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  beyond	
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Early	
  research	
  career	
  

•  Started	
  as	
  a	
  high-­‐school	
  
research	
  student	
  	
  

•  4	
  years	
  at	
  a	
  medical	
  
biochemistry	
  lab	
  	
  

•  MSc	
  in	
  biochemistry	
  
and	
  molecular	
  biology	
  

•  PhD	
  on	
  metazoan	
  
signalling	
  networks	
  



Why	
  I	
  am	
  interested	
  in	
  PPIs?	
  

ContradicHons	
  

•  Many	
  cell	
  types	
  
and	
  phenotypes	
  

•  But	
  relaHvely	
  
low	
  number	
  of	
  
signalling	
  
proteins	
  

•  RelaHvely	
  low	
  
number	
  of	
  
signalling	
  
pathways	
  



•  From	
  pathways	
  to	
  networks	
  	
  
– VisualizaHon	
  challenges	
  and	
  soluHons	
  

•  Extending	
  pathways	
  
– Data	
  integraHon	
  
– Power	
  of	
  predicHon	
  

•  Use	
  cases	
  for	
  data	
  integra@on	
  
– NRF2ome	
  
– SignaLink	
  2	
  

Thematics	
  



Signalling	
  pathways	
  and	
  networks	
  

•  Pathway	
  definiHons	
  are	
  not	
  
idenHcal	
  

•  CuraHon	
  rules	
  are	
  not	
  uniform	
  

•  Not	
  enough	
  and	
  idenHcal	
  
details	
  /	
  sources	
  

•  Cross-­‐talks	
  and	
  overlaps	
  
(mulH-­‐pathway	
  proteins)	
  
cannot	
  be	
  examined	
  (easily)	
  

Input	
  
Ligands	
  

Output	
  
TranscripHon	
  
factors	
  

Pathway	
  	
  
mediators	
  
(cross-­‐talk	
  	
  
proteins)	
  

Problems	
  and	
  challenges	
  in	
  
signalling	
  pathway	
  databases	
  



Case	
  study	
  I.	
  -­‐	
  the	
  SignaLink	
  database	
  

•  3	
  metazoans	
  

•  8	
  biochemically	
  defined	
  pathways	
  

•  Manually	
  curated,	
  uniform	
  curaHon	
  
rules	
  

•  All	
  interacHons	
  are	
  directed	
  and	
  link	
  to	
  
experimental	
  research	
  arHcles	
  

•  Contains	
  mulH-­‐pathway	
  proteins	
  and	
  
cross-­‐talks	
  

•  Versions:	
  2006,	
  2008,	
  2012*	
  

Korcsmaros	
  et	
  al.,	
  BioinformaHcs	
  (2010),	
  PLoS	
  ONE	
  (2011)	
  

h.p://SignaLink.org	
  

Compared	
  to	
  3	
  pathway	
  databases	
  
SignaLink	
  contains	
  the	
  highest	
  number	
  of	
  

proteins,	
  interacHons,	
  cross-­‐talks	
  and	
  literature	
  
sources	
  (between	
  the	
  examined	
  pathways)	
  

Allows	
  the	
  system-­‐level	
  examinaHon	
  	
  
of	
  the	
  signalling	
  network	
  



Curation	
  protocol	
  of	
  SignaLink	
  



Network	
  of	
  signalling	
  pathways	
  

How	
  can	
  we	
  visualize	
  cross-­‐talks?	
  



2)	
  Cross-­‐talk	
  network	
  

Network	
  of	
  signalling	
  pathways	
  

1)	
  Color-­‐coded	
  protein-­‐protein	
  interac@on	
  network	
  



Network	
  of	
  signalling	
  pathways	
  



EGF/MAPK	
  

NHR	
  

JAK/	
  
STAT	
  

Hedgehog	
  

Notch	
  

IGF/Insulin	
  

TGF	
  

WNT	
  



Korcsmaros	
  et	
  al.,	
  BioinformaHcs	
  (2010)	
  

Cross-­‐talk	
  networks	
  in	
  3	
  metazoans	
  

NHR	
  

Nr.	
  of	
  proteins	
  

Nr.	
  of	
  cross-­‐
talks	
  



Korcsmaros	
  et	
  al.,	
  BioinformaHcs	
  (2010)	
  

Detailed	
  cross-­‐talk	
  networks	
  in	
  3	
  metazoans	
  

transcrip@on	
  factor	
  

co-­‐factor	
  

other	
  mediator	
  

receptor	
  

ligand	
  



Visualizing	
  cross-­‐talk	
  expressions	
  

Korcsmaros	
  et	
  al.,	
  BioinformaHcs	
  (2010)	
  

IdenHficaHon	
  of	
  Hssue-­‐,	
  
disease-­‐,	
  and	
  cell-­‐type	
  
specific	
  cross-­‐talks	
  



Cross-­‐talking	
  proteins	
  

Cross-­‐talking	
  pathways	
  

Cross-­‐talk	
  network	
  

Further	
  cross-­‐talk	
  analyses	
  and	
  visualizations	
  

EGF/MAPK	
  

NHR	
  

JAK/	
  
STAT	
  

Hedgehog	
  

Notch	
  
IGF/Insulin	
  

TGF	
  

WNT	
  

Average	
  nr.	
  of	
  
ortholog	
  

proteins	
  or	
  cross-­‐talk	
  

	
  



A	
  solu@on	
  for	
  the	
  
contradic@ons?	
  

•  Many	
  cell	
  types	
  and	
  
phenotypes	
  

•  But	
  relaHvely	
  low	
  number	
  
of	
  signalling	
  proteins	
  

•  RelaHvely	
  low	
  number	
  of	
  
signalling	
  pathways	
  

Combinatorial	
  problems	
  	
  

•  Protein	
  isoforms	
  
•  AlternaHve	
  splicing	
  
•  Post-­‐translaHonal	
  sites	
  

Multi-­‐pathway	
  proteins	
  and	
  the	
  direction	
  of	
  signalling	
  flow	
  

How	
  cross-­‐talks	
  and	
  signalling	
  flow	
  are	
  regulated?	
  



Insulating	
  mechanisms	
  to	
  regulate	
  signalling	
  flow	
  

Cross-­‐pathway	
  inhibi@on	
   Combina@on	
  of	
  signalling	
  

Compartmentaliza@on	
  Scaffolds	
  

Haney	
  et	
  al.,	
  BMC	
  Systems	
  Biology	
  (2010)	
  



	
  	
  	
  	
  Extending	
  signalling	
  pathways	
  	
  
	
  

Precise	
  regulation	
  of	
  	
  
signalling	
  pathways	
  is	
  important.	
  



Kinases,	
  phosphatases,	
  ubiqui@n-­‐
ligases,	
  pep@dases,	
  etc.	
  
•  Reversible	
  or	
  irreversible	
  

modulaHon	
  of	
  specific	
  proteins	
  
•  Priming,	
  acHvaHon,	
  temporal	
  

de-­‐acHvaHon,	
  cleavage,	
  
destrucHon,	
  etc.	
  

Resources	
  of	
  post-­‐transla@onal	
  
modifica@ons	
  (PTMs)	
  
•  NetworKIN	
  (hbp://networkin.info)	
  
•  Phosphosite	
  (hbp://phosphosite.org)	
  
•  dbPTM	
  (hbp://dbptm.mbc.nctu.edu.tw)	
  
•  ELM	
  server	
  (hbp://elm.eu.org)	
  
•  …	
  

Regulation	
  of	
  signalling	
  duration	
  

Target	
  mo@fs	
   Docking	
  mo@fs	
  

Specificity?	
  

P..P.[KR]	
  	
  

Dinkel	
  et	
  al.,	
  Nucleic	
  Acids	
  Res.	
  (2012);	
  Bhabacharyya	
  et	
  al.,	
  Annu.	
  Rev.	
  Biochem.	
  (2006)	
  



Spatial	
  regulation	
  of	
  signalling	
  by	
  endocytosis	
  
Specific	
  down-­‐regula@on,	
  recycling,	
  destruc@on	
  or	
  signal	
  modula@on	
  by	
  general	
  and	
  
cargo-­‐specific	
  factors	
  

Scita	
  &	
  Di	
  Fiore,	
  Nature	
  (2010);	
  Wieffer	
  et	
  al.,	
  Cell	
  (2009);	
  Gould	
  &	
  Lippincob-­‐Schwartz,	
  Nat.Mol.Cell.Biol	
  (2009)	
  



An	
  opinion:	
  Cross-­‐talk	
  endosomes	
  

Input	
  1	
   Input	
  2	
  

X	
   Y	
  

Output	
  1	
   Output	
  2	
  

Endosome	
  

Scaffold	
  

Cross-­‐talk	
  

EL	
  

Palfy,	
  Remenyi,	
  Korcsmaros	
  (Trends	
  in	
  Cell	
  Biol,	
  2012)	
  



Transcrip@onal	
  regula@on	
  
•  AcHvaHon	
  or	
  inhibiHon	
  of	
  specific	
  gene	
  

expression	
  by	
  transcripHon	
  factor	
  –	
  
transcripHon	
  factor	
  binding	
  site	
  
connecHon	
  

•  JASPAR	
  (hbp://jaspar.genereg.net)	
  	
  
•  TFe	
  (hbp://cisreg.ca/cgi-­‐bin/le/home.pl)	
  	
  
•  HTRIdb	
  (hbp://www.lbbc.ibb.unesp.br/htri)	
  
•  PAZAR	
  (hbp://pazar.info)	
  	
  

Post-­‐transcrip@onal	
  regula@on	
  
•  DestrucHon	
  or	
  inhibiHon	
  of	
  specific	
  mRNAs	
  by	
  

miRNAs	
  
•  miRBase	
  (hbp://mirbase.org)	
  	
  

•  miRGen	
  (hbp://diana.cslab.ece.ntua.gr/mirgen)	
  	
  

•  miRecords	
  (
hbp://mirecords.umn.edu/miRecords)	
  	
  

•  TarBase	
  (hbp://www.microrna.gr/tarbase)	
  	
  

Regulating	
  the	
  expression	
  of	
  signalling	
  components	
  

TF-­‐TFBS	
  target	
  mo@fs	
   mRNA-­‐miRNA	
  binding	
  
Specificity?	
  



Uhlen	
  et	
  al.,	
  Nat	
  Biotechnol.	
  (2010),	
  Uhlen	
  et	
  al.,	
  Science	
  (2015)	
  	
  

An	
  important	
  issue:	
  tissue	
  specificity	
  

• 	
  High-­‐resoluHon	
  images	
  	
  
• 	
  SpaHal	
  distribuHon	
  of	
  
proteins	
  	
  
• 	
  44	
  different	
  normal	
  
human	
  Hssues	
  and	
  20	
  
different	
  cancer	
  types	
  
• 	
  46	
  different	
  human	
  cell	
  
lines	
  

Human	
  Protein	
  Atlas	
  h.p://proteinatlas.org	
  
	
  



Cell	
  membrane	
  

Nucleus	
  

Network	
  of	
  
signalling	
  
pathways	
  

DNA	
  

Signalling	
  
elements	
  

TranscripHon	
  
factors	
  

Legends:	
  

Types	
  of	
  networks:	
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  of	
  networks:	
  

miRNAs	
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Legends:	
  

Types	
  of	
  networks:	
  

miRNAs	
  

Network	
  of	
  
miRNAs	
  and	
  
transcripts	
  

• ABS	
  
• TRED	
  
• RedFly	
  
• EdgeDB	
  
• JASPAR	
  
• TFe	
  
• HTRIdb	
  
• ENCODE	
  

• MPromDB	
  	
  
• miRGen	
  
• PutMir	
  
• TransMir	
  

• miRecords	
  
• TarBase	
  
• ENCODE	
  

• miRBase	
  
• miROrtho	
  

• MPromDB	
  • Fantom4	
  

• Reactome	
  
• SignaLink	
  
• ConsensusPathDB	
  
• …	
  

• wTF2.1	
  
• FlyTF	
  
• A	
  census	
  of	
  human	
  TFs	
  

Interac@on	
  data	
  

Component	
  data	
  



Trends	
  Biochem	
  Sci,	
  32:	
  320–331	
  (2007)	
  

Embedding	
  pathways	
  into	
  interaction	
  networks	
  



Where	
  can	
  I	
  find	
  PPIs	
  to	
  
connect	
  with	
  my	
  pathway?	
  



The	
  power	
  of	
  predic@on	
  	
  
Applying	
  sequence	
  and	
  structural	
  informaHon	
  	
  

to	
  predict	
  novel	
  funcHons	
  /	
  connecHons	
  



Predicted	
  interac@ons	
  
•  Homology/orthology-­‐based	
  (interologs)	
  
•  Domain-­‐moHfs	
  based	
  (directed)	
  
•  Domain-­‐domain	
  based	
  (interacHon	
  &	
  direcHon)	
  

Protein-­‐protein	
  interactions	
  

Yu	
  et	
  al.,	
  Genome	
  Research	
  (2006)	
  



Predicted	
  interac@ons	
  
•  Homology/orthology-­‐based	
  (interologs)	
  
•  Domain-­‐moHfs	
  based	
  (directed)	
  
•  Domain-­‐domain	
  based	
  (interacHon	
  &	
  direcHon)	
  

Protein-­‐protein	
  interactions	
  

Yu	
  et	
  al.,	
  Genome	
  Research	
  (2006)	
  



Predicted	
  interac@ons	
  
•  Homology/orthology-­‐based	
  (interologs)	
  
•  Domain-­‐moHfs	
  based	
  (directed)	
  
•  Domain-­‐domain	
  based	
  (interacHon	
  &	
  direcHon)	
  

Protein-­‐protein	
  interactions	
  

Yu	
  et	
  al.,	
  Genome	
  Research	
  (2006)	
  



Predicted	
  interac@ons	
  
•  Homology/orthology-­‐based	
  (interologs)	
  
•  Domain-­‐mo@fs	
  based	
  (directed)	
  
•  Domain-­‐domain	
  based	
  (interacHon	
  &	
  direcHon)	
  

Protein-­‐protein	
  interactions	
  

Domain-­‐moHf	
  
database	
  	
  
(eg.,	
  ELM	
  server)	
  

Protein	
  sequence	
  of	
  
a	
  protein	
  of	
  interest	
  
(eg.,	
  from	
  UniProt)	
  

Predicted	
  PPI	
  based	
  on	
  	
  
domain-­‐mo@f	
  interac@on	
  

EnzymaHc	
  domain	
  
capable	
  to	
  target	
  
the	
  protein	
  



Protein-­‐protein	
  interactions	
  

Domain-­‐domain	
  
interacHon	
  data	
  
(eg.,	
  DOMINE)	
  

Protein-­‐domain	
  
composiHon	
  
data	
  (eg.,	
  PFAM)	
  

Possible	
  
domain	
  
pairs	
  

Predicted	
  PPI	
  based	
  on	
  	
  
domain-­‐domain	
  interac@on	
  

Predicted	
  interac@ons	
  
•  Homology/orthology-­‐based	
  (interologs)	
  
•  Domain-­‐moHfs	
  based	
  (directed)	
  
•  Domain-­‐domain	
  based	
  (interac@on	
  &	
  direcHon)	
  



Protein-­‐protein	
  interactions	
  

Liu	
  et	
  al.,	
  MCP	
  (2009)	
  	
  and	
  	
  
Rhodes	
  et	
  al.,	
  Nature	
  Biotechnology	
  (2005)	
  

Directed	
  PPI	
  
from	
  the	
  
reference	
  
database	
  	
  
(eg.,	
  Reactome)	
  

Domain	
  
composiHon	
  
as	
  training	
  
set	
  
(eg.,	
  PFAM)	
  

Predicted	
  interac@ons	
  
•  Homology/orthology-­‐based	
  (interologs)	
  
•  Domain-­‐moHfs	
  based	
  (directed)	
  
•  Domain-­‐domain	
  based	
  (interacHon	
  &	
  direc@on)	
  



Protein-­‐protein	
  interactions	
  

Liu	
  et	
  al.,	
  MCP	
  (2009)	
  	
  and	
  	
  
Rhodes	
  et	
  al.,	
  Nature	
  Biotechnology	
  (2005)	
  

Domain	
  
composiHon	
  
as	
  training	
  
set	
  
(eg.,	
  PFAM)	
  

Predicted	
  interac@ons	
  
•  Homology/orthology-­‐based	
  (interologs)	
  
•  Domain-­‐moHfs	
  based	
  (directed)	
  
•  Domain-­‐domain	
  based	
  (interacHon	
  &	
  direc@on)	
  



Protein-­‐protein	
  interactions	
  

Liu	
  et	
  al.,	
  MCP	
  (2009)	
  	
  and	
  	
  
Rhodes	
  et	
  al.,	
  Nature	
  Biotechnology	
  (2005)	
  

Domain	
  
composiHon	
  
as	
  training	
  
set	
  
(eg.,	
  PFAM)	
  

Predicted	
  interac@ons	
  
•  Homology/orthology-­‐based	
  (interologs)	
  
•  Domain-­‐moHfs	
  based	
  (directed)	
  
•  Domain-­‐domain	
  based	
  (interacHon	
  &	
  direc@on)	
  



Two	
  use	
  cases	
  	
  
for	
  data	
  integra@on	
  

	
  



NRF2	
  interactome	
  &	
  regulome	
  

Papp	
  et	
  al.	
  (Korcsmaros),	
  FEBS	
  LeBers	
  (2012)	
  

• 	
  Cancer	
  

• 	
  Ageing	
  

• 	
  InflammaHon	
  

• 	
  Diseases	
  with	
  oxidaHve	
  stress	
  



Reconstructing	
  the	
  NRF2	
  interactome	
  

Similar	
  protocol	
  	
  
used	
  for	
  SignaLink	
  	
  
but	
  focused	
  only	
  	
  
on	
  one	
  protein	
  

High-­‐confidence,	
  
directed	
  interacHons	
  
based	
  on	
  domain-­‐

domain	
  and	
  domain-­‐
moHf	
  predicHons	
  

BioGRID,	
  HPRD,	
  
IntAct,	
  MINT,	
  
InnateDB	
  via	
  

PathwayCommons	
  

Papp	
  et	
  al.	
  (Korcsmaros),	
  FEBS	
  LeBers	
  (2012)	
  



Reconstructing	
  the	
  NRF2	
  interactome	
  

Papp	
  et	
  al.	
  (Korcsmaros),	
  FEBS	
  LeBers	
  (2012)	
  



Reconstructing	
  the	
  NRF2	
  regulome	
  

85	
  miRNAs	
   NRF2	
   7,469	
  targets	
  
Post-­‐transcripHonal	
  

regulaHon	
  
TranscripHonal	
  
regulaHon	
  

34	
  TFs	
  

3	
  regulatory	
  	
  loops	
  

336	
  fine-­‐tuning	
  regulatory	
  loops	
  

164	
  TFs	
  

RegulaHon	
  of	
  63	
  
miRNAs	
  

JASPAR	
  

JASPAR	
  

PutMir,	
  
TransMir	
  

MirBase	
  

PPARγ	
  

PPARγ	
  
binding	
  

protein	
  
expression	
  

NRF2	
  

protein	
  
expression	
  

NRF2	
  
NRF2	
  PPARγ	
  

Papp	
  et	
  al.	
  (Korcsmaros),	
  FEBS	
  LeBers	
  (2012)	
  



Reconstructing	
  an	
  integrated	
  NRF2	
  network	
  

85	
  miRNAs	
   NRF2	
   7,469	
  targets	
  
Post-­‐transcripHonal	
  

regulaHon	
  
TranscripHonal	
  
regulaHon	
  

34	
  TFs	
  

3	
  regulatory	
  	
  loops	
  

336	
  fine-­‐tuning	
  regulatory	
  loops	
  

164	
  TFs	
  

RegulaHon	
  of	
  63	
  
miRNAs	
  

224	
  proteins	
  
39	
  regulatory	
  	
  loops	
  

ELM,	
  dbPTM,	
  
experimental	
  PPIs	
  

NRF2	
  

JNK1	
  

JNK1	
   phosphorylaHon	
  

protein	
  
expression	
  

NRF2	
  
Papp	
  et	
  al.	
  (Korcsmaros),	
  FEBS	
  LeBers	
  (2012)	
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