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Learning	  Objec2ves	  of	  Module	  

•  To	  understand	  the	  basic	  concepts	  of	  pathway	  and	  
network	  analysis.	  

•  Be	  able	  to	  recognize	  different	  gene	  iden,fiers	  and	  gene	  
aRributes.	  

•  To	  understand	  how	  simple	  enrichment	  analysis	  tools	  
work.	  

•  To	  introduce	  network	  visualiza,on	  using	  Cytoscape.	  
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Interpre2ng	  Gene	  Lists	  

Ranking or 
clustering 

Eureka! New 
heart disease 

gene! Prior knowledge about 
cellular processes 

Analysis 
tools 

•  My	  cool	  new	  screen	  worked	  and	  produced	  1000	  hits!	  	  …Now	  what?	  
•  Genome-‐Scale	  Analysis	  (Omics)	  

–  Genomics,	  Proteomics	  
•  Tell	  me	  what’s	  interes,ng	  about	  these	  genes	  

–  Are	  they	  enriched	  in	  known	  pathways,	  complexes,	  func,ons	  

Pathway database 

7 
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Are	  these	  genes	  enriched	  in	  known	  
pathways?	  

but also disease or drug –pathway association 

a cell 
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gene-‐set	  defini,on:	  
contains	  all	  genes	  
in	  a	  defined	  
pathway	  
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Pathway	  and	  network	  analysis	  
•  Save time compared to traditional approach 

my favorite gene 

7 
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Pathway	  and	  Network	  analysis	  
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CELL MAP 
•  Intuitive way of analyzing results  
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Interpre2ng	  Gene	  Lists	  
•  Overlap at the pathway level 

X 

X X 

Mutation 1/ 
patient 1 

Mutation 2 
patient 2 

Mutation 3/ 
patient 3 

7 
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Interpre2ng	  Gene	  Lists	  
•  Overlap at the pathway level 

X 

X 
X 

Mutation 1/ 
patient 1 

Mutation 2 
patient 2 

Mutation 3/ 
patient 3 
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Interpre2ng	  Gene	  Lists	  
•  Example: genomic and transcriptomic architecture of 

breast cancer 

Nature. 2012 Apr 18;486(7403):346-52.The genomic and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. 

COPY NUMBER VARIANTS 
Affymetrix SNP 6.0 

 

GENE EXPRESSION 
Illumina HT 12 v3 

 

eQTL 

Identification of trans 
acting aberration hotspots 

Mapping mRNA gene list 
onto pathways 

tools: Gostat / DAVID/ IPA/ 
ReactomeFI 

expression quantitative trait loci: 
genomic loci with CNVs that regulate 
expression levels of mRNAs or 
proteins 

trans aberration hotspot:  >30mRNAs with 
dysregulated expression associated with 1 
genomic loci with CNV 

7 

997 breast tumors 
144 normal samples 
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Interpre2ng	  Gene	  Lists	  
•  Example: genomic and transcriptomic architecture of 

breast cancer 

Nature. 2012 Apr 18;486(7403):346-52.The genomic and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. 

•  TCR deletion-mediated adaptive immune 
response in CNA devoid subgroup 

7 
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Nature. 2012 Apr 18;486(7403):346-52.The genomic and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. 

Interpre2ng	  Gene	  Lists	  
•  Basal specific chromosome 5 deletion associated mitotic 

network 

7 



Module	  	   bioinformatics.ca 

Interpre2ng	  Gene	  Lists	  
•  Basal specific chromosome 5 deletion associated mitotic 

network 

Nature. 2012 Apr 18;486(7403):346-52.The genomic and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. 

7 
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Pathway	  Enrichment	  Analysis	  

•  Gene	  iden,fiers	  
•  Gene	  aRributes/annota,on	  

–  Gene	  Ontology	  
•  Ontology	  Structure	  
•  Annota,on	  

–  BioMart	  +	  other	  sources	  

7 

Pathway 
databases 

Gene List

Enriched Pathways

Gene Attributes Annotation
Expression
Phenotypes

DAVID, GSEA
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Before you start a pathway and 
network analysis 

ü  Use statistics that will increase signal and reduce noise 
specifically for your experiment 
ü Normalization 
ü Background adjustment 
ü Quality control 

 

ü  Gene list size 
ü  Make sure your gene IDs are compatible with software 

7 

(garbage in, garbage out) 
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Where	  Do	  Gene	  Lists	  Come	  From?	  
•  Molecular	  profiling	  e.g.	  mRNA	  (arrays/	  RNAseq),	  
protein	  

•  Interac,ons:	  Protein	  interac,ons,	  microRNA	  targets,	  
transcrip,on	  factor	  binding	  sites	  (ChIP)	  

•  Gene,c	  screen	  e.g.	  of	  knock	  out	  library	  
•  Associa,on	  studies	  (Genome-‐wide)	  

–  Single	  nucleo,de	  polymorphisms	  (SNPs)	  
–  Copy	  number	  variants	  (CNVs)	  

Other 
examples? 

7 
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Biological	  Ques2ons?	  
•  What	  do	  you	  want	  to	  accomplish	  with	  your	  list	  

(hopefully	  part	  of	  experiment	  design!	  J	  )	  
–  Summarize	  biological	  processes	  or	  other	  aspects	  of	  
gene	  func,on	  

–  Perform	  differen,al	  analysis	  –	  what	  pathways	  are	  
different	  between	  samples?	  

–  Find	  a	  controller	  for	  a	  process	  (TF,	  miRNA)	  
–  Find	  new	  pathways	  or	  new	  pathway	  members	  
–  Discover	  new	  gene	  func,on	  
–  Correlate	  with	  a	  disease	  or	  phenotype	  (candidate	  gene	  
priori,za,on)	  

7 
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Pathway	  Enrichment	  Analysis	  

•  Gene	  iden,fiers	  
•  Gene	  aRributes/annota,on	  

–  Gene	  Ontology	  
•  Ontology	  Structure	  
•  Annota,on	  

–  BioMart	  +	  other	  sources	  

Gene List

Enriched Pathways

Gene Attributes Annotation
Expression
Phenotypes

DAVID, GSEA

7 
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Gene	  and	  Protein	  Iden2fiers	  

•  Iden,fiers	  (IDs)	  are	  ideally	  unique,	  stable	  names	  or	  
numbers	  that	  help	  track	  database	  records	  
–  E.g.	  Social	  Insurance	  Number,	  Entrez	  Gene	  ID	  41232	  

•  Gene	  and	  protein	  informa,on	  stored	  in	  many	  databases	  
–  à	  Genes	  have	  many	  IDs	  

•  Records	  for:	  Gene,	  DNA,	  RNA,	  Protein	  
–  Important	  to	  recognize	  the	  correct	  record	  type	  
–  E.g.	  Entrez	  Gene	  records	  don’t	  store	  sequence.	  They	  link	  
to	  DNA	  regions,	  RNA	  transcripts	  and	  proteins	  e.g.	  in	  
RefSeq,	  which	  stores	  sequence.	  

7 
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Common	  Iden2fiers	  
Species-specific (official gene symbols) 
HUGO HGNC BRCA2 
MGI MGI:109337 
RGD 2219  
ZFIN ZDB-GENE-060510-3  
FlyBase CG9097  
WormBase WBGene00002299 or ZK1067.1  
SGD S000002187 or YDL029W 
Annotations 
InterPro IPR015252 
OMIM 600185 
Pfam  PF09104 
Gene Ontology GO:0000724 
SNPs rs28897757 
Experimental Platform 
Affymetrix 208368_3p_s_at 
Agilent A_23_P99452 
CodeLink GE60169 
Illumina GI_4502450-S 

Gene 
Ensembl ENSG00000139618 
Entrez Gene 675 
Unigene Hs.34012 
 
RNA transcript 
GenBank BC026160.1 
RefSeq NM_000059 
Ensembl ENST00000380152 
 
Protein 
Ensembl ENSP00000369497 
RefSeq NP_000050.2 
UniProt BRCA2_HUMAN or 
A1YBP1_HUMAN 
IPI IPI00412408.1 
EMBL AF309413  
PDB 1MIU 

Red = 
Recommended 

For your information 

7 
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http://www.genecards.org/cgi-bin/carddisp.pl?gene=BRCA2 

Common	  Iden2fiers	  

7 

tool 
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Entrez	  Gene	  ID	  

7 

 Entrez 
http://www.ncbi.nlm.nih.gov/Database/datamodel/data_nodes.swf 
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RefSeq	  (NCBI	  Reference	  Sequences)	  

7 
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Iden2fier	  Mapping	  

•  So	  many	  IDs!	  
–  Soeware	  tools	  recognize	  only	  a	  handful	  
– May	  need	  to	  map	  from	  your	  gene	  list	  IDs	  to	  standard	  IDs	  

•  Four	  main	  uses	  
–  Searching	  for	  a	  favorite	  gene	  name	  
–  Link	  to	  related	  resources	  
–  Iden,fier	  transla,on	  

•  E.g.	  Proteins	  to	  genes,	  Affy	  ID	  to	  Entrez	  Gene	  
– Merging	  data	  from	  different	  sources	  

•  Find	  equivalent	  records	  

7 
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ID	  Challenges	  
•  Avoid	  errors:	  map	  IDs	  correctly	  
•  Gene	  name	  ambiguity	  –	  not	  a	  good	  ID	  

–  e.g.	  FLJ92943,	  LFS1,	  TRP53,	  p53	  
–  BeRer	  to	  use	  the	  standard	  gene	  symbol:	  TP53	  

•  Excel	  error-‐introduc,on	  
–  OCT4	  is	  changed	  to	  October-‐4	  

•  Problems	  reaching	  100%	  coverage	  
–  E.g.	  due	  to	  version	  issues	  
–  Use	  mul,ple	  sources	  to	  increase	  coverage	  

Zeeberg BR et al. Mistaken identifiers: gene 
name errors can be introduced inadvertently 
when using Excel in bioinformatics BMC 
Bioinformatics. 2004 Jun 23;5:80 

7 
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ID	  Challenges	  
•  Excel auto-format 

!"#$%& '$(!")*+,-+
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!/#$%& '$(!+!0"/-"
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!/#234 '$(!0!/".-"
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ID	  Challenges	  
•  Gene name 

7 
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ID	  Mapping	  Services	  

•  Synergizer	  
–  hRp://llama.med.harvard.edu/

synergizer/translate/	  

•  Ensembl	  BioMart	  
–  hRp://www.ensembl.org	  

•  PICR	  (proteins	  only)	  
–  hRp://www.ebi.ac.uk/Tools/picr/	  

7 

will be used during lab 
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Recommenda2ons	  

•  Map	  everything	  to	  Entrez	  Gene	  IDs	  using	  a	  spreadsheet	  
•  If	  100%	  coverage	  desired,	  manually	  curate	  missing	  
mappings	  

•  Be	  careful	  of	  Excel	  auto	  conversions	  –	  especially	  when	  
pas,ng	  large	  gene	  lists!	  
–  Remember	  to	  format	  cells	  as	  ‘text’	  before	  pas,ng	  

7 
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What	  Have	  We	  Learned?	  

•  Genes	  and	  their	  products	  and	  aRributes	  have	  many	  
iden,fiers	  (IDs)	  

•  Genomics	  oeen	  requires	  conversion	  of	  IDs	  from	  one	  type	  
to	  another	  

•  ID	  mapping	  services	  are	  available	  
•  Use	  standard,	  commonly	  used	  IDs	  to	  reduce	  ID	  mapping	  
challenges	  

7 
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Pathway	  Enrichment	  Analysis	  

•  Gene	  iden,fiers	  
•  Gene	  aRributes/annota,on	  

–  Gene	  Ontology	  
•  Ontology	  Structure	  
•  Annota,on	  

–  BioMart	  +	  other	  sources	  

Gene List

Enriched Pathways

Gene Attributes Annotation
Expression
Phenotypes

DAVID, GSEA

7 

Pathway 
databases 

use prior 
knowkedge 
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•  Available	  in	  databases	  
•  Func,on	  annota,on	  

–  Biological	  process,	  molecular	  func,on,	  cell	  loca,on	  

•  Chromosome	  posi,on	  
•  Disease	  associa,on	  
•  DNA	  proper,es	  

–  TF	  binding	  sites,	  gene	  structure	  (intron/exon),	  SNPs	  
•  Transcript	  proper,es	  

–  Splicing,	  3’	  UTR,	  microRNA	  binding	  sites	  

•  Protein	  proper,es	  
–  Domains,	  secondary	  and	  ter,ary	  structure,	  PTM	  sites	  

•  Interac,ons	  with	  other	  genes	  

7 

What	  Are	  Gene	  ARributes?	  
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Gene	  Ontology	  

KEGG	  

MSigDB-‐c2	  

NCI	  

BIOCARTA	  

REACTOME	  

HumanCyc	  

DATABASES	  containing	  annotated	  pathways	  (func2on	  annota2on)	  

Gene	  ARributes	  

7 
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•  Largest	  database	  	  
•  41,007	  gene	  products	  (proteins)	  annotated	  for	  human	  
•  Updated	  every	  3	  months	  
•  Organism	  independent	  /many	  model	  organisms	  (Homo	  
Sapiens,	  Mus	  musculus,	  Danio	  Rerio…)	  

•  GO	  resources	  are	  freely	  available	  to	  anyone	  without	  
restric,on	  

	  

What	  is	  the	  Gene	  Ontology	  (GO)?	  

7 
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What	  GO	  Covers?	  
•  GO	  terms	  divided	  into	  three	  aspects:	  

–  cellular	  component	  
–  molecular	  func,on	  
–  biological	  process	  

glucose-6-phosphate 
isomerase activity 

Cell division 

7 
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•  cellular	  component:	  the	  parts	  of	  a	  cell	  or	  
its	  extracellular	  environment;	  

 

What	  GO	  Covers?	  

7 
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•  molecular	  func2on:	  the	  elemental	  
ac,vi,es	  of	  a	  gene	  product	  at	  the	  
molecular	  level,	  such	  as	  binding	  or	  
catalysis;	  

What	  GO	  Covers?	  

glucose-6-phosphate isomerase activity 

7 
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•  biological	  process:	  opera,ons	  or	  sets	  of	  
molecular	  events	  with	  a	  defined	  
beginning	  and	  end,	  per,nent	  to	  the	  
func,oning	  of	  integrated	  living	  units:	  
cells,	  ,ssues,	  organs,	  and	  organisms.	  

 

What	  GO	  Covers?	  

Cell division 

7 
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GO	  Structure	  

•  Terms	  are	  related	  
within	  a	  hierarchy	  
–  is-‐a	  
–  part-‐of	  

•  Describes	  mul,ple	  
levels	  of	  detail	  of	  gene	  
func,on	  

•  Terms	  can	  have	  more	  
than	  one	  parent	  or	  
child	  

7 



Module	  	   bioinformatics.ca 

In	   this	  study,	  we	  report	   the	   isola,on	  and	  molecular	  characteriza,on	  of	  
the	  B.	  napus	  PERK1	  cDNA,	  that	  is	  predicted	  to	  encode	  a	  novel	  receptor-‐
like	   kinase.	   	   We	   have	   shown	   that	   like	   other	   plant	   RLKs,	   the	   kinase	  
domain	   of	   PERK1	   has	   serine/threonine	   kinase	   ac,vity,	   In	   addi,on,	   the	  
loca,on	   of	   a	   PERK1-‐GTP	   fusion	   protein	   to	   the	   plasma	   membrane	  
supports	   the	   predic,on	   that	   PERK1	   is	   an	   integral	  membrane	   protein…
these	  kinases	  have	  been	  implicated	  in	  early	  stages	  of	  wound	  response…	  

Molecular function 

Molecular component 

Biological process 

How	  genes	  are	  linked,	  or	  associated,	  
with	  GO	  terms	  by	  trained	  curators	  

	  

Manual 
Or 
Electronic 
curation 

7 
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IC:	  inferred	  by	  curator	  
IDA:	  Inferred	  from	  direct	  assay	  
TAS:	  	  Traceable	  Author	  Statement	  
IEA:	  Inferred	  by	  electronic	  
annota,ons	  

	  	  informa,on	  about	  how	  the	  annota,on	  was	  created	  

Note:	  Evidence	  codes	  cannot	  be	  used	  as	  a	  measure	  of	  the	  quality	  of	  the	  annota,on.	  

alpha-‐1,6-‐mannosyltransferase	  ac2vity	  

GO	  Evidence	  Types	  

7 

Guide to GO Evidence Codes: http://www.geneontology.org/GO.evidence.shtml 
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Accessing	  GO:	  QuickGO	  

hRp://www.ebi.ac.uk/ego/	  

will be used during lab 

7 
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KEGG	  

KEGG	  prostate	  cancer	  pathway	  (42	  genes)	  

7 
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KEGG	  
•  Pathway	  maps	  for	  metabolism	  and	  other	  cellular	  
processes,	  as	  well	  as	  human	  diseases;	  manually	  created	  
from	  published	  materials	  

•  5.2M	  genes;	  1024	  species;	  100K	  pathways.	  
•  Most	  pathways	  are	  projected	  across	  species.	  
•  Features:	  	  
–  pathway/gene	  lookup;	  	  
–  colorize	  pathways	  with	  gene	  lists.	  

•  Free	  for	  academic	  use;	  need	  license	  to	  download	  
•  Current	  sta,s,cs:	  hRp://www.genome.jp/kegg/docs/
sta,s,cs.html	  

7 
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PINK: disease 
BLUE: drug 
target 

7 

KEGG:	  disease	  and	  drug	  annota2ons	  
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Biocarta	  

7 
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Biocarta	  

•  Beau,ful	  hand-‐drawn	  pathway	  diagrams;	  
•  company	  which	  develops	  reagents	  and	  assays	  for	  
biopharmaceu,cal	  research:	  community-‐annota,on	  
service	  mostly	  used	  by	  drug	  companies	  to	  overlay	  drug	  
ads;	  

•  No	  underlying	  database;	  can’t	  automate	  for	  gene	  list	  
interpreta,on;	  

•  pathways	  from	  diverse	  fields	  like	  apoptosis,	  cell	  cycle,	  
cell	  signalling,	  development,	  immunology,	  neuroscience,	  
adhesion,	  and	  metabolism.	  

7 
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Reactome	  

Human Cell Cycle Checkpoint Pathway 
7 
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Reactome 	  	  

•  Hand-‐curated	  pathways	  in	  human.	  
•  Rigorous	  cura,on	  standards	  –	  every	  reac,on	  traceable	  to	  primary	  

literature.	  
•  Automa,cally-‐projected	  pathways	  to	  non-‐human	  species.	  
•  22	  species;	  1112	  human	  pathways;	  5078	  proteins.	  
•  Features:	  

–  Google-‐map	  style	  reac,on	  diagrams	  with	  overlays;	  	  
–  Find	  pathways	  containing	  your	  gene	  list;	  	  
–  Calculate	  gene	  overrepresenta,on	  in	  pathways;	  
–  Find	  corresponding	  pathways	  in	  other	  species.	  

•  Open	  access.	  

7 
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Ingenuity	  

7 
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Ingenuity	  

•  Popular	  $$$$	  commercial	  applica,on.	  
•  Very	  polished	  user	  interface.	  
•  Combina,on	  of	  cura,on,	  integra,on	  and	  machine	  
learning,	  but	  algorithms	  unpublished.	  

•  Content	  stats	  unavailable.	  
•  Features:	  
–  Iden,fy	  pathways	  containing	  list	  of	  genes;	  
–  Extract	  and	  build	  custom	  pathways/networks;	  
–  Integra,on	  with	  pharmaceu,cal	  informa,on	  

•  Subscrip,on	  required.	  

7 
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Pathway	  Commons	  

7 

•  Browse	  and	  search	  Pathways	  from	  mul,ple	  databases	  in	  a	  uniform	  
format.	  

• 	  	  564	  species;	  1,623	  pathways	  	  /	  All data is freely available.	  
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Gene	  ARributes	  

•  Func,on	  annota,on	  
–  Biological	  process,	  molecular	  func,on,	  cell	  loca,on	  

•  Chromosome	  posi,on	  
•  Disease	  associa,on	  
•  DNA	  proper,es	  

–  TF	  binding	  sites,	  gene	  structure	  (intron/exon),	  SNPs	  
•  Transcript	  proper,es	  

–  Splicing,	  3’	  UTR,	  microRNA	  binding	  sites	  

•  Protein	  proper,es	  
–  Domains,	  secondary	  and	  ter,ary	  structure,	  PTM	  sites	  

•  Interac,ons	  with	  other	  genes	  

7 



Ensembl	  BioMart	  
•  Convenient	  access	  to	  gene	  list	  annota,on	  

Select genome 

Select attributes 
to download 

Select filters 

will be used during lab 

7 
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What	  Have	  We	  Learned?	  
•  Gene	  aRributes	  define	  func,ons,	  characteris,cs	  of	  a	  
gene	  

•  Many	  gene	  aRributes	  in	  databases	  
–  Gene	  Ontology	  (GO)	  provides	  gene	  func,on	  annota,on	  

•  GO	  is	  a	  classifica,on	  system	  and	  dic,onary	  for	  biological	  concepts	  

–  KEGG	  
–  Reactome	  

	  

•  Many	  gene	  aRributes	  available	  from	  Ensembl	  and	  Entrez	  
Gene	  

7 
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URLs	  

•  GO-‐hRp://www.geneontology.org	  
•  KEGG	  –	  www.genome.jp/kegg	  
•  Biocarta	  –	  www.biocarta.com	  
•  WikiPathways	  –	  www.wikipathways.org	  
•  Reactome	  –	  www.reactome.org	  
•  NCI/PID	  –	  pid.nci.nih.gov	  
•  Ingenuity	  –	  www.ingenuity.com	  
•  Pathway	  Commons	  –	  www.pathwaycommons.org/pc/	  

for your information 

7 
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Sources	  of	  Gene	  ARributes	  

•  Ensembl	  BioMart	  (general)	  
–  hRp://www.ensembl.org	  

•  Entrez	  Gene	  (general)	  
–  hRp://www.ncbi.nlm.nih.gov/sites/entrez?db=gene	  

•  Model	  organism	  databases	  
–  E.g.	  SGD:	  hRp://www.yeastgenome.org/	  

for your information 

7 
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Pathway	  Enrichment	  Analysis	  

•  Gene	  iden,fiers	  
•  Gene	  aRributes/annota,on	  

–  Gene	  Ontology	  
•  Ontology	  Structure	  
•  Annota,on	  

–  BioMart	  +	  other	  sources	  

Gene List

Enriched Pathways

Gene Attributes Annotation
Expression
Phenotypes

DAVID, GSEA Enrichment tools 

7 
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Khatri P, Sirota M, Butte AJ (2012) Ten Years of Pathway Analysis: Current Approaches and Outstanding Challenges. PLoS 
Comput Biol 8(2): e1002375. doi:10.1371/journal.pcbi.1002375 

Overview	  of	  exis2ng	  pathway	  analysis	  
methods	  	  

DAVID 

GSEA 

Reactome FI 

7 
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What	  is	  Gene	  Set	  Enrichment	  Analysis?	  
•  Break	  down	  cellular	  func,on	  into	  gene	  sets	  
-  Every	  set	  of	  genes	  is	  associated	  to	  a	  specific	  cellular	  
func,on,	  process,	  component	  or	  pathway	  

Nuclear Pore 

Cell Cycle 

Gene.AAA 
Gene.ABA 
Gene.ABC 

Gene.CC1 
Gene.CC2 
Gene.CC3 
Gene.CC4 
Gene.CC5 

Ribosome 

P53 signaling 

Gene.RP1 
Gene.RP2 
Gene.RP3 
Gene.RP4 

Gene.CC1 
Gene.CK1 
Gene.PPP 

Daniele Merico 
7 
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What	  is	  Gene	  Set	  Enrichment	  Analysis?	  
•  Find	  known	  gene	  sets	  (e.g.	  pathways)	  enriched	  in	  a	  
gene	  list	  	  
–  Look	  for	  significant	  overlap	  between	  gene	  list	  and	  
pathways	  

Nuclear Pore 

Cell Cycle 

Gene.AAA 
Gene.ABA 
Gene.ABC 

Gene.CC1 
Gene.CC2 
Gene.CC3 
Gene.CC4 
Gene.CC5 

Ribosome 

P53 signaling 

Gene.RP1 
Gene.RP2 
Gene.RP3 
Gene.RP4 

Gene.CC1 
Gene.CK1 
Gene.PPP 

7 
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How	  do	  simple	  enrichment	  tests	  work?	  

significant	  genes	  

OVERLAP	  BETWEEN	  GENE	  
LIST	  AND	  GENE_SETS	  
(PATHWAYS)	  

Background	  genes	  
(array	  genes	  not	  significant)	  

Is	  this	  
overlap	  
larger	  than	  
expected	  
by	  chance?	  

Random	  samples	  
of	  array	  genes	  

random sampling  
of the array genes 
 

1 

2 

pathway	  

7 
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Fisher’s	  exact	  test	  
	  

Background population: 
500 black genes,  
4500 red genes 

Gene list 
RRP6 
MRD1 
RRP7 
RRP43 
RRP42 

Null hypothesis: List is a random 
sample from population 
Alternative hypothesis: More black 
genes than expected in my list 

7 
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Fisher’s	  exact	  test	  

1 gene-set 
(apoptosis) 

all genes in the 
genome  or in 
array: 5 red, 45 
black 

gene universe 

0.001066662	  

5	  genes	  are	  
selected	  randomly	  
1000	  ,mes	  	  

0.
57
66
	  

0.
35
16
	  

0.
06
69
7	  

0.
00
46
	  

0.
00
10
6	  

4.
7.
	  1
0-‐
7	  

7 



Module	  	   bioinformatics.ca 66 

Important	  details	  

•  To	  test	  for	  under-‐enrichment	  of	  “black”,	  test	  for	  over-‐enrichment	  
of	  “red”.	  

•  Need	  to	  choose	  “background	  popula,on”	  appropriately,	  e.g.,	  if	  
only	  por,on	  of	  the	  total	  gene	  complement	  is	  queried	  (or	  available	  
for	  annota,on),	  only	  use	  that	  popula,on	  as	  background.	  

•  To	  test	  for	  enrichment	  of	  more	  than	  one	  independent	  types	  of	  
annota,on	  (red	  vs	  black	  and	  circle	  vs	  square),	  apply	  Fisher’s	  exact	  
test	  separately	  for	  each	  type	  

	  

7 
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67 

1.  The	  overlap	  is	  tested	  with	  each	  gene-‐set	  present	  in	  
the	  pathway	  database	  (>3,000	  gene-‐sets	  ?)	  

2.  The	  gene-‐sets	  are	  ranked	  by	  the	  enrichment	  p-‐
value	  to	  find	  out	  the	  most	  significant	  gene-‐sets	  
(you	  want	  the	  lowest	  p-‐values)	  

3.  The	  enrichment	  p-‐values	  need	  to	  be	  corrected	  for	  
mul,ple	  hypothesis	  tes,ng	  (FDR,	  Benjamini-‐Hochberg	  
for	  example)	  

	  

Different	  steps	  of	  enrichment	  
analysis	  

7 
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False	  discovery	  rate	  (FDR)	  
•  FDR	  corrects	  for	  mul,ple	  hypothesis	  tes,ng	  
•  FDR	  is	  the	  expected	  propor6on	  of	  the	  observed	  

enrichments	  due	  to	  random	  chance.	  
•  Typically	  FDR	  correc,ons	  are	  calculated	  using	  the	  

Benjamini-‐Hochberg	  procedure.	  
•  FDR	  threshold	  is	  oeen	  called	  the	  “q-‐value”	  

7 
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Pathway 
name 

Number of 
overlapping 
genes 

Number of 
genes in 
pathway 

P-value Adjusted p-
value 

… …. … … …. 

Typical output of an enrichment analysis is: 

7 

What	  Have	  We	  Learned?	  



Module	  	   bioinformatics.ca 7 

Typical	  output	  
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;!"#$*<!,&(''#")&$=#+%>#-.?&//.%*#2328@ 75 8944 2 2926::8:4
<A(B<(+("CD&=&"D&"+$D&/!#D#+(0"$0E$)-)'("$D8.!&#)+0;&.!&#)+F698 @2 8944 292258 29267:28@
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VISUALIZATION	  
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0 1 1 0 1 0 0

A=

a
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Adjacency matrix

Adjacency list
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A1 A2 A3 A4 A5 A6 A7

A1 

A2
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A4

A5

A6

A7

Weight

b

Replication 
Fork

Nucleosome

Kinetochore

Transcription 
amplitude

Gene expression 
correlation

low high low high

node

edge

Network	  Visualiza2on	  

Gene List

Enriched Pathways

Gene Attributes Annotation
Expression
Phenotypes

DAVID, GSEA

visualization 

Cytoscape 

www.cytoscape.org 
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1

1

1

1

1
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b
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node
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Network	  Visualiza2on	  

Cytoscape is 

•  an open source software platform  
•  for visualizing complex networks and 

integrating these with any type of 
attribute data.  

•  a lot of apps are available for various 
kinds of problem domains, including 
bioinformatics, social network 
analysis, and semantic web. 
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Before layout After layout

Networks	  

•  Represent	  rela,onships	  
–  Physical,	  regulatory,	  gene,c,	  func,onal	  interac,ons	  

•  Useful	  for	  discovering	  rela,onships	  in	  large	  data	  sets	  
–  BeRer	  than	  tables	  in	  Excel	  

•  Visualize	  mul,ple	  data	  types	  together	  
–  See	  interes,ng	  paRerns	  

7 



Network	  basics:	  1/2	  
	  Nodes	  and	  Edges	  

A	  simple	  mapping	  
one	  compound/node,	  one	  
interac,on/edge	  

A	  more	  realis,c	  mapping	  
Cell	  localiza,on,	  cell	  cycle,	  cell	  
type,	  taxonomy	  
Only	  represent	  physiologically	  
relevant	  interac,on	  networks	  

Edges	  can	  represent	  other	  
rela,onships	  
Cri,cal:	  understand	  what	  nodes	  
and	  edges	  mean	  

gene-gene network 

pathway network 

node 
(gene) 

edge: 
interaction 

node 
(pathway) 

edge: # of 
overlapping 
genes 
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Network	  basics	  2/2:	  
Automa2c	  network	  layout	  	  

Before layout After layout

7 

Before layout After layout

•  Force-‐directed	  layout:	  nodes	  repel	  and	  
edges	  pull	  

•  Good	  for	  up	  to	  500	  nodes	  
Bigger	  networks	  give	  hairballs	  -‐	  Reduce	  
number	  of	  edges	  

•  Advice:	  try	  force	  directed	  first,	  or	  
hierarchical	  for	  tree-‐like	  networks	  

•  Tips	  for	  beRer	  looking	  networks	  
Manually	  adjust	  layout	  
Load	  network	  into	  a	  drawing	  program	  (e.g.	  
Illustrator)	  and	  adjust	  labels	  

before layout 

after layout 
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Introduc2on	  to	  Cytoscape	  (2.8.3)	  

Control panel Results panel 

Data panel 

save your session 

will be used during lab 
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Navigate	  through	  the	  network	  (2.8.3)	  

move the 
blue square 
to naviage 
through the 
network  

7 

will be used during lab 
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Cytoscape	  layout	  (2.8.3)	  

7 

will be used during lab 
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Visual	  Features	  (2.8.3)	  

7 

will be used during lab 
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Visual	  Features:	  customize	  network	  data	  

7 

will be used during lab 
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What	  Have	  We	  Learned?	  

•  Networks	  are	  useful	  for	  seeing	  rela,onships	  in	  large	  data	  
sets	  

•  Important	  to	  understand	  what	  the	  nodes	  and	  edges	  
mean	  

•  Automa,c	  layout	  is	  required	  to	  visualize	  networks	  
•  Visual	  aRributes	  enable	  mul,ple	  types	  of	  data	  to	  be	  
shown	  at	  once	  –	  useful	  to	  see	  their	  rela,onships	  

7 
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Example	  of	  Cytoscape	  plugins	  

7 
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BiNGO	  plugin	  

•  Calculates	  over-‐representa,on	  of	  a	  subset	  of	  genes	  with	  
respect	  to	  a	  background	  set	  in	  a	  specific	  GO	  category	  

•  Input:	  subnetwork,	  or	  list	  
–  Background	  set	  by	  user	  	  

•  Output:	  tree	  with	  nodes	  color	  reflec,ng	  
overrepresenta,on;	  also	  as	  lists	  

•  Caveats:	  Gene	  iden,fiers	  must	  match;	  low	  GO	  term	  
coverage,	  GO	  bias,	  Background	  determining	  

7 
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BiNGO	  

Maere,	  S.,	  Heymans,	  K.	  and	  Kuiper,	  M	  
Bioinforma,cs	  21,	  3448-‐3449,	  2005	  

Hypergeometric	  p-‐value	  
Mul,ple	  tes,ng	  correc,on	  
(Benjamini-‐Hochberg	  FDR)	  

7 



Module	  	   bioinformatics.ca 

Network	  Clustering	  

•  Clusters	  in	  a	  protein-‐protein	  interac,on	  network	  have	  
been	  shown	  to	  represent	  protein	  complexes	  and	  parts	  of	  
pathways	  

•  Clusters	  in	  a	  protein	  similarity	  network	  represent	  protein	  
families	  

•  Network	  clustering	  is	  available	  through	  the	  ClusterMaker	  
Cytoscape	  plugin	  

Bader & Hogue, BMC Bioinformatics 2003 4(1):2 

7 
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Proteasome 20S 

Ribosome 

RNA Pol core 

RNA Splicing 
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Cytoscape	  Tips	  &	  Tricks	  

•  “Root	  graph”	  
–  “There	  is	  one	  graph	  to	  rule	  them	  all….”	  
–  The	  networks	  in	  Cytoscape	  are	  all	  “views”	  on	  a	  single	  graph.	  
–  Changing	  the	  aRribute	  for	  a	  node	  in	  one	  network	  will	  also	  
change	  that	  aRribute	  for	  a	  node	  with	  the	  same	  ID	  in	  all	  other	  
loaded	  networks	  

–  There	  is	  no	  way	  to	  “copy”	  a	  node	  and	  keep	  the	  same	  ID	  
– Make	  a	  copy	  of	  the	  session	  

for your information 

7 
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Cytoscape	  Tips	  &	  Tricks	  

•  Network	  views	  
– When	  you	  open	  a	  large	  network,	  you	  will	  not	  get	  a	  view	  by	  
default	  

–  To	  improve	  interac,ve	  performance,	  Cytoscape	  has	  the	  
concept	  of	  “Levels	  of	  Detail”	  

•  Some	  visual	  aRributes	  will	  only	  be	  apparent	  when	  you	  zoom	  in	  
•  The	  level	  of	  detail	  for	  various	  aRributes	  can	  be	  changed	  in	  the	  
preferences	  

•  To	  see	  what	  things	  will	  look	  like	  at	  full	  detail:	  
–  ViewàShow	  Graphics	  Details	  

for your information 
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Cytoscape	  Tips	  &	  Tricks	  

•  Sessions	  
–  Sessions	  save	  preRy	  much	  everything:	  

•  Networks	  
•  Proper,es	  
•  Visual	  styles	  
•  Screen	  sizes	  

–  Saving	  a	  session	  on	  a	  large	  screen	  may	  require	  some	  resizing	  
when	  opened	  on	  your	  laptop	  

for your information 

7 
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Cytoscape	  Tips	  &	  Tricks	  

•  Logging	  
–  By	  default,	  Cytoscape	  writes	  it’s	  logs	  to	  the	  Error	  Dialog:	  
HelpàError	  Dialog	  

–  Can	  change	  a	  preference	  to	  write	  it	  to	  the	  console	  
•  EditàPreferencesàProper,es…	  
•  Set	  logger.console	  to	  true	  
•  Don’t	  forget	  to	  save	  your	  preferences	  
•  Restart	  Cytoscape	  

–  (can	  also	  turn	  on	  debugging:	  cytoscape.debug,	  but	  I	  don’t	  
recommend	  it)	  

for your information 
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Cytoscape	  Tips	  &	  Tricks	  

•  Memory	  
–  Cytoscape	  uses	  lots	  of	  it	  
–  Doesn’t	  like	  to	  let	  go	  of	  it	  
–  An	  occasional	  restart	  when	  working	  with	  large	  networks	  is	  a	  
good	  thing	  

–  Destroy	  views	  when	  you	  don’t	  need	  them	  
–  Java	  doesn’t	  give	  us	  a	  good	  way	  to	  get	  the	  memory	  right	  at	  
start	  ,me	  

•  Since	  version	  2.7,	  Cytoscape	  does	  a	  much	  beRer	  job	  at	  “guessing”	  good	  
default	  memory	  sizes	  than	  previous	  versions	  

for your information 

7 
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Cytoscape	  Tips	  &	  Tricks	  

•  .cytoscape	  directory	  
–  Your	  defaults	  and	  any	  plugins	  downloaded	  from	  the	  plugin	  
manager	  will	  go	  here	  

–  Some,mes,	  if	  things	  get	  really	  messed	  up,	  dele,ng	  (or	  
renaming)	  this	  directory	  can	  give	  you	  a	  “clean	  slate”	  

•  Plugin	  manager	  
–  “Outdated”	  doesn’t	  necessarily	  mean	  “won’t	  work”	  
–  Plugin	  authors	  don’t	  always	  update	  their	  plugins	  
immediately	  aeer	  new	  releases	  

for your information 

7 
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Ac2ve	  Community	  

•  Help	  
–  Tutorials,	  case	  studies	  
– Mailing	  lists	  for	  discussion	  
–  Documenta,on,	  data	  sets	  

•  Annual	  Conference:	  San	  Diego,	  May	  18-‐21,	  2011	  
•  10,000s	  users,	  2500	  downloads/month	  
•  >100	  Plugins	  Extend	  Func,onality	  

–  Build	  your	  own,	  requires	  programming	  

http://www.cytoscape.org 
Cline MS et al. Integration of 
biological networks and gene 
expression data using 
Cytoscape Nat Protoc. 2007;2
(10):2366-82 

for your information 
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Slides	  from	  	  
Gary	  Bader	  
Quaid	  Morris	  
Lincoln	  Stein	  

Veronique	  Voisin	  
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We	  are	  on	  a	  Coffee	  Break	  &	  
Networking	  Session	  
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