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Diseases	  caused	  by	  cell	  signaling	  error	  	  	  
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By	  understanding	  cell	  signaling,	  diseases	  may	  be	  treated	  effec.vely.	  

Cell	   signaling	   is	   part	   of	   a	   complex	   system	   of	   communica.on	   that	  
governs	  basic	  cellular	  ac.vi.es	  and	  coordinates	  cell	  ac6ons.	  	  

The	  ability	  of	  cells	  to	  perceive	  and	  correctly	  respond	  to	  
their	   micro-‐environment	   is	   the	   basis	   of	   development,	  
.ssue	   repair,	   and	   immunity	   as	   well	   as	   normal	   .ssue	  
homeostasis.	  	  
	  
Errors	  in	  cellular	  informa.on	  processing	  are	  responsible	  
for	   diseases	   such	   as	   cancer,	   autoimmunity,	   and	  
diabetes.	  	  
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Background work: Unraveling the Design Principle for  
Motif  Organization in Signaling Networks * 

REF:Ma	  W,	  Trusina	  A,	  El-‐Samad	  H,	  Lim	  WA,	  Tang	  C	  (2009)	  .Cell	  138:	  760-‐773.	  
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*	  Cha;erjee	  and	  Kumar.	  (2011)	  Plos	  One	  (6(12):	  e28606)	  

Feed-‐forward	  loop	  (FFL)	  
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(1-‐B)	  	  
Inac6ve	  	  
form	  

B(ac.ve)	  +	  B(Inac.ve)	  =	  B(tot)	  =	  1	  	  

A+B	  (Inac6ve)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  B(ac6ve)	  

Genera6on	  of	  inappropriate	  and	  	  
non-‐specific	  r	  responses	  that	  may	  poten6ally	  be	  
induced	  through	  either	  noise	  in	  the	  external	  

milieu,	  or	  through	  stochas6c	  perturba6ons	  of	  the	  
intracellular	  components	  	  (e.g.	  muta.ons,	  

altera.ons	  in	  protein	  turn-‐over	  rates	  etc).	  	  May	  
cause	  Disease	  like	  cancer,	  autoimmunity	  etc.	  

A	  

B	   C	  

Input	  

Output	  

Noise	  

Motif Type Feature  

Coherent I a1>0, a3>0, a2>0 

Incoherent I a1>0, a3<0, a2>0 

Coherent II a1<0, a3>0, a2<0 

Incoherent II a1<0, a3<0, a2<0 

Coherent III a1>0, a3<0, a2<0 

Incoherent III a1>0, a3>0, a2<0 

Coherent IV a1<0, a3<0, a2>0 

Incoherent IV a1<0, a3>0, a2>0 

Stability result: 
 

Very robust and  
unconditionally 
stable. 

A        B   

A         B   

+ 

- 

+ -

Aim: To understand the motif organization in filtering noise in the signal. 
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Ranked	  structure	  based	  on	  stability	  area	  	  
(2D	  parameter	  space)	  	  

	  

Stable	  region	  in	  sigma-‐beta	  plane	  

Larger	  the	  stability	  region,	  more	  robust	  the	  structure	  	  

Search	  for	  Frequency	  of	  nodes	  	  
in	  various	  3	  node	  FFLs	  

Cumula6ve	  Score	  for	  
Individual	  nodes	  

(Based	  on	  ranks	  of	  FFLs	  in	  Table	  )	  

Human	  Signaling	  Network	  
(1634	  nodes	  and	  5089	  interac6ons)	  

Scoring	  of	  signaling	  intermediates	  for	  their	  vulnerability	  	  
to	  noise	  in	  a	  human	  cancer	  signaling	  network*	  

Dividing	  the	  network	  node	  as	  	  
robust	  category	  or	  vulnerable	  category	  	  

(depending	  on	  their	  scores)	  Example	  of	  scoring:	  
	  
Node	  A-‐-‐-‐occur	  in	  mo.f	  of	  rank	  8	  with	  frequency	  2+	  mo.f	  of	  rank	  2	  with	  frequency	  3,	  then	  
	  

Total	  rank=	  2*r(8)+3*r(5)	  	  (>4:	  robust,	  <-‐	  4:	  vulnerable)	  

Rank	  1	   Rank2	   Rank	  3	   Rank	  4	   Rank	  5	   Rank	  6	   Rank	  7	   Rank	  8	  

-‐4	   -‐3	   -‐2	   -‐1	   1	   2	   3	   4	  

*Cui	  Q,	  Ma	  Y,	  Jaramillo	  M,	  Bari	  H,	  Awan	  A,	  et	  al.	  (2007)	  A	  map	  	  of	  
human	  cancer	  signaling.	  Mol	  Syst	  Biol	  3:	  152.	  

Background	  Mathema.cs	  5	  
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Steps	  

Ø Observa.ons	  (from	  the	  cancer	  signaling	  network)	  

 Starting with different 
receptor molecules and going 6 
steps downstream we observed that 
early steps of the network are 
significantly enriched with the robust 
nodes.   

1.	  

2.	  

The genes whose mutations are associated with cancer (e.g. ABL1, BRCA1, SRC, ATM,  
BRAF, PTEN, TGFBR2, EGFR, RB, p53, SMAD4 etc) belongs to the robust category.	  

Node	  Func.on	   Robust	  
Nodes	  (%)	  

Vulnerable	  
Nodes	  (%)	  

Kinase	   28.08	   8	  

Transcrip6on	  Factor	   12.35	   6.67	  

Receptor	   9.87	   8	  

Adaptor	   6.79	   4	  

Phosphatases	   1.54	   12	  

Apoptosis	   3.08	   22.67	  

3.	  

Robust	  

Vulnerable	  
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Limita.ons	  and	  future	  expansion:	  

Limita.ons:	  
	  
During	  our	  study	  we	  restricted	  our	  work	  to	   	  three	  node	  FFLs,	  but	  other	  categories	  of	  mo6fs,	  like	  Feed	  
Back	  Loops,	  Four-‐node	  FFLs,	  and	  Bifans	  	  are	  also	  present	  in	  the	  signaling	  	  network.	  	  
Consequently,	  an	  extension	  of	  the	  analysis	  described	  here	  to	  incorporate	  all	  such	  mo.fs	  can	  clearly	  be	  
expected	  to	  provide	  many	  addi.onal	  insights	  into	  the	  regulatory	  aspects	  of	  signal	  transduc6on.	  
	  
Moreover	   just	   to	   understand	   the	   system	  we	   simplify	   the	  model	   assuming	  white	   noise	   added	   to	   the	  
determinis6c	   system.	   There	   are	  many	   other	   ways	   to	   incorporate	   noise	   and	   to	   extend	   the	   model	  
depending	  on	  the	  system.	  
	  

Future	  expansion:	  
	  
Extensive	  study	  on	  all	  possible	  two	  node	  mo.f	  structure	   is	  done	  and	  the	  most	  dynamically	  enriched	  
structure	  is	  iden6fied.	  
	  
Those	  dynamically	  enriched	  structure	  will	  start	  with	  all	  possible	  two-‐nodes	  and	  then	  be	  expanded	  to	  
two	  nodes	  and	  then	  to	  four	  nodes.	  
	  
Finally	   stochas6c	  perturba6ons	  will	  be	  studied	  on	   them	  to	   iden6fy	   the	  sensi6ve	  node	  among	  a	  more	  
general	  structure.	  
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Two	  node	  general	  structure	  

40	  possible	  structures	  

51 2

51 2

3 4

3 4

. .(1 ) . .(1 ) . .(1 )
(1 ) (1 ) (1 )

. .(1 ) . .(1 )
(1 ) (1 )

P P P P PP

P P P

P P P PP

P P

mm m

m m

k i A k B A k A AdA
dt k A k A k A

k A B k B BdB
dt k B k B

− − −
= + +

+ − + − + −

− −
= +

+ − + −

8	  



9	  



10	  



11	  



Two	  frequently	  observed	  topologies	  

Structure	  1	   Structure	  2	  

12	  



Structure	  1	  

P
ar

am
et

er
s

Change of no of stablity points w.r.t the vrying parameters

 

 

10 folds down initial values 10 folds up

k2

kA

k1

kmB

kB

km1

kmA

km2

kI

I

kmI
1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

Figure.	  Parameter	  ranges	  for	  which	  the	  number	  of	  equilibrium	  point(s)	  changes.	  Here,	  the	  black	  colour	  shows	  the	  range	  of	  
each	  parameter	  for	  which	  the	  system	  has	  only	  one	  stable	  point	  and	  the	  white	  colour	  shows	  the	  range	  of	  each	  parameter	  for	  
which	  the	  system	  is	  bistable.	  

A ’ = ((1 I (1 − A))/(kmI + 1 − A)) + ((1 A (1 − A))/(kmA + 1 − A)) − ((1 B A)/(km2 + A))
B ’ = ((1 A (1 − B))/(km1 + 1 − B)) − ((1 B B)/(kmB + B))                                

km1 = 0.4
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Figure.	  Phase	  portrait	  showing	  bistability	  of	  the	  structure	  1.	  

Figure.	  Global	  sensi.vity	  analysis	  (GSA)	  of	  model	  parameters	  of	  node	  B	  using	  La.n	  Hypercube	  Sampling	  (LHS)	  method.	   13	  



Structure	  2	  
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Figure.	  Parameter	  ranges	  for	  which	  the	  number	  of	  equilibrium	  point(s)	  changes.	  Here,	  the	  black	  colour	  shows	  the	  range	  of	  
each	  parameter	  for	  which	  the	  system	  has	  no	  stable	  point,	  grey	  colour	  shows	  the	  range	  of	  each	  parameter	  for	  which	  the	  
system	  has	  only	  one	  stable	  equilibrium	  point	  and	  the	  white	  colour	  shows	  the	  range	  of	  each	  parameter	  for	  which	  the	  system	  
is	  bistable.	  

Figure.	  Phase	  portrait	  showing	  bistability	  of	  the	  structure	  2.	  

Figure.	  Global	  sensi.vity	  analysis	  (GSA)	  of	  model	  parameters	  of	  node	  B	  using	  La.n	  Hypercube	  Sampling	  (LHS)	  method.	   14	  



Stochas.c	  model	  	  
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Bistability	  under	  stochas.c	  perturba.on	  

Structure	  1	  

Structure	  2	  

Figure.	  Phase	  plane	  diagram	  for	  structure	  1.	  Top	  figure	  shows	  stable	  nature	  of	  E∗	  for	  low	  value	  of	  σ
1,2	  

=	  0.1	  and	  the	  bo;om	  
figures	  shows	  the	  probability	  clouds	  for	  σ

1,2	  
=	  1.3,	  above	  the	  threshold	  value.	  

Figure.	  Phase	  plane	  diagram	  for	  structure	  2.	  Top	  figure	  shows	  stable	  nature	  of	  E∗	  for	  low	  value	  of	  σ
1,2	  

=	  0.1	  and	  the	  bo;om	  figures	  
shows	  the	  probability	  clouds	  for	  σ

1,2	  
=	  1.2,	  above	  the	  threshold	  value.	   16	  



Observa.ons	  
	  
•  We	   studied	   two	  well	   observed	  mo.f	   structures	  which	   shows	   bistability,	   i.e.,	  

depending	  upon	  the	  ini6al	  condi6ons	  the	  final	  outcome	  can	  take	  any	  of	  the	  two	  
steady	  state	  values.	  

	  
•  We	  observed	  that	  the	  range	  of	  output	  signal	  depends	  on	  the	  structure	  but	  the	  

sensi.vity	  of	  the	  parameter	  is	  independent	  of	  the	  structure.	  

•  In	  both	  the	  structures,	  it	  is	  the	  downstream	  node	  which	  is	  more	  sensi.ve	  in	  the	  
outcome	  of	  output	  signal.	  	  

	  
•  We	  also	  observed	   that	  under	   random	  perturba.on	  with	  high	  noise	   intensity,	  

the	   systems	   looses	   its	   stability	   and	   the	   bistable	   points	   scaeered	   leading	   to	  
undesirable	  output	  signal.	  	  
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Ø Studied so far…….. 

•  A possible design principle is proposed, for higher-order organization of motifs into 
larger networks in order to achieve specific biological output. 

 

•  Using our ranks in a human cancer network, we observed that the molecules are so 
arranged inside the cell to reduce the effect of ‘any noise’ on the cell signaling to 
minimum. 

The proposed ranks could be use to get  an initial idea of the important molecules 
based on their motif structure(s) and will accelerate screening experiments. 
 
The information can be use to filter noise from the signal. This could be a potential 
therapeutic strategy in case of diseases like auto-immunity.  
 

Ø Ongoing study….. 
 
 

The ranking is refining using all possible structure to increase robustness of the result. 
 
This is a small study focusing on only two specific structures, but it  shows the 
importance of the structure and the noise in the signalling mechanism. In future we will 
extend our study on other structures and on higher dimension with three and possibly 
four nodes. 18	  
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Mathematics behind the analysis 

Back	   21	  



The	  eigenvalues	  associated	  with	  the	  matrix	  are	  nega6ve	  real	  numbers,	  and	  	  
so	  the	  interior	  equilibrium	  point	  is	  always	  stable.	  
	  

*E

The	  interior	  equilibrium	  point,	  
(final	  steady	  state)	  

Equilibrium	  point	  and	  stability	  analysis	  
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Def:	  Stochas.c	  stability	  
Method:	  

Back	   23	  



Back	   24	  



Formula	  defining	  the	  rank	  
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Supplementary	  Figure	  S1	  

Kine6c	  law	  1	  (Simple	  Mass-‐ac6on)	   Kine6c	  law	  2	  (Michaelis-‐Menten)	  

A	  

B	  
Model	  with	  Simple	  Mass-‐ac6on	  law	   Model	  with	  Michaelis-‐Menten	  
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