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Introduction 

• Paper published in Nature Genetics (15 Dec. 2014) 

• Led by researchers from Brown University 

• The work analyzes mutation data from various cancer types 

• Major achievement is finding relatively new cancer pathways in a computational way 

• Introducing the HotNet2 algorithm 

• Follows HotNet (“Algorithms for Detecting Significantly Mutated Pathways in Cancer” [1]) 

 

“ Pan-cancer network analysis identifies 
combinations of rare somatic mutations 

across pathways and protein complexes ,, 

[1] Fabio Vandin,  Eli Upfal, Ben Rephael (Journal of Computational Biology, Volume 18, Number 3, 2011)  
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Roadmap 

• Intro: examination of driver genes in their network context 

 

• Insulated heat diffusion: a stochastic process 

 

• Digging into HotNet2 algorithm 

 

• Results: cancer pathways “reveal themselves” 

 

• If time permits… 

– Comparison: HotNet2 vs. HotNet 

– Insulated heat diffusion: the PageRank case 
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Background – Cancer 

• Cancer is a somatic evolutionary process that alters signaling and regulatory 
networks in the cell 

• Hard to distinguish “Driver” from “Passenger” mutations 

• Long-tail phenomenon when scoring mutations in individual genes 
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Motivation 

• Genes don’t work on their own – the interact in “pathways” 

• There are several known cancer pathways 

• Can we discover new pathways in a computational way? 

 

Hanahan and Weinberg. Cell 2011 144, 646-674 
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Interaction networks 

Method – HotNet2 algorithm 

• Goal: Find subnetworks mutated more than expected by chance 

 
Mutation data 

SNV mutations 

CNV mutations 

Challenges 
1) Heterogeneous network topology 
2) Simultaneously examine gene score and network 
3) Control FDR from multiple-hypotheses testing 
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HotNet2 algorithm - Intuition 

Heat Diffusion Insulated Heat Diffusion 
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Input data 

1) Somatic mutations 
• Based on TCGA samples 

• Totaling ~11.5K mutations from ~3K samples, 12 cancer types 

• Two mutation types: CNV, SNV 
 

2) Gene scores 
• 1st method: mutation frequency 

• 2nd method: MutSigCV 
 

3) Protein-protein interaction network 
• 3 networks used: iRefIndex, HINT+HI2012, MultiNet 

• Totaling ~180K interactions between ~16K proteins 

2    x    3   =   6 
network 

structures 

heat 
scores 

connected 
graphs 
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Steps in HotNet2 algorithm 

1) Insulated heat diffusion process – 
estimate how genes impact on each other in the network, according to heat scores 

 

2) Obtain significant subnetworks by removing gene relationships below a threshold 

 

3) Evaluate statistical significance 

 

9 



Insulated heat diffusion as a random walk 

• At each time step – nodes pass and receive heat from 
their neighbors, but also retain a fraction β of their heat 

• β determines the “laziness” 

• The process is run until equilibrium is reached 

 

Note 
• lazy walks (β>0) always reach equilibrium (see shortly) 
• when β=0 – equilibrium can be reached if the graph isn’t bipartite 
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Random walk on graph 

Lets start with the non-lazy case (β=0) 

 

example 

G = (V,E) 
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Random walk on graph 

Lets start with the non-lazy case 

 

example 

Define Xn = index of the random walk at time n: 
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Random walk with restart 
example 

The equilibrium varies according to β 

• Now – at each step we remain at the same vertex with 
probability β, or make a transition to one of the neighbors (equally) 
with probability (1- β) 

• For vi define pt - the row vector of probabilities that a random 
walk starting at vi reaches any of the other nodes after t steps 

 

Equilibrium distribution: 

Diffusion matrix: 

The stationary distribution at a node is related to the amount of time 
a random walker spends visiting that node 13 



Additional thoughts 

• The equilibrium distribution is unique (provable) 

 

• The matrix is invertible: 

– Eigenvalues between 0 and 1 

– Intuition: we require that the graph is connected 

 

 

Diffusion matrix: 
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Digging into β – localization parameter  

• β determines the localization of the walk – how far should the heat diffuse 

• Probability to reach a distance of at least x: (1- β)x 

• Goal of HotNet2 in choosing β: balance between the amount of head that 
diffuses from a protein to it’s immediate neighbors (N(v)) and the rest of the 
network 

 β1  < β2 
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Digging into β – localization parameter  

• Method: 

– Start with β=1 and decrease gradually 

– At the beginning – more heat on N(v) than rest of 
network 

– Inflection point is when the heat on the rest of 
network surpasses the heat on N(v) 

– Choose smallest β before inflection 

 β=0.3 

β=0.6 
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Scoring the nodes 

Diffusion matrix: 

Heat is conserved in the system 
(130+13+13 = 80+20+30+2+7+4+4+1+8) 

Heat vector: 

Exchanged heat matrix: 

- the amount of heat that diffuses from node vj to node vi on the network 
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Heat Scores in HotNet2 

• HotNet2 gives higher heat scores to genes mutated frequently 

• However, longer genes are more likely to be mutated 

 So, MutSigCV is used additionally 

 

Length Rank 
TTN – longest known protein 
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Steps in HotNet2 algorithm 

1) Insulated heat diffusion process – 
estimate how genes impact on each other in the network, according to heat scores 

 

2) Obtain significant subnetworks by removing gene relationships below a threshold 

 

3) Evaluate statistical significance 
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Obtaining significant subnetworks 

• We want to find groups of genes with significant impact on each other 

• Method: 

– Create a weighted directed graph H with all the genes as nodes 

– Connect two genes in H if  

– Identify all strongly connected components in H 

Diffusion matrix: 

Exchanged heat matrix: 

30 20 

2 4 

1 

4 

30 20 

4 

4 

30 20 

δ=0.5 δ=3 δ=5 
20 



Digging into δ – minimum edge weight 

• Guideline: choose δ s.t. HotNet2 won’t find large subnetworks using random data 

• Method: 

– Create 100 random networks by performing                   random edge swaps 

– Run HotNet2 on networks 

– Choose minimal δ s.t. all strongly connected components have size  

 

• Reminder: HotNet2 is run 6 times (2 scores X 3 networks) 

• Finally, a consensus network is derived 
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Steps in HotNet2 algorithm 

1) Insulated heat diffusion process – 
estimate how genes impact on each other in the network, according to heat scores 

 

2) Obtain significant subnetworks by removing gene relationships below a threshold 

 

3) Evaluate statistical significance 

 

22 



Statistical test for the results 

• Let the statistic Xk be the number of subnetworks of size ≤  k reported by HotNet2 

• rk – the number of subnetworks of size ≤  k in the consensus network 

• Note:                       Define 

 

• Calculate the empirical distribution of Xk by running HotNet2 on permuted networks 

– Permute the mutation frequency and MutSigCV scores, without changing topology 

– Note: this permutation doesn’t preserve correlation between gene’s heat and degree 
• “There is a correlation between the degree of a gene in an interaction network and its number of mutations” 

(Cui et al., 2007) 

 

• Our null-hypotheses are “rk conforms with the distribution of Xk” 

• Multiple hypotheses testing is done using FDR (Benjamini and Hochberg, 1995) 
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Statistical test for the results 

• Reminder:  

 

 

 

 

• We are interested in finding subnetworks of size between 2 and 9: 

 

 

• Method: is r2 ≤ 2E[X2]? is r3 ≤ 4E[X3]? is r4 ≤ 8E[X4]? …  

– Note: gamma values are picked s.t. we “prioritize” finding smaller subnetworks 
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Steps in HotNet2 algorithm 

1) Insulated heat diffusion process – 
estimate how genes impact on each other in the network, according to heat scores 

 

2) Obtain significant subnetworks by removing gene relationships below a threshold 

 

3) Evaluate statistical significance 
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HotNet2 Results 

• 16 significantly mutated networks 

 

• +90 genes not reported as 
interesting elsewhere 

 

• Linkers group includes genes 
that participate in more than 
one subnetwork 

 

• Known cancer pathways (e.g. NOTCH) 

• Recently researched pathways 
 (e.g. cohesin, condensin) 

26 



HotNet2 Results 

Cohesin subnetwork – none of the genes are mutated in 
more than 1.9% of the samples, but the subnetwork is 

mutated in >4% of the samples in each cancer type 

Cohesin  
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HotNet2 Results 

Heat map of co-occurrence / mutual exclusion 
4 pairs of complexes showed significant co-

occurrence at the same samples (P<0.05) 

 The power of a pan-cancer analyses  
Mutual exclusivity and co-occurrence 
within individual cancer types (P<0.01) 28 



Summary of results 

• Many classic cancer pathways recovered (e.g. TP53, NOTCH) 

• Extensive cross-talk between these pathways (via linker genes) 

• Pathways whose role in cancer has only recently been appreciated (e.g. SWI/SNF) 

• Mutated subnetworks with potential roles in cancer (e.g. cohesin, condensin) 

• A pan-cancer approach revealed patterns of co-occurrence / mutual exclusivity 

• mutations are usually mutually exclusive   
 supports the hypothesis that pathways have distinct biological functions 
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HotNet2 Online 
• Online simulator available 
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HotNet2 Online 
• The code is on github 
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To be continued… 

• Since publication few of the published genes cropped up in other studies 

• The condensin subnetwork drew a considerable interest 

• Research group showed interest in doing a mouse model of the condensin mutants 
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Discussion 

• The results are limited by quality and quantity of the data: 

– Mutation samples 

– Interaction networks 

– Gene scores 

• It is known that PPI contain false positive interaction 

• Use weights on the PPI according to confidence of interaction 

• Use “negative” heat scores for known passenger mutations 

– Insulated diffusion with “matter” and “anti-matter” 
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Thank you 
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• Insulated heat diffusion 

• Retain some of own heat and diffuse the 
leftover heat 

 

 

 

• Incorporates direction of heat travelled 

– A to B ≠ B to A 

– Record heat transfer separately 

• Heat diffusion 

• Diffuse all heat away 

 

 

 

 

• Ignores direction of heat travelled 

– A to B = B to A 

– Use least amount of heat transferred for 
both directions 

HotNet2 vs. HotNet 
HotNet HotNet2 

A B A B 
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HotNet2 vs. HotNet 
HotNet HotNet2 

Input 

Subnetworks output 

Input 

Subnetworks output 
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HotNet2 vs. HotNet 
HotNet HotNet2 

Input 

Subnetworks output 

Input 

Subnetworks output 
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Additional thoughts (2) 

Random walk with restart: 

• What would happed if we changed      ? 

Random walk with teleportation: 
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Random walk with teleportation is PageRank 

• “The PageRank Citation Ranking: Bringing Order to the Web” (1998) 
 by Lawrence Page , Sergey Brin , Rajeev Motwani , Terry Winograd. Stanford InfoLab 
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Random walk with teleportation is PageRank 

• Intuition: 
– Topology of the network = links 

– Heat score = individual significance of page 

 

• Originally β = 0.15 
– “people usually use links while browsing (85%), 

but sometimes type in URLs (15%)” 

 

• Equilibrium is reached more easily when 
β  1, but this is less realistic 

 

• Significant computational challenge 
– Matrix of (109 x 109) 
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Statistical test for the results 
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