P IIII———————.
Fizikuskent a rak ellen

Kovacs Istvan

Northwestern University



— Fizikusokarakellen

* Uj kisérleti mddszerek kidolgozasa (MRI)

» Terapiak fejlesztése (sugarterapia)

e Szovetek fizikai perturbalasa (nanorészecskés flités)
* Adatelemzési moédszerek kidolgozasa

* Mechanizmusok feltarasa matematikai modelleken
keresztul

 Miaz ami nélkilozhetetlen és mit lehet elhanyagolni?
e Altaldban is, barmilyen komplex rendszerben...

Herbert Levine: Physics of cancer: https://www.youtube.com/watch?v=DsVMKqRVMTc&ab_channel=TAMEST 2



Stephen Hawking
January 23, 2000°



~ KomplexRendszerek

Definition from the book of Hiroki Sayama:

* Enigmatic example: human brain
e Several orders of magnitudes of space and time scales

 Complex structure and dynamics
 We hope to find organizing rules, guiding our understanding

* If nosuch rules: not “really” a “complex” system



e Human brain:
— ~86 billion neurons, >100 trillion connections

* Society:
— ~8 billion people

* Genetics:
— ~3 billion base pairs Functional insights
through:
e structural patterns
© WWW:  dynamical models

— ~6 billion pages e control







Proteins and their interactions are
fundamental building blocks

The basis to understand and predict:
- protein function

- complex disease mechanisms

- impact of mutations (edgotyping)
- drug effects

Huge search space of >200 million pairs

o—o

Nodes: proteins
Links: interactions




Statistical Inference

Compromise between:
- False Positives
- False Negatives

Feherje kolcsonhatasok merese

Proteome-Scale Human
Interactomics

Katja Luck,"?®* Gloria M. Sheynkman,"2* lvy Zhang, 23
and Marc Vidal'? 8



Hianyos informacio




Incompleteness

only a fraction of
links known

Missing links

Nagy zajos halozato

Noise

.c S0 N . ; 4 »
e G R ke
G
IR sﬁ:“?;‘.;;&i-‘/‘ﬁ:v {';'?E*(

i WO YA

Both missing and
false links

Study biases

Some nodes are more
completely mapped
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 What if we know only 20% of the edges?

— Matching ‘:ﬁ (o) ©

— Independent sets (@:I_O (@:I
— Diameter

— Clustering

— Community structure

— Controllability
— Dynamics

11



Konigsbergi hidak

OO
OO

Can one walk across the
seven bridges and never
cross the same bridge

twice?

1735: Euler’s theorem:

(a) If a graph has more than two nodes
of odd degree, there is no path.

(b) If a graph is connected and has no
odd degree nodes, it has at least one
path.



Halozati zavarok

Sahni et al., Cell 2015
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HIV SARS influenza Hepatitis C



A rak genetikai hattere

‘half of these key mutations driving cancer occur in genes that are not yet identified as cancer genes’

How to infer new disease genes, and target them with drugs?

15
Martincorena et al. Cell 2017;171;5;1029-1041.e21



: : : : L size

Phase transitions  #=-Y Jjoioi ~ ho;
(4,7) C

16



Hasonlo adatok és kerdések




Genetikai kolcsonhatasok

Synthetic lethality:

PARP1 - BRCAl

18
PLoS Comp. Bio. 13(7):e1005626 (2017)



Genetikai kolcsonhatasok

Synthetic lethality:

PARP1 - BRCAl

Olaparib

TP53BP1
therapeutic biomarker

Goal: capture genetic interactions between 2 and more genes — spin glass problem

First: significant overlap with bio-physical interactions
PLoS Comp. Bio. 13(7):e1005626 (2017)
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Hianyos halozatok

“Gentlemen, we have run out of money. It's
time to start thinking.”

— Ernest Rutherford

20



Triadic Closure Principle

no shared neighbors all neighbors shared
low similarity high similarity
Jaccard index =0 Jaccard index =1

Similarity ~ Connectivity ¢

21




Kolcsdnhatas joslas

olve®

22



Kblcsonhatas joslas

a SocialNetwoks b TCP Predicted Trend

A

>
>
>

TCP

=2 paths)
connection probability
>

(¢
7
\

Jaccard similarity

>

G. Simmel Soziologie 1908 |N; (N /|N: U N |
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a

TCP

Kblcsonhatas joslas

Social Networks b TCP Predicted Trend C Interactome Data
2 A 2
E 2. 1. A E
) < R ks 107 a,a, s,
< g 2 faa
'ES' N\ c A 2102 an 4
o X T—— Y 8 S s
Il c c
= 8 = > 3 -4 : ‘
Jaccard similarity 103073 102 107
>$< c@) Jaccard similarity
G. Simmel Soziologie 1908 IN: A N;|/IN: U N| Human Data, Rolland et al. 2014 Cell
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Egy pelda

Candidate partner is:

- similar to you?
Maybe...

- similar to your partners?
Yes!

3-steps (L3):
structural and

evolutionary reasons
26
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~3,000 tests

ISerietl elenorzes

Experimental Validation

7.8 E-5

T < 221
[Ty =u| =

Predictive Model:

o
©

Precision
o o
> ©

o
(¥

~90% precision

0
Known L3 CRA  RND
100 100 500 100 500 100

Biological methods using additional structural,
domain, sequence or evolutionary information: <5%

Guide and replace costly experimental screens
(fruit fly, yeast, arabidopsis)

28
I. A. Kovdacs et al., Nat. Commun. (2019)



Maps of real networks are highly incomplete.

RHGO1

GDIR1_BOVIN

Link prediction

1 O .
1 7?2 1 0 -1 O
-1 1 0 1 -1 1
o 0 1 ? 1 -1
-1 -1 0 -1 0 °?

Matrix completion

Legjobb médszer: Kvantum bolyongas

1908: G. Simmel

Triangle Closure: the friend of
my friend is my friend (3-
cycles)

Link Prediction=Triangle
Closure

* social networks

* recommendation systems
» cellular interactions

» food webs

* network evolution

Kovacs et al,
Biological basis of 4-cycles




Egy online jatek: Pardus

30



Szocialis halozat

friends
enemies

www.pardus.at
Connections between online gamers (Pardus — Michael Szell)



Pardus joslatok

50% cross-validation, directed predictions

Enemies Friends
1 1
0.8 :
c L3 c | : ; : :
@ w L2/TCP ® ; ; ; :
(&) (&) :
GLJ 04 o i o 000 g GLJ 04 : I o
o - a - L2/TCP
0.2 L . o B . . . . . 0.2 B T
0 i i i i 0 A A A A
0 100 200 300 400 500 0 100 200 300 400 500
rank rank
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Gyogyszer kombinaciok

Polypharmacy:

- 25% of people ages 65-69
- 46% of people ages 70-79
take more than 5 drugs

- patients frequently take >20
drugs for heart disease,
depression, insomnia, etc.

- annual cost of side-effects
> S177M

Impossible to test all combinations!

Charlesworth et al., 2015 Kantor et a”r” 2015



El6jeles haldzatok

No frustration: Social Balance Theory

friend of my friend is: enemy of my friend is: enemy of my enemy is:

my friend my enemy my friend
Strong balance:
Cartwright, Harary ‘56
Weak balance:
Davis ‘67

Real data is frustrated!
s it more frustrated than expected by chance? Yes!

34



Current Paradigm: Social Balance Theory

friend of my friend is: enemy of my friend is: enemy of my enemy is:
my friend my enemy my friend

New paradigm:

correlated anti-correlated

4 24 24 4
4 24 24 4

Magneses modellek, spin Gvegek 35



yogyszer kombinacio

Adverse Drug Interaction (-) All predict
Drug Combination (+) el

1

correct
08}

0.6 |

Precision

0.4r

0.2r

wrong
PO I N B

0 100 200 300 400 500 qj
rank Slgn

ongoing work,
99% sign accuracy!

F. Cheng*, I. A. Kovacs*, A-L. Barabasi,
Network-based prediction of drug .
~800 drugs' 17,000 interactions Combinations, Nat. Commun. 10, 119% (2019)



Essential

Nonessential

~18M pairs, 550k -, 350k +

Essential Nonessential
ExE ExN
NxE NxN

~1,000

~5,000

connected correlation function (Ursell)
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Precision

0
0

Existence

1000 2000 3000 4000 5000
Rank

Ongoing Experiments

Thuy Nguyen (Toronto)

Precision

0.8 |

0.6 |

0.4

0.2}

0
0

Sign Sign & Existence
1,
V’
0.8
/ 5 os|
K%
(&)
o I
{ 8 o
0.2 {/\\\
1000 2000 3000 4000 5000 00 1000 2000 3000 4000 5000
Rank Rank

Optimal: oracle performance (not all known)
L3: paths of length |=3

TCP: triadic closure principle, using paths of length [=2
Random: choosing pairs randomly
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Kvantum algoritmus

a) Quantum walk interference

LS S a
|Q>®\:/./\°> H, |1 [—]q®1—>/7\

Ancilla qubit and g e—zAt Ancilla
network input 1 > ® measurement

b) Measurement result

i Quantum Walk
e Up=e
s i § i i U(t) = e-HAt
O + L@ @ — L@ Hadamard Gate
. Ny ™y . Ny *y
0): 77 / [1): %7 / H| o= o+w
e—tAt | otiAt e—tAt _ ot+iAt 1) = 10) = 1)

In collaboration with the group of Yasser Omar, Lisbon
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Connected correlation functions:

~200x more trigenic:

182 double mutants: 91,111 tests

...out of 36 billion triplets

40



Connected correlation functions:
Coarse-graining (RG)

~200x more trigenic:

Double mutant

182 double mutants: 91,111 tests

Preliminary results: ~50% trigenic precision from 2-gene data!

Could be extended to more genes! »




Genetikai kolcsonhatasok emberben: CRISPR/Cas9

~360,000,000 combinations

Myers, Boone, Andrews, Moffat labs 2



'inx-2

'inx-5

'inx-6

'inx-7 ?
'inx-8

'inx-9 .
'che-7
'unc-9
'inx-10
'inx-11
'inx-12
'inx-13
'inx-17
'inx-18
'inx-19

IAK, DL Barabasi, AL Barabasi, Uncovering the genetic blueprint of the C. elegans nervous system, bioRxiv

Nem-euklideszi (“Minkowski) geometria — specidlis relativitas elmélet

'inx-1
inx-3
'inx-5
'inx-6
'inx-7
'inx-8
'inx-9
‘che-7
'unc-7
'inx-10
'inx-11
'inx-12
'inx-13
'inx-17
'inx-18
'inx-19




Northeastern University:
- Albert-Laszl6 Barabasi
Semmelweis University:

- Peter Csermely
Dana-Farber Cancer Institute:
- Michael Calderwood
- David Hill

- Marc Vidal

University of Toronto:

- Fritz Roth

- Charlie Boone

- Michael Costanzo

- Brenda Andrews
University of Lisbon:

- Yasser Omar

Pasteur Institute:

- Yves Jacob

- Anastassia Komarova

Northwestern University
sites.northwestern.edu/kovacslab/
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