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Topological Features of Cellular Protein Networks

 Degree distribution: scale-free or not  



 Over (or under)-represented network motifs

Milo, Shen-Orr, Itzkovitz, Kashtan, Chklovskii, Alon, Science, 2002 
Albergante, Blow, Newman, eLife, 2014

Motif:  A  graph pattern that appears much more frequently  

than would be expected in randomized networks
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Today’s Talk

 Difference in regulatory interaction between human cells/tissues 

 Hierarchical organization of the TF regulatory networks  
of human cells/tissues

 Motif counts for human cell/tissue specific TF reg. networks

Tran, Choi, Zhang, Nature Communications, 2013

Zhang, Tian, Tran, Choi, Zhang, Nucleic Acids Res., 2014



 41 cell/tissue specific TF regulatory networks for humans

Blood (7) Embryonic stem cell (ESC) (1)

Cancer (2) Fetal (3)

Endothelia (4) Stroma (14) 

Epithelia (6) Viscera (4) 

 Each has about  475 TFs and 11,200 regulatory interactions

 Derived from DNaseI footprint data and predicted TRANSFAC 

binding-site motifs.

Neph et al., Cell, 2012 

Dataset



Part I Difference in Reg. Interaction between Human Cell Types  
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Left:   Using the node-degree vectors of the entire networks (Neph et al., 2012)

Right: Using the node-degree vectors of a subnetwork around six STATs  



Rand Index 

The classification  A:          0.801

The classification  B:          0.856

Finding:

Wiring around a few TFs can 
distinguish cell identity well

 Both Neph et al (2012) and our studies suggest that 41 cell specific 

human TF regulatory networks  are different globally as well as locally. 



Part II Hierarchical Organization of human TF Networks   

The hierarchical structures  obtained using a vertex-sort algorithm (Jothi et al., 2009)

hESC has much less TFs in the top layer (6%),  much more TFs in the core layer (85%) 
than other cell types.



 A difference in the topological organization between human and yeast TF networks.

(40%)

(43%)

(17%)

Yeast                                        Human



Hub TFs* Essential TFs                        HK TFs

Top     Core     Bottom        Top     Core     Bottom         Top     Core     Bottom 

Blood (7)      
Cancer (2)     
Endothelia (4)      
Epithelia (6)     

ESC (1)    

Fetal  (3)      
Stroma (14)    

Viscera (4)      

The Enrichment (+) and Depletion () of Hub, Essential and Housekeeping (HK) TFs 

* Hubs:  top 20% TFs with the largest degrees 



Regulatory Interactions Specific to hESCs

 1509 interactions are specific to hESCs, involving 411 TFs

 The subnetwork induced by these specific interactions has 82 hubs

(top 20%, degree >11), only 35 are the hubs in the original network of ESCs.  

Red TFs are encoded 
by a gene with
a super-enhancer domain 



 The 82 hubs are enriched with the TFs encoded by the 1076 genes that

are overexpressed in hESCs (p-value < 1.6e-3) (Assou et al, 2007)

 The core transcriptional regulatory subnetwork for ESC reported

by Chen et al. (2008) is enriched with hESC specific regulatory interactions.  



 Currently, the existing regulatory interaction data are incomplete and noise

Part III Counting Motifs for TF Regulatory Networks  

Incomplete, noisy data

How to estimate the

occurrences of a motif

in the entire network?

-- Spurious link rate

-- Missing link rate

-- Number  of nodes

The entire network

 What is the size of the entire TF regulatory network N of a cell type?

 How many times does the feed-forward loop appear in the entire network N ?



Estimators for Error-Free Subnetwork Data 

M:  A graphlet with m nodes

G:  An entire network with n nodes

Gobs:  An observed, error-free sub-network (of G) with nobs nodes,

in which M occurs 𝑁𝑀
obs times

 𝑵𝑴 =
𝒏
𝒎

𝒏𝒐𝒃𝒔

𝒎

𝑵𝑴
𝐨𝐛𝐬Estimator:  𝑵𝐄 =

𝒏
𝟐

𝒏𝒐𝒃𝒔

𝟐

𝑵𝐄
𝐨𝐛𝐬

Stumpf et al., PNAS, 2008

Theorem  Assume Gobs  is obtained by uniformly selecting  nodes each 

with probability 0<p<1 in G. Then,

𝐸
 𝑁𝑀
𝑁𝑀

= 1 −  

0≤𝑗<𝑚

𝑛

𝑗
𝑝𝑗(1 − 𝑝)𝑛−𝑗 ,

converging to 1 fast as n goes to infinity. 



Missing link rate 𝑟−=
FN

TP+F𝑁

Spurious link rate 𝑟+=
FP

FP+𝑇𝑁
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1

1 − 𝑟+ − 𝑟−
𝑀

 𝑁𝑀 −  𝑊𝑀 𝑛, 𝑟+, 𝑟−, 𝑁𝑀′

Estimator  𝑵𝑴 from Incomplete and Noise Subnetwork Data 
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Validation for Unbiasedness and  Consistence 



Motif:   Feed Forward Loop

Model: ER  



Motif:   Feed Forward Loop

Model: Preferential Attachment 



Motif:   Feed Forward Loop

Model: Duplication  



 𝑁𝑀 =
𝑛
𝑀

𝑛ob𝑠

𝑀

𝑁𝑀
obs, r=1 − 𝑟+ − 𝑟−

Motif    Bias-corrected Estimator



Motif Bias-corrected Estimator



Embryonic stem cell has the smallest motif count relative to its network size

Promyelocytic leukemia blood cell has the largest motif count

The feed-forward loop count is about 10 times that of the feed-back loop. 

Blood cells 3,687 37,884 4,379,527 7,359,970

Cancer cells 2,738 30,122 2,862,215 6,267,987

Endothelia cells 3,160 35,314 3,844,161 6,877,606

Epithelia cells 1,896 19,901 1,858,957 3,238,587

Fetal  cells 3,088 33,782 3,660,840 6,498,027

Stroma cells 2,727 29,155 3,052,803 5,094,576

ES  cells 2,766 32,400 3,282,473 6,436,708

Estimation for Four Motifs in the Human Cell-Specific TF Networks 



Motif Counts for PPI Networks 

S. cerevisiae1 C. elegans2 H. sapiens3 A. Thaliana4

Total no. of proteins 6,000 20,065 22,500 27,029

No. of proteins examined 3,676 9,906 7,194 7,108

No. of interactions detected 967 1,816 2,754 4,890

Precision* 0.9400 0.8600 0.7940 0.8030

Sensitivity* 0.1700 0.0496 0.0950 0.1570

Missing link rate 𝑟− 0.8300 0.9500 0.9050 0.8430

Spurious link rate 𝑟+ 0.000008 0.000005 0.000002 0.000003

1 Yu et al. 2008
2 Simonis et al. 2009
3 Rual et al 2005; Venkatesan et al. 2009
4 Arabbidopsis Interactome Mapping Consortium, 2011

* Reported in 1-4



S. cerevisiae C. elegans H. sapiens A. Thaliana

CCSB estimate 18,000±4,500 116,000±26,400 130,000±32,600 299,000±79,200

Our estimate 15,000±2,700 122,000±16,600 214,000±32,200 376,000±45,600

Hart et al. estimate 37,800-75,500 154,000-369,000

Predicted sizes of four model interactomes

Hart, Ramani and Marcotte, 2006

S. cerevisiae C. elegans H. sapiens A. Thaliana

Our  estimate 53,000 6,263,000 10,270,000 10,697,000

Triangle density 1 × 10−6 5 × 10−6 5 × 10−6 5 × 10−6

Triangle counts for four model interactomes

The number of triangles in the human PPI network is 194 times that of the yeasts, 

3 times as large as expected.  



Summary

 Topological structures of 41 cell/tissue specific TF networks 

 Human ESC specific regulatory interactions

 Motif counting for the TF networks. 
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