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ABSTRACT
Many algorithms have been developed for analyzing gene

expression and sequence data. However, to extract biological un-
derstanding, scientists often have to perform further time consuming
post-processing on the output of these algorithms. In this paper,
we present GeneXPress, a tool designed to facilitate the assginment
of biological meaning to gene expression patterns by automating
this post processing stage. Within a few simple steps that take
at most several minutes, a user of GeneXPress can: identify the
biological processes represented by each cluster; identify the DNA
binding sites that are unique to the genes in each cluster; and
examine multiple visualizations of the expression and sequence data.
GeneXPress thus allows the researcher to quickly identify potentially
new biological discoveries. GeneXPress is available for download at
http://GeneXPress.stanford.edu.
Contact: E-mail: eran@cs.stanford.edu

MOTIVATION
The availability of completegenomicsequencesand

genomewidemeasurementsof geneexpressionprovideus
with themeansto understandcellularprocessesandtheir
regulationon a genomewide scale.Indeed,muchrecent
work hasbeendevotedto analysisof thesedatafor this
purpose.The most commonmethodfor analyzinggene
expressiondatais clustering(e.g.,Eisenetal. (1999)),that
groups togethergeneswith similar expressionpro�les.
Genesthataresimilarly expressedoftenparticipatein the
samecellularprocesses,soclusteringsuggestsfunctional
relationshipsbetweenthe clusteredgenes.Similarly, we
expectco-clusteredgenesto beco-regulatedby thesame
cis-regulatory mechanism,which can be revealed by
searchingfor commonly occurring motifs in promoter
regionsof genesin a cluster(e.g.,Tavazoieet al. (1999)).

Theoutputsof clusteringandmotif �nding algorithms
provide the basisfor understandingthe biological story
underlyingthedata.However, to extractconcretebiolog-
ical understanding, furthertime-consumingpost-analysis
of suchoutputsis required.It is not rare for the analy-
sis and post-analysisstagesof a geneexpressionexper-
iment to take several monthsof intensive manualwork.
This post-analysisusually focuseson relating geneex-
pressionpatternswith otherform of biologicalknowledge.
During the analysisthereis a needto answerquestions

suchas:whatbiologicalprocessesarerepresentedby each
cluster; what cis-regulatory motifs are sharedby genes
within a cluster; how signi�cant theseassociationsare;
and more.This type of analysisrequiresa multitude of
scripts,visualizations,comparisonsto multiple biological
databases,and more. Currently, this work is duplicated
many times,bothwithin andbetweenlabs.

In this paper, we present GeneXPress, a general-
purposevisualizationand analysistool that is designed
to support extensive post-analysisof gene expression
experiments.GeneXPresscontains a suite of tools to
automatically answer questionssuch as the ones we
describedabove, through visual and statisticalanalysis
of theoutputsof clusteringandmotif �nding algorithms.
GeneXPresshasseveraldifferentvisualizationsthatallow
both global and detailed views of expressionpro�les,
promoterregions,andmotifs.Throughstatisticalanalysis
of the clustersrelative to databasesof geneannotations
(e.g., GO — http://geneontology.org), GeneXPresscan
associateeachclusterwith one or more biological pro-
cesses.Throughsimilar analysisfor motifs, GeneXPress
can identify the motifs that are presentin the promoter
regions of the genes in each cluster. The discovered
associationsare statistically benchmarked by p-values
thatareautomaticallycomputedfor eachassociation.

GeneXPressusessimple and extensibleXML-based
�le formats. It is easyto convert the output of cluster-
ing and motif �nding algorithms to such format, and
use them within GeneXPress.In addition, GeneXPress
supports �les generatedfor viewing with TreeView
(http://rana.lbl.gov), the most commonly usedsoftware
for visualizingexpressiondata.GeneXPressimplements
all theviews providedby TreeView, but enhancesthemto
includeadditionalconvenientfeatures.

GeneXPressis freelyavailableat
http://GeneXPress.stanford.edu.The web site also pro-
videssample�les, detailedtutorials,andgeneannotation
and sequencemotif �les from existing databasesthat
can be loaded to GeneXPressand used for analyzing
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Hydrogen ion transporter 619 2.78E-29 21 55
Glycolysis 373 3.27E-17 11 37
Protein folding 445 2.68E-16 10 23
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Fig. 1.TheGeneXPressarchitecture:clusteringresults(top),sequencemotifs(left) andgeneannotations(left) canbeloadedinto GeneXPress.Theexpression
andsequencedatacanthenbeviewedusingseveral differentviews (bottom).Clusterscanbeanalyzedfor their enrichmentfor the loadedgeneannotations
andsequencemotifs (right).

clusteringoutputs.
We have usedGeneXPressextensively for analyzing

the resultsof algorithmsthat we developedfor detecting
regulatorsof biological processes(Segal et al. (2003))
andfor identifying thesequencemotifs thatplay a role in
controllingtheexpressionof genes(Segalet al. (2003)).

MAIN PROGRAM FEATURES
Visualization of GeneExpression.GeneXPresssupports
threeformatsfor loadingexpressiondataandcorrespond-
ing clusteringinformation: tab-delimited;TreeView; and
its own .gxp(XML) format.Thegxpformatcanrepresent
genehierarchiesaswell asmutuallyexclusivegenegroup-
ings, and can thus supportthe output of many typesof
clusteringalgorithms.GeneXPresshasseveral customiz-
ableandinteractive views for the loadedgeneexpression
data:a birdseyeview of theentireexpressiondataandthe
hierarchyin which the genesand experimentsare orga-
nized;a cluster view that shows in detail the expression
of the genesin the currentlyselectedcluster, alongwith
their descriptionsandtheexperimentdescriptions;andan
interaction view that placesonegenefrom the currently
selectedclusterin thecenterandshowsall theothergenes
from the clusterthat have a Pearsoncorrelationabove a
selectedthresholdwith thecentergene.

Statistical Analysis of Clusters. GeneXPresscan as-
sociategeneannotationswith clusters.Annotationsare
loaded either as tab-delimited �les or as .gxa (XML)
�les, and can comefrom a variety of sourcesincluding
genefunctionalannotations(e.g.,GO), proteinsequence
motifs (e.g., INTERPRO), protein complex data,or any

user de�ned �le that speci�es annotationsfor genes.
GeneXPresscan then identify all the cluster-annotation
pairsin which the fraction of genesin the clusterhaving
the annotationis higher then expected,and associatea
hypergeometricp-value for this this association.For a
cluster with n genes,of which k are annotatedwith a
certainannotationthat exists in K of theN genesin the
database,thehypergeometricp-valueis givenby:

P(X � k) =
nX

i = k

� K
i

�� N � K
n � i

�

� N
n

�

where P(X � k) representsthe probability that the
cluster has k or more geneswith the annotation.The
resultscanthenbeviewedin two differentrepresentations:
anexcel-like tablesortableby annotations,clusters,or p-
values;anda matrix of clustersversusannotationswhere
entriesfor which the annotationis signi�cantly enriched
for thecluster(a p-valueundersomespeci�ed threshold)
arecoloredandthecolor intensityis usedto representthe
fractionof genesin theclusterthathavetheannotation.

Visualization and Statistical Analysis of Motifs. Se-
quencemotifs are loaded into GeneXPressfrom .gxm
(XML) �les, which canrepresentseveralmotifs andalso
points to a sequence�le in the fasta format containing
thepromoterregionsof all genes.Eachmotif is encoded
using the common Position Speci�c Scoring Matrix
(PSSM) representation.GeneXPressuses the PSSM
to scoreeachputative k-mer binding site for its �t to
the motif. These scores are standardizedto z-scores
relatingto themeanandvarianceof thescoresof random
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Fig. 2. Visualizationof the exampleclustermentionedin the text. From left to right, shown is the expressionof the genesin the cluster, the signi®cant
annotationsenrichedin thegenesin thiscluster(e.g.oxidative phosphorylation),andthepromotersof thegenesin theclusteralongwith thesigni®cantmotifs
enrichedin thegenesin thecluster. Thelogosof themotifs (alsogeneratedby GeneXPress)areshown in theupperpartof the®gure.

k-merssampledfrom the backgroundnucleotidedistri-
bution in promoter sequences.Geneswhose promoter
sequencecontainsat leastonek-mer with z-scoreabove
a user-speci�ed threshold,areannotatedasboundby the
motif. Theseannotationsare then analyzedas standard
gene-annotationsby computingthep-valueof themotif's
uniquenessfor the cluster. As for geneannotations,the
results of a global analysisof motif-cluster pairs can
be viewed in either a sortabletable or a matrix. When
zoomingin to aspeci�c cluster, we canview how speci�c
motifs relate to the selectedcluster. GeneXPresshelps
illustratetheuniquenessof themotif to theclusterwith a
chart that shows, for eachpossiblePSSMz-scores, the
fractionof genesin andoutof theclusterwhosepromoter
regioncontainsat leastonek-merwith scoreaboves. The
promoterregionsof all genesin theclusterareshown and
all occurrencesof the selectedmotifs above the chosen
z-scorethresholdareindicatedon thepromoter.

EXAMPLE CASE STUDY
We now demonstratetheeasewith which GeneXPress

canbeusedto give biological interpretationto clustering
results.We applied the methodof Segal et al. (2003),
which identi�es modulesof co-regulatedgenesandtheir
regulators,to theyeastexpressiondatasetof Gaschet al.
(2000)and loadedthe resultsinto GeneXPress.We also
loadeda gxm �le of known sequencemotifs from the
TRANSFAC database(Wingenderetal. (2001))andagxa
geneannotation�le of known geneannotationsfrom GO.
We performeda global statisticalanalysisof both motifs
andannotationsasdescribedabove.All of theabovesteps
took approximately3 minutes.We notethat theoutputof
any standardclusteringprogramcanbe similarly loaded
into GeneXPress.

At this point, thebiologicalstoryof theresultsstarted
to emerge.For example,in oneof theclusters,26of the55
geneswereannotatedin GO asoxidativephosphorylation
from a total of 31genesannotatedassuchin GO (p-value
5 � 10� 34). Moreover, 39 of the 55 geneshad the Hap4
motif in theirpromoterregion(p-value2�10� 13); asHap4
is a known activator of the oxidative phosphorylation
pathway, its presencecon�rms our analysisof thecluster.
We also visualized the cluster and saw exactly which
geneswerepart of the pathway accordingto GO, which
geneshad the motif, and under what conditions these
geneswereactivated(seeFig. 2).

Using a similar process,we found otherclustersthat
spanneda wide variety of annotations,including cell-
cycle, RNA processing,stress responses,amino acid
metabolism,cell wall organization,protein degradation,
chromatinremodeling,andglycolysis.For many clusters,
known motifs associatedwith the clustercon�rmed the
annotationanalysis.
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