seq data containing potential sequence variants are translated
in silico, generating possible expressed protein variants. Tandem
mass spectrometry (MS/MS) spectra of peptides are acquired
from proteolytic digestion of proteins isolated from the same
sample. These MS/MS spectra are matched to the database
containing the protein variants, as well as reference, known
protein sequences. Peptide spectrum matches (PSM) of MS/MS
spectra to variant sequences within the database confirm the
expression of novel protein sequences, helping to distinguish
important variants and improve genomic annotation (1).
Recently, high profile studies demonstrated the value of pro-
teogenomics for discovery of protein variants that may be
drivers of cancer (2-5).

Despite its value, using the proteogenomics approach by the
wider research community remains a challenge. This is primarily
due to its intensive informatics requirements (6). Proteogenomics
requires integration of disparate software from different omic
domains, optimally within a single, user-friendly environment.
The software and supporting hardware must scale to accommo-
date memory and compute-intensive needs presented by the
large-scale datasets encountered. Finally, the workflow must
address possible pitfalls, such as false positives and the need to
confirm the novelty of putative variants identified (1). Although
some described software platforms meet at least some of these
requirements (7, 8), most proteogenomics studies to-date have
been accomplished using relatively inaccessible, in-house infor-
matics solutions.

Here, we present an informatics resource aimed at expand-
ing the use of proteogenomics in cancer research. The resource
is built upon the Galaxy bioinformatics platform (6), and is
an extension of the Galaxy for proteomics (Galaxy-P) project
(see galaxyp.org for more details). Galaxy enables integra-
tion of disparate, multi-omic tools in a single, user-friendly
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environment, as required for proteogenomics (6, 9, 10). The
new resource described here provides workflows and training
in the most critical aspects of proteogenomics: generation
of customized protein sequence databases from RNA-Seq
data, matching of MS/MS data to putative variant peptide
sequences, and confirmation of the novelty of these identified
sequences.

Description of Resource

Figure 1 describes the workflows that make up this resource.
Each workflow is also detailed in-turn below. The page z.umn.
edu/canresgithub provides directions to access workflows and
related instructional material, including on-screen, interactive
Galaxy Tours tutorials. We have also generated an instructional
narrated video that overviews this resource and its operation
(see Supplementary Video S1).

Customized database generation workflow

This workflow, in part, takes advantage of well-documented,
mature software for RNA-Seq data analysis that are long-standing,
core tools in the Galaxy platform. The workflow's input is raw
RNA-Seq data (.FASTQ) along with a genomic annotation file
(.GTF), which are analyzed by a series of tools to identify and
assemble potential sequence variants from these data. The
current workflow focuses on insertion-deletion (Indel) variants
and single amino acid variants (SAV). These tools generate a
variant call format (.VCF) file that provides a summary of all
potential variants identified from the starting RNA-Seq data.
Along with a .BAM file (RNA sequence alignment information),
the .VCF file acts as an input to the tool CustomProDB (11).
CustomProDB creates a customized protein sequence database in

T

the common .FASTA format, which contains potential variant
protein sequences, and annotation for the type of variant (e.g.,
SAV, Indel). The possible variant sequences are merged with
reference protein sequences for the organism being studied to
create a comprehensive sequence database for the sample
being studied. We have developed workflows (accessed through
z.umn.edu/canresgithub) for analyzing single-end RNA-Seq data
(from a mouse sample) and also for paired-end RNA-Seq data
(from human MCF7 cells).

Sequence database searching and variant confirmation
workflow

We have deployed the software SearchGUI (compomics.
github.io/projects/searchgui.html; ref. 12), which bundles several
of the most popular sequence database searching programs to
match MS/MS spectra to peptide sequences contained in the
sequence database. The use of complementary searching pro-
grams provides more comprehensive and higher confidence PSM
identification (13).

Inputs for the workflow are the customized protein sequence
database and also Mascot generic format (.MGF) files, which
contain peaklists from the raw MS/MS data. Often, MS-based
proteomics data is generated from the fractionation of a single
sample, with each fraction generating a separate MS raw file
(and .MGF file). Galaxy can define a group of such files as a
"Dataset Collection" (See z.umn.edu/canresgithub for a Data-
set Collection Galaxy Tour). For this workflow, a Dataset
Collection of .MGF files acts as an input to SearchGUI, where
each separate .MGF file is analyzed in-turn using the same
parameters. A single output from SearchGUI is produced,
aggregating the results from each sequence database search
program on each .MGF file.
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database, followed by variant peptide confirmation.
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The results file from SearchGUI acts as the input to the
companion program PeptideShaker (14). PeptideShaker fur-
ther processes PSM information from SearchGUI. This proces-
sing includes PSM quality control, statistical analysis and FDR
estimation, post-translational modification localization scor-
ing, protein inference from PSMs, as well as organization and
annotation for viewing of the output. In its Galaxy implemen-
tation, users are offered a number of output options for
PeptideShaker, including a PSM report, inferred protein iden-
tities and a zipped .cpsx file. The zipped .cpsx file contains all
results and can be downloaded from the Galaxy web-interface
and viewed using the free PeptideShaker viewer (compomics.
github.io/projects/peptide-shaker.html).

The final part of the workflow acts on the PSM report from
PeptideShaker to confirm novel variants. PSMs to putatively novel
peptide sequences are selected via their annotation from the
FASTA protein sequence database, and submitted for BLAST-P
analysis. BLAST-P compares the sequences to known sequences of
the organism being studied. Putative variant sequences that do
not perfectly match to known sequences after BLAST-P analysis are
selected and outputted as confirmed, novel peptide sequences,
ready for further analysis. The output of this workflow is a tabular
list of confirmed, novel peptide sequence present in the sample.
Instructions on workflow operation and results interpretation are
at z.umn.edu/canresgithub.

Accessibility

We have made this proteogenomics informatics resource avail-
able in multiple ways. Our public Galaxy instance (usegalaxyp.
org) is a training site for use of these workflows, including small-
scale data for users to access and use with published workflows.
These workflows are also available on a larger capacity instance
housed on the cloud-based Jetstream infrastructure (15). Instruc-
tions on accessing usegalaxyp.org and Jetstream are provided at
z.umn.edu/canresgithub. In addition, our workflows and soft-
ware have been published in the Galaxy Tool Shed. Galaxy users
can directly import and use these on their own instance. The
archived workflows track and store all operating parameters and
version information for the software used in the analysis pipeline.

Conclusions

The resource described here provides foundational tools and
workflows for proteogenomics analysis, implemented in the
extensible Galaxy platform to facilitate further enhancements.
For example, customized workflows for multi-stage database
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to the proteogenomic resource described here.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors’ Contributions

Conception and design: M.C. Chambers, P.D. Jagtap, L. Martens, T.J. Griffin
Development of methodology: M.C. Chambers, P.D. Jagtap, L. Martens,
B.A. Griining, I.R. Cooke, T.J. Griffin

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): C.R. Guerrero, I.R. Cooke, M. Heydarian, K.L. Reddy
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M.C. Chambers, P.D. Jagtap, J.E. Johnson, P. Kumar,
G. Onsongo, H. Barsnes, L. Martens, I.R. Cooke, T.J. Griffin

Writing, review, and/or revision of the manuscript: M.C. Chambers,
P.D. Jagtap, T. McGowan, P. Kumar, H. Barsnes, M. Vaudel, L. Martens,
B.A. Griining, K.L. Reddy, T.J. Griffin

Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): M.C. Chambers, J.E. Johnson, T. McGowan,
P. Kumar, H. Barsnes

Study supervision: T.J. Griffin

Other (bioinformatic tool development): M. Vaudel

Acknowledgments

We thank Jeremy Fischer and Tom Doak for Jetstream assistance. We also
thank John Chilton for his initial assistance wrapping tools in Galaxy and
Subina Mehta for assistance with generating online materials.

Grant Support

This work was supported by Ghent University Concerted Research Action-
BOF12/GOA/014 to L. Martens; Bergen Research Foundation and the Research
Council of Norway (H. Barsnes); BMBF grant 031 A538A RBC (de.NBI;
B. Griining); NCI-ITCR grant 1U24CA199347 and NSF (U.S.) grant 1458524
to M.C. Chambers, P.D. Jagtap, J.E. Johnson, T. McGowan, P. Kumar, G.
Onsongo, C.R. Guerrero, and T.J. Griffin.

Received February 4, 2017; revised April 7, 2017; accepted June 30, 2017;
published online November 1, 2017.

omics and transcriptome deep sequencing. Genome Biology 2010;11
(Suppl 1):17.

6. Boekel J, Chilton JM, Cooke IR, Horvatovich PL, Jagtap PD, Kall L, et al.
Multi-omic data analysis using Galaxy. Nat Biotechnol 2015;33:137-9.

7. Wang X, Slebos RJ, Chambers MC, Tabb DL, Liebler DC, Zhang B.
proBAMsuite, a bioinformatics framework for genome-based represen-
tation and analysis of proteomics data. Mol Cell Proteomics 2016;15:
1164-75.

8. Risk BA, Spitzer W], Giddings MC. Peppy: proteogenomic search software.
] Proteome Res 2013;12:3019-25.

9. Jagtap PD, Johnson JE, Onsongo G, Sadler FW, Murray K, Wang Y, et al.
Flexible and accessible workflows for improved proteogenomic analysis
using the Galaxy framework. ] Proteome Res 2014;13:5898-908.

Cancer Res; 77(21) November 1, 2017

Downloaded from cancerres.aacrjournals.org on December 9, 2021. © 2017 American Association for Cancer Research.

e45


http://cancerres.aacrjournals.org/

Chambers et al.

10. Fan J, Saha S, Barker G, Heesom KJ, Ghali F, Jones AR, et al. Galaxy
Integrated Omics: web-based standards-compliant workflows for
proteomics informed by transcriptomics. Mol Cell Proteomics 2015;
14:3087-93.

11. Wang X, Zhang B. customProDB: an R package to generate
customized protein databases from RNA-Seq data for proteomics
search. Bioinformatics 2013;29:3235-7.

12. Vaudel M, Barsnes H, Berven FS, Sickmann A, Martens L.
SearchGUIL: An open-source graphical user interface for simul-
taneous OMSSA and X!Tandem searches. Proteomics 2011;11:
996-9.

e46 Cancer Res; 77(21) November 1, 2017

13.

14.

15.

Shteynberg D, Nesvizhskii Al, Moritz RL, Deutsch EW. Combining results
of multiple search engines in proteomics. Mol Cell Proteomics 2013;
12:2383-93.

Vaudel M, Burkhart JM, Zahedi RP, Oveland E, Berven FS, Sickmann A,
et al. PeptideShaker enables reanalysis of MS-derived proteomics
data sets. Nat Biotechnol 2015;33:22-4.

Stewart CA, Cockerill TM, Foster I, Hancock D, Merchant N, Skidmore E,
et al. Jetstream: a self-provisioned, scalable science and engineering
cloud environment [abstract]. In: Proceedings of the 2015 XSEDE
Conference: Scientific Advancements Enabled by Enhanced Cyberin-
frastructure; 2016 Sep 9; St. Louis, Missouri: ACM; 2016.

Cancer Research

Downloaded from cancerres.aacrjournals.org on December 9, 2021. © 2017 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

AAC_R American Association
for Cancer Research

Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

An Accessible Proteogenomics Informatics Resource for Cancer

Researchers

Matthew C. Chambers, Pratik D. Jagtap, James E. Johnson, et al.

Cancer Res 2017;77:.e43-e46.

Updated version

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/77/21/e43

Cited articles

Citing articles

This article cites 14 articles, 3 of which you can access for free at:
http://cancerres.aacrjournals.org/content/77/21/e43.full#ref-list-1

This article has been cited by 8 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/77/21/e43.full#related-urls

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/77/21/e43.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on December 9, 2021. © 2017 American Association for Cancer Research.



http://cancerres.aacrjournals.org/content/77/21/e43
http://cancerres.aacrjournals.org/content/77/21/e43.full#ref-list-1
http://cancerres.aacrjournals.org/content/77/21/e43.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/77/21/e43
http://cancerres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




