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In	
  a	
  nutshell	
  

Given	
  2	
  contact	
  maps,	
  measure	
  their	
  reproducibility	
  
	
  
How	
  do	
  we	
  define	
  reproducibility?	
  
Similarity	
  at	
  mul@ple	
  scales	
  
2D:	
  compartments,	
  domains,	
  loops	
  
1D:	
  anchors	
  	
  
	
  
Similarity	
  of	
  smoothed	
  networks	
  
Since	
  HiC	
  is	
  a	
  sparse	
  sample	
  of	
  the	
  underlying	
  contacts,	
  consider	
  2	
  contact	
  maps	
  
similar	
  even	
  when	
  the	
  individual	
  contacts	
  they	
  detect	
  are	
  not	
  iden7cal,	
  as	
  long	
  as	
  the	
  
overall	
  structure	
  is	
  preserved	
  
	
  

	
  

=>	
  Wavelet	
  analysis	
  

=>	
  Smooth	
  the	
  contact	
  maps	
  using	
  diffusion	
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Datasets	
  used	
  

	
  
	
  
Cell	
  type:	
  
GM12878	
  
	
  
	
  

Control	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tech.	
  repl.	
  1	
  	
  	
  	
  	
  	
  46M	
  
(no	
  crosslink)	
  	
  Tech.	
  repl.	
  2	
  	
  	
  	
  	
  	
  16M	
  
Biol.	
  repl.	
  1	
  	
  	
  	
  	
  	
  Tech.	
  repl.	
  1	
  	
  	
  	
  393M	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tech.	
  repl.	
  2	
  	
  	
  	
  221M	
  
Biol.	
  repl.	
  2	
  	
  	
  	
  	
  	
  Tech.	
  repl.	
  1	
  	
  	
  	
  280M	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tech.	
  repl.	
  2	
  	
  	
  	
  289M	
  

Cell	
  type:	
  
IMR90	
  

Biol.	
  repl.	
  1	
  	
  	
  	
  	
  	
  Tech.	
  repl.	
  1	
  	
  	
  	
  179M	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tech.	
  repl.	
  2	
  	
  	
  	
  199M	
  

Very	
  

Yes	
  	
  

No	
  

Very	
  

Yes,	
  less	
  than	
  
technical	
  repl.	
  

No	
  

Data	
  from	
  Rao	
  et	
  al.,	
  Cell,	
  2014	
  

Reproducible?	
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Total	
  
contacts	
  



Data	
  processing	
  

Start	
  with	
  matrix	
  of	
  observed	
  counts	
  at	
  high	
  resolu7on	
  	
  
	
  -­‐	
  this	
  presenta7on:	
  10kb,	
  but	
  the	
  plan	
  is	
  to	
  use	
  1kb	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  this	
  presenta7on:	
  chr21,	
  but	
  the	
  plan	
  is	
  to	
  run	
  genome-­‐wide	
  
Normaliza7on:	
  coverage	
  	
  	
  

	
  -­‐	
  divide	
  each	
  entry	
  by	
  the	
  row	
  sum	
  and	
  column	
  sum	
  
	
  -­‐	
  ra7onale	
  1:	
  analysis	
  can	
  begin	
  at	
  high	
  resolu7on	
  (for	
  which	
  ICE	
  does	
  not	
  converge)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  ra7onale	
  2:	
  use	
  minimal	
  processing	
  for	
  quick	
  computa7on	
  of	
  reproducibility	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  note:	
  analysis	
  of	
  post-­‐ICE	
  inputs	
  also	
  available	
  (see	
  supplementary	
  slides)	
  	
  
Resul7ng	
  contact	
  map	
  is	
  input	
  to	
  reproducibility	
  analysis	
  
	
  
Future	
  
Instead	
  of	
  count	
  data,	
  use	
  observed/expected	
  (to	
  remove	
  distance-­‐dependence)	
  
	
  
	
  

4	
  ICE:	
  Imakaev	
  et	
  al.,	
  Nature	
  Methods,	
  2012	
  	
  



Overview	
  

Given	
  2	
  contact	
  maps,	
  measure	
  their	
  reproducibility	
  
	
  
How	
  do	
  we	
  define	
  reproducibility?	
  
Similarity	
  at	
  mul@ple	
  scales	
  
2D:	
  compartments,	
  domains,	
  loops	
  
1D:	
  anchors	
  	
  
	
  
Similarity	
  of	
  smoothed	
  networks	
  
Since	
  HiC	
  is	
  a	
  sparse	
  sample	
  of	
  the	
  underlying	
  contacts,	
  consider	
  2	
  contact	
  maps	
  
similar	
  even	
  when	
  the	
  individual	
  contacts	
  they	
  detect	
  are	
  not	
  iden7cal,	
  as	
  long	
  as	
  the	
  
overall	
  structure	
  is	
  preserved	
  
	
  

	
  

=>	
  Wavelet	
  analysis	
  

=>	
  Smooth	
  the	
  contact	
  maps	
  using	
  diffusion	
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Consider	
  a	
  vector	
  of	
  values:	
  [0,1,1,1,0,1,1,0].	
  

Intro	
  to	
  Haar	
  wavelets	
  (1D)	
  



Intro	
  to	
  wavelets	
  (1D)	
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Average	
  

Consider	
  a	
  vector	
  of	
  values:	
  [0,1,1,1,0,1,1,0].	
  
Compute	
  the	
  means	
  of	
  successive	
  pairs	
  of	
  entries	
  =>	
  approxima7on	
  coefficients	
  	
  



Intro	
  to	
  wavelets	
  (1D)	
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Average	
  

Consider	
  a	
  vector	
  of	
  values:	
  [0,1,1,1,0,1,1,0].	
  
Compute	
  the	
  means	
  of	
  successive	
  pairs	
  of	
  entries	
  =>	
  approxima7on	
  coefficients	
  	
  

Approxima7on	
  coefficients	
  at	
  level	
  0	
  



Intro	
  to	
  wavelets	
  (1D)	
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Average	
  

Consider	
  a	
  vector	
  of	
  values:	
  [0,1,1,1,0,1,1,0].	
  
Compute	
  the	
  means	
  of	
  successive	
  pairs	
  of	
  entries	
  =>	
  approxima7on	
  coefficients	
  	
  

Approxima7on	
  coefficients	
  at	
  level	
  0	
  

Repeat!	
  



Intro	
  to	
  wavelets	
  (1D)	
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Average	
  

Consider	
  a	
  vector	
  of	
  values:	
  [0,1,1,1,0,1,1,0].	
  
Compute	
  the	
  means	
  of	
  successive	
  pairs	
  of	
  entries	
  =>	
  approxima7on	
  coefficients	
  	
  

Approxima7on	
  coefficients	
  at	
  level	
  0	
  

Approxima7on	
  coefficients	
  at	
  level	
  1	
  



Intro	
  to	
  wavelets	
  (1D)	
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Average	
  

Consider	
  a	
  vector	
  of	
  values:	
  [0,1,1,1,0,1,1,0].	
  
Compute	
  the	
  means	
  of	
  successive	
  pairs	
  of	
  entries	
  =>	
  approxima7on	
  coefficients	
  	
  

Approxima7on	
  coefficients	
  at	
  level	
  0	
  

Approxima7on	
  coefficients	
  at	
  level	
  1	
  

Approxima7on	
  coefficients	
  at	
  level	
  2	
  

Approxima7on	
  
coefficients	
  
smooth	
  the	
  vector	
  



Intro	
  to	
  wavelets	
  (1D)	
  

	
  
	
  

Similarly,	
  we	
  can	
  compute	
  differences	
  between	
  pairs	
  of	
  entries	
  =>	
  detail	
  coefficients	
  	
  



Intro	
  to	
  wavelets	
  (1D)	
  

	
  
	
  

13	
  

Difference	
  

Detail	
  coefficients	
  at	
  level	
  0	
  

Detail	
  coefficients	
  at	
  level	
  1	
  

Detail	
  coefficients	
  at	
  level	
  2	
  

Detail	
  coefficients	
  
detect	
  differences	
  

Similarly,	
  we	
  can	
  compute	
  differences	
  between	
  pairs	
  of	
  entries	
  =>	
  detail	
  coefficients	
  	
  



Intro	
  to	
  wavelets	
  (2D)	
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We	
  can	
  perform	
  wavelet	
  decomposi7on	
  in	
  2D	
  as	
  well!	
  
	
  
Widely	
  used	
  in	
  image	
  processing	
  

	
  -­‐	
  approxima7on	
  coefficients	
  capture	
  smoothed	
  versions	
  of	
  an	
  image	
  
	
  -­‐	
  detail	
  coefficients	
  capture	
  edges,	
  corners	
  

	
  
Example	
  in	
  2D	
  
Start	
  with	
  a	
  contact	
  map	
  	
  
(with	
  2	
  TADs)	
  

Approxima7on	
  coefficients	
  

Detail	
  coefficients	
  

Horizontal/
ver7cal	
  

Diagonal	
  

Rows:	
  approx	
  
Cols:	
  approx	
  

Rows:	
  approx	
  
Cols:	
  detail	
  

Rows:	
  detail	
  
Cols:	
  detail	
  

Levels	
  -­‐-­‐-­‐-­‐-­‐>	
  



Strategy	
  for	
  comparing	
  contact	
  maps	
  using	
  
wavelets	
  

Contact	
  map	
  =>	
  wavelet	
  coefficients	
  
	
  
	
  

Levels	
  -­‐-­‐-­‐-­‐-­‐>	
  

Contact	
  
map	
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Strategy	
  for	
  comparing	
  contact	
  maps	
  using	
  
wavelets	
  

Contact	
  map	
  =>	
  wavelet	
  coefficients	
  
At	
  each	
  level,	
  compute	
  the	
  correla7on	
  between	
  wavelet	
  coefficients	
  for	
  the	
  2	
  samples	
  
=>	
  Compute	
  an	
  AUC	
  (AUC/total	
  area),	
  so	
  [0,1]	
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Ra7onale	
  
Pseudo-­‐replicates	
  provide	
  an	
  upper	
  bound	
  for	
  reproducibility	
  
No-­‐crosslink	
  control	
  is	
  a	
  reference	
  for	
  low	
  reproducibility	
  at	
  a	
  
given	
  sequencing	
  depth	
  	
  



Highlights	
  (1)	
  	
  
Technical	
  replicates	
  >	
  biological	
  replicates	
  

Biological	
  replicates	
  
Biological	
  replicate	
  1	
  	
  
vs	
  	
  
Biological	
  replicate	
  2	
  	
  

Technical	
  replicates	
  
Biological	
  replicate	
  2	
  
Techrep	
  1	
  vs	
  Techrep	
  2	
  

Re
pr
od

uc
ib
ili
ty
	
  



Highlights	
  (2)	
  	
  
Same	
  cell	
  type	
  >	
  different	
  cell	
  types	
  

Same	
  cell	
  type	
  
Biological	
  replicate	
  1	
  (GM12878)	
  	
  
vs	
  	
  
Biological	
  replicate	
  2	
  (GM12878)	
  	
  

Re
pr
od

uc
ib
ili
ty
	
  

Cross	
  cell	
  type	
  
Biological	
  replicate	
  1	
  (GM12878)	
  	
  
vs	
  	
  
Biological	
  replicate	
  1	
  (IMR90)	
  	
  



Reproducibility	
  sta@s@cs	
  

	
  
AUCtrue	
  –	
  AUCno	
  crosslink	
  
⇒  Reproducible	
  contact	
  maps	
  will	
  be	
  very	
  different	
  from	
  the	
  no-­‐crosslink	
  	
  

AUCtrue	
  /	
  AUCpseudoreplicates	
  	
  
⇒  Reproducible	
  contact	
  maps	
  will	
  be	
  close	
  to	
  the	
  reproducibility	
  of	
  pseudoreplicates	
  

Minimum	
  level	
  at	
  which	
  a	
  threshold	
  correla@on	
  is	
  aPained	
  
=>	
  Reproducible	
  contact	
  maps	
  will	
  achieve	
  high	
  correla7ons	
  earlier	
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AUC[true]	
  –	
  AUC[no-­‐crosslink]	
  
(approxima@on	
  coefficients)	
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AUC[true]	
  –	
  AUC[no-­‐crosslink]	
  
(approxima@on	
  coefficients)	
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Best	
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technical	
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AUC[true]	
  –	
  AUC[no-­‐crosslink]	
  
(approxima@on	
  coefficients)	
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comparisons	
  with	
  	
  
no-­‐crosslink	
  control	
  



AUC[true]	
  –	
  AUC[no-­‐crosslink]	
  
(approxima@on	
  coefficients)	
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Same	
  cell	
  type	
  >	
  
cross-­‐cell	
  types	
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Same	
  cell	
  type	
  >	
  
cross-­‐cell	
  types	
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Level	
  at	
  which	
  correla@on	
  >=	
  0.5	
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Contact	
  map	
  =>	
  row	
  sums	
  =>	
  wavelet	
  coefficients	
  in	
  1D	
  
At	
  each	
  level,	
  compute	
  the	
  correla7on	
  between	
  wavelet	
  coefficients	
  for	
  the	
  2	
  samples	
  
=>	
  Compute	
  an	
  AUC	
  (AUC/total	
  area),	
  so	
  [0,1]	
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Ra7onale	
  
Pseudo-­‐replicates	
  provide	
  an	
  upper	
  bound	
  for	
  reproducibility	
  
No-­‐crosslink	
  control	
  is	
  a	
  reference	
  for	
  low	
  reproducibility	
  at	
  a	
  
given	
  sequencing	
  depth	
  	
  

Applying	
  the	
  same	
  strategy	
  in	
  1D	
  to	
  check	
  
reproducibility	
  of	
  anchors	
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Same	
  cell	
  type	
  >	
  
cross-­‐cell	
  types	
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Same	
  cell	
  type	
  >	
  
cross-­‐cell	
  types	
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Level	
  at	
  which	
  correla@on	
  >=	
  0.5	
  in	
  1D	
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Overview	
  

Given	
  2	
  contact	
  maps,	
  measure	
  their	
  reproducibility	
  
	
  
How	
  do	
  we	
  define	
  reproducibility?	
  
Similarity	
  at	
  mul@ple	
  scales	
  
2D:	
  compartments,	
  domains,	
  loops	
  
1D:	
  anchors	
  	
  
	
  
Similarity	
  of	
  smoothed	
  networks	
  
Since	
  HiC	
  is	
  a	
  sparse	
  sample	
  of	
  the	
  underlying	
  contacts,	
  consider	
  2	
  contact	
  maps	
  
similar	
  even	
  when	
  the	
  individual	
  contacts	
  they	
  detect	
  are	
  not	
  iden7cal,	
  as	
  long	
  as	
  the	
  
overall	
  structure	
  is	
  preserved	
  
	
  

	
  

=>	
  Wavelet	
  analysis	
  

=>	
  Smooth	
  the	
  contact	
  maps	
  using	
  diffusion	
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Strategy	
  for	
  comparing	
  contact	
  maps	
  following	
  
diffusion	
  

Contact	
  map	
  +	
  graph	
  diffusion	
  =>	
  cleverly	
  smoothed	
  and	
  de-­‐noised	
  contact	
  map	
  
	
  
An	
  example	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Repeat	
  wavelet	
  comparison	
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Original	
  
contact	
  map	
  

(log10)	
  

Diffusion	
  
Beta=0.001	
  

Diffusion	
  
Beta=0.005	
  

Diffusion	
  
Beta=0.01	
  

Diffusion	
  
Beta=0.03	
  



Work	
  in	
  progress	
  

Iden7fying	
  op7mal	
  resolu7on	
  	
  =	
  level	
  at	
  which	
  threshold	
  correla7on	
  is	
  reached	
  
	
  
Compute	
  reproducibility	
  across	
  all	
  ENCODE	
  datasets	
  
	
  
Targeted	
  wavelet	
  analysis:	
  e.g.	
  2Mb	
  windows	
  around	
  the	
  genome,	
  to	
  compare	
  high	
  
resolu7on	
  differences	
  
	
  
3D	
  organiza7on	
  differences	
  between	
  condi7ons	
  using	
  the	
  wavelet	
  framework	
  
	
  
3D	
  graph	
  comple7on	
  using	
  diffusion	
  kernels:	
  Iden7fy	
  op7mal	
  level	
  of	
  diffusion	
  by	
  
maximizing	
  intra-­‐TAD	
  reads/inter-­‐TAD	
  reads,	
  where	
  TADs	
  are	
  defined	
  as	
  communi7es	
  
in	
  the	
  diffused	
  graph	
  
	
  
Addi7onal	
  reproducibility	
  metrics	
  based	
  on	
  comparing	
  graphlet	
  distribu7ons	
  
(see	
  supplementary	
  slides)	
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Supplementary	
  slides	
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Comparing	
  graphlet	
  distribu@ons	
  



Post-­‐ICE	
  analysis	
  

No-­‐crosslinking	
  control	
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