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RECAP

Expression-based network inference aims to infer
regulatory networks from expression data

Per-gene and per-module based methods

Probabilistic graphical models are powerful
representations of regulatory networks

— Different PGMs encode different types of statistical
dependencies

Bayesian networks: DAG, CPD, Joint probability
distribution



An example Bayesian network
P(C=f) P(C=t)
0.5 0.5

C | P(S=f) P(S=t) C |P(R=f) P(R=t)
0.5 0.5 m @ f| 08 02
09 0.1 t | 02 08

S R [P(W=f) P(W=t)
Ff | 10

tf | 01 09
ft | 01 09

tt 0.01 0.99

Adapted from Kevin Murphy: Intro to Graphical models and Bayes networks:
http://www.cs.ubc.ca/~murphyk/Bayes/bnintro.html



Compute probabilities using a Bayesian

network
Whatis P(C=f,R=t,5=f,W =1)

P(C=f) P(C=t)

Bayes net allows us to write C | P(S=f) P(S=t)
P(WI|S,R)P(S|IC)P(R|IC)P(C) f | 05 05
t 0.9 0.1

Plugging in the assignments for the variables:
PW=t|S=f,R=t)P(S=f|C=f)
P(R=1|C = f)P(C = f)

Looking up in the CPD

05 0.5

C |P(R=f) P(R=t)l

fl 08 0.2
0.2 0.8

P(W=f) P(W=t)

0.9*0.5*%0.2*0.5
SR
=0.045 ff
tf
ft

tt

1 0
0.1 0.9
0.1 0.9

0.01 0.99
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Hotl1:

Sko1:

Hsp12:

Bayesian network representation of a
regulatory network

Hot1 Sko1

Inside the cell

HSP12

v

PO

. Random variables

0006

REGULATORS (PARENTS)

P(X;) P(X>)

P(X5/X;,X5)

TARGET (CHILD) @

Bayesian network
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Sparse candidate algorithm

Input:
— AdatasetD
— An initial Bayes net B,
— A parameter k: max number of parents per variable

Output:
— Final B,
Loop for r=1,2.. until convergence

— Restrict
* Based on D and B,_; select candidate parents C" for X;
* This defines a skeleton directed network H,

— Maximize
* Find network B, that maximizes the score Score(B,) among networks
satisfying r r
Pa’(X;)! C!

Termination: Return B,
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Sparse candidate learns good networks faster

than hill-climbing
7/$$8*%9"66%:6";5",<%-)0$+
6&,<$/%-&%/$):9%)%9"<9%-
5)*$+"), ,$-.&/0

_52 T T T T T T T T /
-52.5
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Greedy HC
Disc 5 -+
°3.5 1 Disc 15 - ]
Score 5 ¥
Score 15 13-
Shid5 --=--
eq b b4, ., Shid1S --o-
O 200 400 600 800 1000 1200 1400 1600 1800 2000

Time

I"H$%8& %6 ()*$+"),%,$-.&/01%233%4)/")56$+



Some comments about choosing candidates
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| Find regulators for an entire module

" Assume genes in the same module have the same
regulators

' Module Networks (Segal et al. 2005)
| Stochastic LeMoNe (Joshi et al. 2008)
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Some notation for a Module Network

| N I"HS%& (") +,- X = {X1,448X N}
Ll 9%0'&%$1+, (") + M. M,

| 206$1+,"--)3#&, #I-' Al4"-5,6)0),-/4,
8%$1+(1-t0-K) 0%:!","64X

| 789'5,I'8&%$1+,P(M |Pay,), Pay; ",'5"! #-
%0'8%$1 M)

BAC) X M, 44, 8, BYHS) ) Yot +
$)-/1)*1/) Yot
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Score of a module network

o "HBU&!(&)*"+,-. &/'S/&™0'.'1.28/3.(
/4"+&
P(S,A | D) %P(A)P(S|A)P(D | S,A)

5+3"+/ 6.).'%3,&%37""#
scordS,A : D)=
logP(A)+ logP(S| A)+ logP(D | S, A).
| _— | +83(.%'%63,8%637""#

5+3"+/
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logP (D|S,A)=1log P(D|S,A,!)P(!|S,A)d!
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Fq
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Defining the likelihood

X7 = {Xi € X]A(X3) = j)

456,57))+%)+$,3  Lj (Pawm, XL D)

| D|
H H P(z;[ml|pa,,, [m],! ;)

KI'H$%&! (")*"%)+$,-."XI ' 06)+$,"  Pay; /0(#1-")*"%)+$," 2 3
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Input:
D // Data set
K // Number of modules
Output:
M // A module network
Learn-Module-Network
Ao = cluster X into K modules
S = empty structure
Loopt=1,2,... until convergence
S = Greedy-Structure-Search(Ac_1,S_1)
A: = Sequential-Update(Ai_1, Q);
Return M = (A, Q)
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Input:

D // Data set

Ao // Initial assignment function

S// Given dependency structure
Output:

A /[ improved assignment function
Sequential-Update

A= Ag
Loop
Fori= 1ton
For | = 1toK

A' = A except thalA'(X) = ]
If "Gy , A'#is cyclic, continue
If scordS,A' : D) > scordS A : D)
A=A
Until no reassignments to any ¥f, ... X,
Return A
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Module 3 values are modeled using Gaussians at each leaf node
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Test Data Log Likelihood (per instance)

750 - -+ -25 —&-50 .~‘.. ~\~’
—&-100 =200, = T T ttee-e-allL... . .
—=—500 =

(0]
o
o

0 20 40 60 80 100 120 140 160 180 =20cC
Number of Modules

I"#3$%&'()%*+,)%-),-).)(*.%.')%01%*-"('(2%3"*"



"H#$%"&'($) (*&+,-(./&0#/0&."

90

80 -

70 -

— K —
- — -_— .
- _—~—
—
—
—
-
—

60 - —= - 50

50 -

40 | |

30 -

20 -

Recovered Structure (% Correct)

TN -
- - .
- -
e —

10

O T T T T T T I I I !
0O 20 40 60 80 100 120 140 160 180 200

Number of Modules



" HBEY&' B()*(+*, (- #/%)'0(123% (*4/&3"™
/5"1/33$()*-&'&

Regulator -

Pre-processing selection

Data selection

Candidate regulators Expression data

________________________________________________________________________

Clustering

Regulation Gene partition |«

program learning

Gene
reassignment to
modules

v
Functional modules

Module network

procedure | T TS e

Modules Motif Annotation

£ = search y analysis

5 .

= h_F- R Graphic presentation

o b

o KMt

e Hypotheses & validation

c

<

Conditions
Post-processing

I"#$%&" &PW&(&","- (&/01 (&2%$'3-"&."4"50/&6778



"HEYHE' (VF+(,-$*-

"#$"%%8&. ()
*$m-)
$"+$"%" (& (#)
$,-"%)".)

{ R‘P‘ .)

CHK1 <

$"H#,-1*&(

GAC1 A

uuxuvm *

Oxid. Phosphorylation (26,5 x10°)

Mitochondrion (31,7 x 10"")
Aerobic Respiration (12, 2 x 1077

TR L q

$/*)0,-$1,.23#

d

-500 -400-300 -200 -100
I I

- s +
—
e V3
3
+
4
.t
. =
+ +
= -
-
) -
5
3 3
s
=
+
Y
i)
" S -
-
r 4 - +
L2
-
S —
8
—
B B I
R 1
+ H+
L e
5 4
. T
+ $
= B
-~ 3
+
-8
ra—
T —
&

M HAP4 motif

;?CC¢CCAA;$A~9_

B STRE (Msn2/4) motif

Ic;A



Amino acid
metabolism

Energy
and cAMP

signaling

DNA and RNA
processing

Nuclear

"#$%" &' ()*&
#+8& #-")/

HSY68 () (+11" (" + 8" &
").&,(10*&(+"11",

" *§1$%0."*

" 23,#3,1('3.&(!".3)

O Module (number)
C_DRegulator (signaling molecule)

D Regulator (transcription factor)
Inferred regulation
Regulation supported in literature

)

!

|

| Enriched cis-regulatory motif
O Experimentally tested regulator




Application of Module networks to
mammalian data

| Module networks have been be
applied to mammalian systems —
as well | =
Il We will look at a case-study in ik
the human blood cell lineage "
| Dataset i
" Genome-wide expression levels 1
in 38 hematopoietic cell types 0= o Sa S
(211 samples) | oy iy
" 523 candidate regulators = g
(Transcription factors)

Human hematopoetic lineage

Novershtern et al., Cell 2011
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An HSCs, MEPs, and Early Erythroid-Induced
Module

PBX1, SOX4 need to be high and MNDA
need to be low for the highest expression

of these genes

Module genes

ool R

L



Other key points from this analysis
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Extensions to module networks
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I Cannot model cyclic dependencies
| In practice have not been shown to be better
than dependency networks

" However, most of the evaluation has been done
on structure not parameters

I Directionality is often not associated with
causality

" Too many hidden variables in biological systems
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