
Analysis of the 
network component 
of the pathogenicity 

of mutations in 
cancer patients 

CAMDA	  
July	  12,	  2014.	  Boston	  
Luz	  Garcia-‐Alonso	  

Systems	  Genomics	  Laboratory	  

luz.g.alonso@gmail.com	  



SCENARIO	  
Iden8fica8on	  of	  muta8onal	  cancer	  driver	  genes	  

Tumors	  evolve	  from	  benign	  to	  malignant	  lesions	  by	  acquiring	  a	  series	  of	  muta<ons	  over	  <me	  
	  
Studies	  based	  on	  individual	  gene/muta8on	  recurrence	  have	  iden8fied	  about	  140	  genes	  containing	  
intragenic	  muta8ons	  ini<a<ng	  tumorigenesis	  
	  
Most	  of	  tumors	  have	  only	  one	  or	  two	  driver	  gene	  muta8ons,	  but	  tumor	  development	  and	  progression	  
require	  mul8ple	  sequen8al	  gene8c	  altera8ons.	  	  
	  
Cancer	  genomes	  exhibit	  extensive	  muta8onal	  heterogeneity	  among	  the	  tumors	  of	  different	  pa<ents,	  is	  
probably	  related	  to	  the	  differences	  soma8c	  muta8ons	  within	  tumors	  
	  
	  
	   (Vogelstein	  et	  al.,	  2013)	  
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This heterogeneity is clearly underestimated in the current driver versus 
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THE	  CELL	  AS	  A	  SYSTEM	  
The	  modular	  nature	  of	  gene8c	  diseases	  	  

Diseases	  can	  be	  understood	  as	  failures	  of	  func8onal	  
modules	  

(Oti & Brunner. Clinical genetics, 2007) 

Disease	  genes	  tend	  to	  be	  
connected	  to	  other	  disease	  genes	  

(Goh et al. PNAS, 2007) 

Genes	  associated	  with	  similar	  
disorders	  show	  higher	  expression	  
profiling	  similarity	  for	  their	  transcripts	  

Similar 
disorders 

Different 
disorders 

Expected 



THE	  CELL	  AS	  A	  SYSTEM	  
The	  modular	  nature	  of	  gene8c	  diseases	  	  

A	  modular	  view	  of	  disease	  genes	  would	  help	  the	  iden<fica<on	  process	  of	  addi<onal	  
disease	  genes	  for	  mul8factorial	  diseases	  



THE	  CELL	  AS	  A	  SYSTEM	  
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A	  modular	  view	  of	  disease	  genes	  would	  help	  the	  iden<fica<on	  process	  of	  addi<onal	  
disease	  genes	  for	  mul8factorial	  diseases	  

Would	  the	  study	  of	  healthy	  genomes	  help	  us	  to	  improve	  
also	  the	  process?	  



HUMAN	  GENOMES	  

Heterozygous Homozygous 

(Xue et al. Am J Hum Genet. 2012) 

Missense substitutions predicted to be highly damaging 

Disease-causing mutations (HGMD) 

Muta8onal	  load	  

FDR < 5% 

Recent	  human	  genomic	  projects	  have	  revealed	  
the	  existence	  of	  an	  unexpectedly	  high	  amount	  
of	  deleterious	  variability	  in	  apparently	  
normal,	  healthy	  individuals.	  	  
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Heterozygous Homozygous 

(Xue et al. Am J Hum Genet. 2012) 

Missense substitutions predicted to be highly damaging 

Disease-causing mutations (HGMD) 

Muta8onal	  load	  

FDR < 5% 

Important	  implica8ons	  for	  the	  clinical	  
interpreta8on	  of	  human	  genome–

sequencing	  data	  



HUMAN	  GENOMES	  
Mechanisms	  for	  the	  maintenance	  of	  deleterious	  variants	  	  
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HUMAN	  GENOMES	  
Mechanisms	  for	  the	  maintenance	  of	  deleterious	  variants	  	  

Cellular	  
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Local	  proper<es	  

Global	  proper<es	  

Levels	  of	  organization	  

	  
Theore8cal	  scaffold	  that	  relates	  
proteins	  among	  them	  	  
	  
Modelled	  as	  a	  graph,	  in	  which	  proteins	  
are	  the	  nodes	  and	  the	  interac8ons	  the	  
edges.	  
	  
Organized	  into	  modules,	  carring	  specific	  
biological	  func8ons	  
	  
It’s	  organiza<on	  is	  not	  random	  but	  
follows	  a	  series	  of	  principles	  

Mo8fs	  

THE	  CELL	  AS	  A	  SYSTEM	  
Protein	  interactome	  

Node	  topology	  

Global	  organiza8on	  and	  
hierarchy	  

Rela8ve	  loca8on	  

Modules	  



This	  robustness	  of	  scale-‐free	  networks	  is	  rooted	  in	  their	  
extremely	  inhomogeneous	  connec8vity	  distribu8on	  

THE	  CELL	  AS	  A	  SYSTEM	  
Robustness	  against	  perturba8ons	  

Robustness:	  the	  ability	  of	  the	  biological	  
networks	  to	  buffer	  a	  phenotype	  in	  the	  face	  of	  
gene8c	  and	  environmental	  perturba8ons	  



HYPOTHESIS	  

? 
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Luz Garcia-Alonso et al., 2014 (Under revision) 



DATA	  PROCESSING	  

Luz Garcia-Alonso et al., 2014 (Under revision) 

Human	  
popula<ons	  

13	  from	  the	  1000	  Genomes	  Proj	  
-‐	  European	  (TSI,	  	  FIN,	  GBR	  &	  CEU)	  
-‐	  Asian	  (CHB,	  CHS	  &	  JPT)	  
-‐	  American	  (MXL,	  PUR	  &	  CLM)	  
-‐	  African	  (YRI,	  LWK	  &	  ASW)	  

(Durbin	  et	  al,	  2010)	  
	  
1	  newly	  sequenced	  from	  Spain	  
	  
1	  popula8on	  of	  paired	  samples	  of	  41	  
Chronic	  Lymphocy<c	  Leukemia	  
(CLL)	  pa8ents	  

(Quesada	  et	  al,	  2012)	  



DATA	  PROCESSING	  
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Human	  
popula<ons	  

Variants	  
selec<on	  

Variants	  were	  annontated	  using	  
VARIANT	  sofware.	  	  The	  variants	  
were	  classified	  as	  poten<ally	  
delterious	  as	  follows:	  

Variant	  type	   Filter	  

Stop	  gain,	  loss	  and	  
splicing	  

disrrup8ng	  sites	  

Conserved	  

Nonsynonymous	   Conserved	  +	  
SIFT	  /	  Polyphen	  
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solved	  crystal	  structure	  
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COMPUTATIONAL 
VALIDATION 

RP2 

LXN 

Damaging 

Tolerated 

In	  silico	  modeling	  of	  the	  muta8ons	  
in	  the	  protein	  using	  its	  previously	  
solved	  crystal	  structure	  



The	  model	  of	  the	  human	  
interactome	  was	  built	  using	  data	  on	  
binary	  protein-‐protein	  interac<ons	  
from	  BioGRID,	  IntAct	  and	  MINT	  
databases.	  	  
	  
To	  avoid	  false	  posi8ves	  only	  
interac8ons	  detected	  by	  at	  least	  
two	  different	  detec8on	  methods	  
were	  used.	  	  

DATA	  PROCESSING	  

Luz Garcia-Alonso et al., 2014 (Under revision) 

Human	  
popula<ons	  

Variants	  
selec<on	  

Interactome	  
mapping	  



RESULTS	  
Deleterious	  variants	  in	  proteins	  of	  the	  interactome:	  Popula8on	  overview	  

Africa 

East Asia 

America 

Europe 

CL Leukemia 

Proteins	  affected	  by	  poten8ally	  deleterious	  variants	  that	  configure	  the	  human	  interactome	  among	  all	  the	  popula8ons	  analyzed	  

Homozygous 
+ 

Heterozygous 
Homozygous 

Luz Garcia-Alonso et al., 2014 (Under revision) 



OBJECTIVE	  
Compare	  the	  topological	  role	  of	  proteins	  affected	  by	  deleterious	  variants	  
observed	  in	  normal	  popula8on,	  in	  monogenic	  diseases	  and	  in	  cancer	  pa8ents	  
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Luz Garcia-Alonso et al., 2014 (Under revision) 

Proper8es	  describing	  the	  relevance	  of	  the	  
protein	  for	  the	  network	  integrity	  
-‐	  the	  direct	  number	  of	  partners	  
-‐	  the	  betweenness	  (measure	  of	  the	  extent	  
to	  which	  a	  protein	  lies	  on	  the	  paths	  
between	  others)	  
-‐	  	  the	  closeness	  centrality	  (a	  measure	  of	  
centrality	  in	  the	  interactome)	  

Less	  relevant	  



RESULTS	  
Proteins	  affected	  by	  deleterious	  variants	  observed	  in	  normal	  popula8on,	  in	  
monogenic	  diseases	  and	  in	  cancer	  pa8ents	  have	  different	  topological	  roles	  
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for	  the	  network	  integrity	  
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Effect	  of	  deleterious	  variants	  observed	  in	  normal	  individuals	  
over	  the	  interactome	  structure	  
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-‐	  Real	  individuals	  have	  their	  interactomes	  
significantly	  more	  structured	  and	  less	  
affected	  than	  simulated	  individuals.	  
	  
-‐	  Only	  a	  limited	  number	  of	  variants	  in	  specific	  
combina8ons	  are	  tolerated	  by	  the	  
interactome	  

Effect	  of	  deleterious	  variants	  observed	  in	  normal	  individuals	  
over	  the	  interactome	  structure	  
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OBJECTIVE	  
Deleterious	  variants	  distribu8on	  across	  the	  interactome	  modules	  



Real	  individuals	  

Simulated	  individuals	  
(By	  randomly	  selec8ng	  the	  same	  
number	  of	  damaged	  proteins)	  

d 

%	  Nodes	  affected	  
Reference	  Distribu<on	  from	  

Simulated	  Individuals	  	  

percen8le	  

Module 
Damage Score function	  A	  

function	  B	  

function	  C	  

Modular	  structure	  of	  the	  
interactome	  

(by	  using	  the	  walktrap	  algorithm)	  
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RESULTS	  
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Affected	  
Extracellular	  space	  
Plasma	  membrane	  
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Protected/Neutral	  
Chroma8n	  remodeling	  
DNA	  repair	  and	  replica8on	  
RNA	  transcrip8on	  
Protein	  synthesis	  	  
Cell	  cycle	  
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Reflect	  of	  the	  periphery	  ability	  to	  
adapt	  under	  changing	  condi8ons	  

Deleterious	  variants	  observed	  in	  normal	  individuals	  follow	  a	  characteris8c	  
paiern	  across	  interactome	  modules	  



CONCLUSION	  

The	  deleterious	  character	  of	  a	  variant	  NOT	  ONLY	  depends	  on	  the	  damage	  
that	  causes	  to	  the	  protein	  BUT	  ul8mately	  is	  a	  system’s	  property	  	  
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SCENARIO	  

This	  heterogeneity	  is	  underes<mated	  in	  the	  current	  driver	  versus	  passenger	  model.	  	  

Tumors	  evolve	  from	  benign	  to	  malignant	  lesions	  by	  acquiring	  a	  series	  of	  muta<ons	  over	  <me	  
	  
Studies	  based	  on	  individual	  gene/muta8on	  recurrence	  have	  iden8fied	  about	  140	  genes	  containing	  
intragenic	  muta8ons	  driving,	  ini<a<ng	  tumorigenesis	  
	  
Most	  of	  tumors	  have	  only	  one	  or	  two	  driver	  gene	  muta8ons,	  but	  tumor	  development	  and	  progression	  
require	  mul8ple	  sequen8al	  gene8c	  altera8ons.	  	  
	  
Cancer	  genomes	  exhibit	  extensive	  muta8onal	  heterogeneity	  among	  the	  tumors	  of	  different	  pa<ents,	  is	  
probably	  related	  to	  the	  differences	  soma8c	  muta8ons	  within	  tumors	  
	  
	  

(Vogelstein	  et	  al.,	  2013)	  

Iden8fica8on	  of	  muta8onal	  cancer	  driver	  genes	  

An	  alterna<ve	  is	  to	  examine	  the	  soma<c	  muta<ons	  in	  the	  context	  of	  the	  protein	  
interactome	  



DATA	  PROCESSING	  

Cancer	  
genome	  
soma<c	  
variants	  

25	  cancers	  from	  the	  ICGC	  (release	  15.1)	  
	  
	  
19	  cancers	  from	  the	  TCGA	  Pan-‐Cancer	  
downloaded	  from	  syn1729383	  (Kandoth	  
et	  al.,	  2013)	  
	  
	  
A	  total	  of	  6573	  unique	  donors	  in	  the	  raw	  
dataset	  
	  
	  
	  
	  
	  
	  



DATA	  PROCESSING	  

Search	  for	  soma<c	  variants	  under	  
posi<ve	  selec<on	  during	  the	  
development	  of	  cancer	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  (Gonzalez-‐Perez	  et	  al.,	  2003)	  

Cancer	  
genome	  
soma<c	  
variants	  

Variants	  
selec<on	  



DATA	  PROCESSING	  

Cancer	  
genome	  
soma<c	  
variants	  

Variants	  
selec<on	  

Interactome	  
mapping	  

The	  model	  of	  the	  human	  
interactome	  was	  built	  using	  data	  on	  
binary	  protein-‐protein	  interac<ons	  
from	  BioGRID,	  IntAct	  and	  MINT	  
databases.	  	  
	  
To	  avoid	  false	  posi8ves	  only	  
interac8ons	  detected	  by	  at	  least	  
two	  different	  detec8on	  methods	  
were	  used.	  	  
	  

UPDATE	  April	  2014	  



RESULTS	  
Cancer-‐specific	  muta8ons	  in	  the	  PAN-‐CANCER	  	  

Network	  centralty	  *	  

Cancer	  types	  

rho=0.197 
p-value=0.024 



RESULTS	  
Popula8on	  versus	  cancer-‐specific	  muta8ons	  

Healthy 
controls 

  Pancancer 

Luz Garcia-Alonso et al., 2014 (Under revision) 

rho = 0.197 
p-value = 0.024 

rho = -0.291 
p-value ≤ 0.001 



OBJECTIVE	  
Zoom	  in	  into	  the	  interactome	  modules	  concentra8ng	  cancer-‐specific	  
muta8ons	  



Foreach	  	  module,	  we	  calculated	  the	  probability	  
of	  observing	  	  X	  affected	  proteins	  out	  of	  the	  total	  
of	  affected	  proteins,	  taking	  into	  account	  the	  
module	  size	  bias	  by	  calcula8ng	  the	  binomial	  
cumula<ve	  distribu<on	  func<on.	  
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We	  calculated	  whether	  the	  observed	  distribu8on	  of	  the	  recurrency	  
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Temporal	  component	  of	  the	  mul8genicity	  
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Temporal	  component	  of	  the	  mul8genicity	  

Ini<a<ng	  
tumorigenesis	   Progression	  

Those mutations 
acquired after initiation 
would be occupying 
multigenic modules and 
therefore, would be 
contributing to the 
tumour heterogeneity 



RESULTS	  
An	  example:	  The	  receptor	  for	  the	  glutamate	  

374	  ind	  
67	  ind	  
with	  >	  1	  
mutated	  
protein	  

scaffolding	  protein	  

scaffolding	  protein	  

receptor	  for	  
glutamate	  

receptor	  for	  
glutamate	  

G-‐protein	  coupled	  receptor	  
for	  glutamate	  

67 

GRIK2	  GRIA1	  GRM3	  GRIA2	  GRIA4	  GRIP1	  ...	  

Cancer	  types	  

Affected	  proteins	  in	  the	  module	  



CONCLUSIONS	  

In	  healthy	  individuals,	  the	  deleterious	  character	  of	  a	  variant	  NOT	  ONLY	  depends	  
on	  the	  damage	  that	  causes	  to	  the	  protein	  BUT	  ul8mately	  is	  a	  system’s	  property	  	  
	  
In	  cancer	  pa8ents,	  it	  is	  known	  that	  the	  cancer	  ini8a8on	  requires	  a	  driver	  
	  
However,	  driver/modulator	  genes	  for	  cancer	  progression	  are	  not	  as	  clearly	  
iden8fiable	  
	  
Here,	  using	  a	  syetems	  oriented	  approach,	  	  we	  have	  iden8fied	  driver/helper	  
modules	  within	  the	  protein	  interactome	  related	  to	  the	  tumor	  pathologic	  spread	  
and	  the	  cancer	  progression	  
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D. G. MacArthur et al., 2014 

Pathogenic: contributes mechanistically to disease, but is not necessarily fully penetrant 
(i.e., may not be sufficient in isolation to cause disease). 
 
Implicated: possesses evidence consistent with a pathogenic role, with a defined level of 
confidence. 
 
Associated: significantly enriched in disease cases compared to matched controls. 
 
Damaging: alters the normal levels or biochemical function of a gene or gene product. 
 
Deleterious: reduces the reproductive fitness of carriers, and would thus be targeted by 
purifying natural selection. 



RESULTS	  
Deleterious	  variants	  observed	  in	  normal	  individuals	  tend	  to	  occur	  at	  the	  
periphery	  of	  the	  interactome	  

Luz Garcia-Alonso et al., 2014 (Under revision) 



RESULTS	  
Posi8ve	  selec8on	  at	  the	  protein	  network	  periphery	  

(Kim et al. PNAS, 2007) 
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Molecular	  models	  of	  the	  human	  RP2	  (a)	  and	  LXN	  (b)	  proteins	  and	  detailed	  view	  of	  the	  altered	  amino	  acids	  (Arg251Gly	  and	  Arg48Lys,	  
respec8vely)	  

RESULTS	  
Deleterious	  variants	  in	  proteins	  of	  the	  interactome:	  Valida8on	  the	  predic8ons	  

Luz Garcia-Alonso et al., 2014 (Under revision) 

In	  silico	  modeling	  of	  the	  
muta8ons	  in	  the	  protein	  
using	  its	  previously	  solved	  
crystal	  structure	  

RP2 
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Damaging 

Tolerated 


