Introduction to Systems Biology
(and why you should care)



Module logistics

Network analysis in systems biology (Lecture
3/21, Lab 3/23)

High-throughput sequencing data (Lecture
3/28, Lab 3/30)

Network inference and modeling (Lecture 4/4,
Lab 4/6)

Machine learning in systems biology (Lecture
4/11, Lab 4/13)



Module logistics

Lectures will focus on conceptual overview of goals and
methods

Labs will include didactic material interspersed with
exercises

Weekly homework will involve extension of lab exercises
(due the day of the following lab session)

Grading is pass/fail and based on attendance and
homework completion



Introduction to Systems Biology
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3/21/2017



What is systems biology?

(and what can it do for me?)



“IA]sk five biomedical researchers to define
systems biology, and you’ll get 10 different
answers . ..or maybe more”

--Christopher Wanjek



“IA]sk five biomedical researchers to define
systems biology, and you’ll get 10 different
answers . ..or maybe more”

--Christopher Wanjek

“[A] scientific approach that combines the
principles of engineering, mathematics, physics,
and computer science with extensive experimental
data to develop a quantitative as well as a deep
conceptual understanding of biological
phenomena, permitting prediction and accurate
simulation of complex (emergent) biological
behaviors.”

--Dr. Ron Germain



Can a Biologist Fix a Radio?

Lazebnik, Y. Cancer Cell 2002
(slides via Michael Wolfe)
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Lazebnik, Y. Cancer Cell 2002
(slides via Michael Wolfe)



U-Mic Ric

Mic

“The first thing a biochemist would do with a radio would be to stick it in a Waring blender”
-Prof. Phil Andrews

Lazebnik, Y. Cancer Cell 2002
(slides via Michael Wolfe)
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Sound expression

Lazebnik, Y. Cancer Cell 2002
(slides via Michael Wolfe)
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Guiding principles of systems biology

Draw from physics and engineering to obtain
guantitative descriptions

Aim to describe and predict biological
behavior

ldentify organizing principles and minimal
functional examples of common biological
motifs

Emphasis on connections of components as
well as their individual behavior



Example in action: discovery of
microRNA tar ets

Pre-analysis using published data

P I N g g Aepgeche g
\ k
High-throughput Experimental Approach |
|
: o
+ miRNA over expression
+ miRNA inhibition |
" |
Control cells Sample cells |
+ I
I
High-throughput analysis
* Transcriptome Computational Approach

* Proteome
* |P-based approach

e Statistical analysis

l ¢ Data normalization

JA——

’ Preliminary gene list ’

¢ miRNA target predicton
* Functional analysis
(e.g., GO, pathway analysis)

‘ Further validation analysis I

l e Database construction
’ * Data registration

Watanabe and Kanai, (
Front. Genet., 23 June 2011

Biological findings
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Example in action: discovery of
microRNA tar ets

Pre-analysis using published data

High-throughput Experimental Approach

+ miRNA over expression
+ miRNA inhibition

Control cells Sample cells

\

High-throughput analysis

* Transcriptome Computational Approach

* Proteome
* |P-based approach

¢ Data normalization .
e Statistical analysis
€ —>

’ Preliminary gene list ’

¢ miRNA target predicton
* Functional analysis
(e.g., GO, pathway analysis)

‘ Further validation analysis I

l e Database construction

Watanabe and Kanai, (

; - . * Data registration
Biological findings

JA——

Front. Genet., 23 June 2011

Follow-up
experiments



Organizing principles of
biological networks



The lac operon, viewed four ways



The lac operon, viewed four ways

Glucose

U | exhausted

[J

¥

H*

> \

O Lactose

catabolism

Time

Microbiology



The lac operon, viewed four ways

lac operon

W N

lacA Terminator

Genetics



The lac operon, viewed four ways

The lac operon:

promotes RNA

polymerase binding

Molecular biology

Promoter
|
CAP site Operator | lacZ | lacY | lacA
/N
_ | blocks RNA
polymerase
Repressor
CAP
RNA Polymerase

(Image from Khan Academy)



The lac operon, viewed four ways
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The lac operon, viewed four ways
(CAME;
(CRE>

lacZYA

Graph theory



The lac operon, viewed four ways
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Network motifs yield specific
biological functions

e e e D D
D I s I

(U. Alon, An Introduction to Systems Biology)



Network motifs yield specific
biological functions

0\ 0
/ e /N
e o "
Feed-forward loop 3-node feedback loop
(cycle)

(U. Alon, An Introduction to Systems Biology)



Network motifs yield specific
biological functions

How do we find over-represented network motifs?



Network motifs yield specific
biological functions

How do we find over-represented network motifs?

‘Real’ Network Randomized n§tw0rk
(Erdos — Reny1 model)

N=10 nodes N=10 nodes

E= 14 edges E= 14 edges

Es=4 self-edges Es=1 self-edge
(U. Alon, An Introduction to Systems Biology)



Example: Comparison of two 3-node
network motifs

0\ 0

/ e /N
e o "

Feed-forward loop 3-node feedback loop

(cycle)

(U. Alon, An Introduction to Systems Biology)



Example: Comparison of two 3-node
network motifs

SN

@

Feed-forward loop 3-node feedback loop
(cycle)
__[Feed-forwardloop __|3-node Feedback loop
E. Coli 42 0
Random network 1.7 +/-1.3 0.6 +/-0.8
Degree-preserving 7+/-5 0.2 +/-0.6

random network

(U. Alon, An Introduction to Systems Biology)



Different feed-forward loops
implement distinct functions

Ctl C2 C3 C4 I 12 13
—X X - X !,_)'( -——)'( o X — X
Y - , A Y - \
Y Y S Y Y Y
\ v - - - M
»Z 4z Yz Bz »Z HZ W42

(Mangan et al., JIMB 356:1073-1081, 2006)




Different feed-forward loops
implement distinct functions
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Type 1 coherent FFLs
implement delays

Sx

X
v S

=

Z

(Mangan and Alon, PNAS 2003)
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Type 1 coherent FFLs
implement delays

| [ — ]
Sx Input Sx
;\S\’ 1]
Sy .
Simple
FFL

Time [Life Time]

(Mangan and Alon, PNAS 2003)




An aside: Numerical models
in systems biology

1 input X
< 0.5/ H

= ; 5.» \ C:ascade
NOST N
0 |

0 2 4 6 8 10 12 14 16 18 20
time

(Shen-Orr et al., Nat. Gen. 2002)



An aside: Numerical models
in systems biology

0 2 4 6 8 10 12 14 16 18 20
time

. —F(X,T,)—aY

(Shen-Orr et al., Nat. Gen. 2002)



An aside: Numerical models
in systems biology

z 1] output Z \
£ 05} \
| N l S
output S S S S Ty Sy
0 2 4 6 8 10 12 14 16 18 20

time

Rate of change _—7 dt — F( \ :le) —aY —— gfe\g(radation rate
in [Y] ‘\

Threshold on X value
(Shen-Orr et al., Nat. Gen. 2002)



An aside: Numerical models
in systems biology

Input 1 input X
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(Shen-Orr et al., Nat. Gen. 2002)



Type 1 coherent FFLs
in a real regulatory network

cAMP

5 o~

~ CRP
Lactose, IPTG

Y

:

araBAD /
lacZYA araFGH

(Mangan et al., JMB 2006)



Type 1 coherent FFLs
in a real regulatory network

Activation
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(Mangan et al., JMB 2006)



Type 1 coherent FFLs
in a real regulatory network

De-activation
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(Mangan et al., JMB 2006)




FFLs in regulation of
glycogen synthesis

Insulin

© : phosphorylates
<> : dephosphorylates
Activates
Represses
—>» : activates Protein
—|: Fepresses




Changing the logic at the promoter
alters behavior

Coherent Type 1 AND Coherent Type 1 OR
X 1F3 '

Input Sx Input Sx
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Time [Life Time] Time [Life Time]

FFL

(Mangan and Alon, PNAS 2003)



Changing the logic at the promoter
alters behavior

ON STEP
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Incoherent FFLs allow rapid response

or transient bursts
Incoherent Type 1 AND Incoherent Type 4 AND

X 1 ] 1 [ ——— s .
| Input Sx
Y
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7 Time [Life Time] Time [Life Time]

Simple (Mangan and Alon, PNAS 2003)



Incoherent FFLs allow rapid response

or transient bursts
Incoherent Type 1 AND Incoherent Type 4 AND

l
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Simple (Mangan and Alon, PNAS 2003)



FFL-accelerated response in
biological context
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(Mangan et al., JMB 2006)



Single-input modules (SIMs) allow
coordination of large regulons

(Alon, Nat. Rev. Genet. 2007)



Single-input modules (SIMs) allow
coordination of large regulons

0
-

(Alon, Nat. Rev. Genet. 2007)



Single-input modules (SIMs) allow
coordination of large regulons
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(Zaslaver et al., Nat. Genet. 2004)




Dense overlapping regulons
enable combinatorial control

X, X, X, X,

V\
1N /\\/\\“

VA

3 4 m

rpoS ada oxyR ihf Irp hns rcsA nhaR crp fis

alkA katG dps osmC ftsQAZ nhaA proP

(Alon, Nat. Rev. Genetics 2007)

Nature Reviews | Genetics



Dense overlapping regulons
enable combinatorial control

|
X X,
A
V4 Z Z,

Two-output
Bifan P

Feed-forward loop

(U. Alon, An Introduction to Systems Biology)



Dense overlapping regulons
enable combinatorial control

X, X, X, X,

V\
1N /\\/\\“

VA

3 4 m

rpoS ada oxyR ihf Irp hns rcsA nhaR crp fis

alkA katG dps osmC ftsQAZ nhaA proP

(Alon, Nat. Rev. Genetics 2007)

Nature Reviews | Genetics



Circuit diagram of the E. coli
transcriptional regulatory network
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Standard display of the same network
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Network motifs in other biological
networks

Sensory transcriptional regulatory networks:
* Coherent and incoherent FFLs

* Single-input module

* Dense overlapping regulons



Network motifs in other biological
networks

Sensory transcriptional regulatory networks:
* Coherent and incoherent FFLs

e Single-input module

* Dense overlapping regulons

Additional motifs in other network types:

* Feedback loops

* Long sighaling cascades

* Multi-input FFLs




Network motifs in other biological

networks
Feedback loops
Double-positive Double-negative
feedback loop feedback loop
X —— Y X |7—| y
X —— Y X |74‘|/Y
z Z
X Y z X Y z
Steady-State1 ON  ON ON Steady-State 1 ON OFF OFF
Steady-State 2 OFF OFF OFF Steady-State2 OFF  ON ON

(U. Alon, An Introduction to Systems Biology)



Network motifs in other biological

networks
Feedback loops
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(U. Alon, An Introduction to Systems Biology)
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Network motifs in other biological
networks

C. elegans somatic nervous system

chemosensory mechanosensory thermosensory nociceptive
_ volatile gentle touch
AWB AWC AVM . PV AFD AS
. —
sensory harsh touch 37~
neurons
PVD
inter- |
neurons
¢ head RMD
motor H— VB
muscles «[ el ™

(Fang-Yen et al., Phil. Trans. Royal Soc. B 2015)



Network motifs in other biological

networks

C. elegans somatic nervous system

z=15.9

z=15.3

1

%

14.4

z=14.1

z=12.6

z=12.1

(Qian et al., PLoS One 2011)
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Network motifs in other biological
networks
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(Qian et al., PLoS One 2011)



networks

Mitochondrial metabolic networks from various eukaryotes

Network motifs in other biological
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Many biological networks show
scale-free organization

(a) Random network (b) Scale-free network

(Image from Carlos Castillo)



Many biological networks show
scale-free organization

A

P(k) ~ kv

K>
k

Random Network s
Randomly chosen node: k = (k)+ (k)

Scale: (k) (Albert Barabasi,

Scale-Free Network Network Science)

Randomly chosen node: k = (k) + oo
Scale: none



Many biological networks show
scale-free organization
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Biological
networks are
often modular

(Resendes-Antonio et al.,
Trend. Genet. 2005)
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Network Layout Complete Iayout

Biological

MEG1 £ty P
MEG1 & 001 200m ' ~' & i'_,,
networks are & ., ominate | B¥e o 5w
" ________ k \‘ —) .03‘\| ':.02 ) ' ‘ C s
often modular = w=@ws ¢ J s

11 neuronal
/ 7 animal specific

4 proteasome 1 signalin
/ g g

e

12 lipg 5 cell cycle

metabolism
/

/'

3 energy

generation 6 general

transcription

(Stuart et al., .
Science 2003) 10 secretion T 2 rlboson?e

biogenesis
8,2 translation

9 ribosomal subumts initiation & elongation




Biological networks are robust

“A biological system is robust if it continues to
function in the face of perturbation”
--Andreas Wagner, Robustness and Evolvability in Living Systems



Biological networks are robust

U C A G

ucu Ser Tyr uGuU Cys

ucCcC Ser UGC Cys
UUA Leu UCA Ser A A 3 A 3
UuUG Leu UcG Ser L H
cuu Leu ccu Pro CAU His CGU Arg
cucC Leu CCC Pro CAC His CGC Arg
CUA Leu CCA Pro CAA Gin CGA Arg
CuUG Leu CCG Pro CAG Gin CGG Arg
AUU lle ACU Thr AAU Asn AGU Ser
AUC lle ACC Thr AAC Asn AGC Ser
AUA lle ACA Thr AAA Lsy AGA Arg
AUG Met ACG Thr AAG Lys AGG Arg
GUU Val GCU Ala GAU Asp GGU Gly
GUC Val GCC Ala GAC Asp GGC Gly
GUA Val GCA Ala GAA Glu GGA Gly
GUG Val GCG Ala GAG Glu GGG Gly

Acidic Amide
Alkyl - Aromatic
Alkyl Basic

Hydroxyl containing

Sulfur containing

P

(A. Wagner, Robustness and
Evolvability in Living Systems)



Example:
Central
carbon

metabolism
of E. coli

Of 48 reactions, only 7
essential;

2/3 give less than 5%
growth defect

(A. Wagner, Robustness and
Evolvability in Living Systems)
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Example: Central carbon metabolism
of E. coli

(A. Wagner, Robustness and
Evolvability in Living Systems)



Robustness enables
evolutionary capacitance

a 'S G k -
(«(\0 B =g I(Ar

(Von Dassow et al., Nature, 2000)



Robustness enables
evolutionary capacitance

YPD pH 6.8 YPD pH 6.0
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(True and Lindquist, Nature, 2000)



log, # significant nulls
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Robustness facilitates rapid evolution
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Biological networks...

* Show enriched functional motifs
* Are highly modular
e Often have scale-free organization

 Are robust to internal and external
perturbation

... and we can use our understanding of the
behavior of network components to understand
the behavior of the whole



Additional reading

* An Introduction to Systems Biology — Uri Alon

* Robustness and Evolvability in Living Systems
— Andreas Wagner

* Physical Biology of the Cell -- Jane Kondev,
Julie Theriot, and Rob Phillips



