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Objective

> Objective: Correlating molecular network
statistics and bioinformatics data with
clinical and patient statistics.

> Signaling Databases
> Patient Databases
> Mappings

D. Breitkreutz, L. Hlatky, E. A. Rietman, and J. A. Tuszynski, Molecular Signaling
Network Complexity Is Correlated with Cancer Patient Survivability, Proceedings of
the National Academy of Sciences of the USA, Jun 5;109(23):9209-12. Epub 2012

(2012) \




Introduction

Overall Goal: To look at cancer and chemotherapy in a
different way and to ultimately improve treatment.

Focus: Investigate a quantitative measure of the
robustness of cancer signaling pathways.

Cell biology normally focuses on individual components
and processes.

Network biology focuses on the interaction of all
components of a biological system.

Chemotherapy traditionally focuses on single targets.
Cellular processes are more complex than this.

We want to find a way to evaluate the effectiveness of
chemotherapeutics on a network level.




The Pharmacokinetic System

the ensemble of
drug particles
the interaction matrix

the medium




What is Systems Biology?

> ® Systems Biology - The study of the mechanisms underlying complex

biological processes as integrated systems of many interacting
components.

Systems biology involves:

(1) collection of large sets of experimental data

(2) proposal of mathematical models that might account for at least

some significant aspects of this data set,

(3) accurate computer solution of the mathematical

equations to obtain numerical predictions, and

(4) assessment of the quality of the model by comparing
snumerical simulations with the experimental data.




Molecular vs.
Biology

> In molecular biology,
gene structure and
function is studied at
the molecular level.

> In systems biology,
specific interactions of
components in the
biological system are
studied — cells,
tissues, organs, and
ecological webs.




From Systems Biology to
Computational Biology

Biological Systems are complex, thus, a
combination of experimental and
computational approaches are needed.

Linkages need to be made between
molecular characteristics and systems
biology results
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Biochemical Networks

At the level of cells communication is signal transduction
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Inside: cytosol
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pathways: G-proteins,
adaptors & kinases

Nucleus

Transcription
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gene expression




Sources of biological data

> information stored in the genetic code
(DNA)

> protein sequences

> 3D structures of biomolecules

> experimental results from various sources
> clinical data

> patient statistics

> scientific literature
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SEER database

> Surveillance Epidemiology and End
Results (SEER) at NCI

> Cancer patient statistics, among others




Chemotherapeutic agents’
interactions with targets

larget : a molecule whose interaction with
an anticancer agent will induce a cytotoxic effect

Targets are key molecules involved or required
for cell mitosis and/or survival

Conventional chemotherapy acts on dividing
cells only, but does not distinguish normal and
abnormal dividing cells

Targeted agents are designed to act on targets
which are specific for tumor cells
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Drug Binding: Inhibition of
Protein-Protein Interactions

Drug / Ligand

Protein

Cavity



CHEMOTHERAPY DRUGS

Approximately 100 standard chemotherapeutic drugs:

1) Alkylating agents: Genotoxic (20-25) Cispla
2) Plant alkaloids: Inhibition of mitosis (10-15) Paclitaxgi
3) Antimetabolites: Inhibition of base synthesis (15-20) Methotrexate
4) Antibiotics: Derived from Streptomyces (10-15) Doxorubicin
5) Targeted antibodies: Bind cell surface receptors (5-10) Trastuzumab
6) Hormones: Inhibit or stimulate hormone signaling (15-20) Tamoxifen
7) Directly targeted Imatinib

8) Other indirect effects: Angiogenesis or immune modulators (10-1Bbvacizumab

Number of current chemotherapy targets: 10*

Number of chemotherapy drugs: 102

Potential Targets (Pharmacogenomics): 103



KEY TARGETS: '

nitrogen mustards

fumagillin, TNP-470
nascidin 743 PRIMA-1, pifithrin a

wortmannin

UCN-01, SB-218078
debromohymenialdisine

caffeine
nitrosoureas iSOgranUlatimide
mitomycin C menadione (K3)
hydroxyurea ATM/ATR p33/MDM2 (R)-roscovitine (CYC202)
cytarabine . . Chk1 paullones, indirubins
. nucleotide excision
ant1folate.s repair Chk2 Vinca alkaloids*
5-fluoroura.c11 DNA synthesis Plk1 PD0166285 | taxol/taxotere
6-mercaptopurine CDC25 halichondrin*
FK317 — > HMGA spongistatin®
CDK1 Weet N
camptothecin———>topoisomerase | :e rhizoxin*
: Pint oo cryptophycin
podophyllotoxin,doxorubicinIﬂgoIrnerase I I tubulin | «—— sarcodictyin
etoposide, mitoxantrone polymerisation/ ;
(R)proscovitine (CYC202) I/ Ccdlii;Z depolymerisation mn
paullones, indirubins CDK4 kinesin Eg5 discodermolide
ODC/SAMDC i D-24851 ?
t .
flavopiridol //YY GSK-3 . N dolastatin*
AhR combretastatin®

polyamine analogues

paullones, indirubins

PD98059, U0126 //

PS-341 ——> proteasome

CT-2584 ———> choline kinase

MEK1/Erk-1/2
Raf

-

farnesyl transferase

/ tyrosine kinases

DF203

BAY-43-9006
Y-27632

rapamycin —> mTOR/FRAP R115777  gleevec
bryostatin, I_>KC412 —> PKC SCH66336 iressa
geldanamycin, 17-AAG ——> HSP90 0SI1774

monastrol

cytochalasins
latrunculin A
scytophycins
dolastatin 11
jasplakinolide

ATK, MAFP —> cytosolic phospholipase A2
trichostatin, FK228 ——> histone deacetylase
hexadecylphosphocholine —> phospholipase D
okadaic acid, fostreicin, calyculin A ——> phosphatases

Source: Cell cycle laboratory, L. Meijer, Roscoff, France

~80 drugs and drug candidates



Biological pathways are complex networks

s
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Physical interactions

Y2H, TAP, Co-IP, Protein chips,
ChIP-chip

- Physical interactions (protein-
protein / protein-DNA)

- Complexes

C. Elegans

[ETATE RIS ST ST e

Regulatory
networks
(ChIP-chip)

Protein interaction
networks (Y2H)

Biological networks: Gathering the knowledge

Functional interactions

Knowledgebases, Computational
predictions
- Functional interactions

- Pathways and functional ‘modules’
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Vs Networks may be analyzed using graph theory

Nodes represent e.g. proteins, genes or substrates

tolB
Links between nodes represent interactions e.g.
physical, genetic, biochemical

Analyses can be performed at different levels

T
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.. G Topological properties of networks

Global analyses of these properties over an entire network provide
insights into its organization

Many networks display small

O world / scale free behaviour (many
nodes with few connections; few
O nodes with many connections)
(K - 5) log P(k) A -
Node A interacts 7 P(k)~k”

with five other
nodes

One of the more
commonly used is

Node Degree

Log (Frequency)

N sk

log(Degree) log £

Scale free networks are thought to be more resistant
to disruption



: G Topelegical properties of networks
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@ Exploiting topelegical properties to detect cliques

Common patterns of local interactions may be exploited to define cliques

One method uses shortest path lengths to create a matrix of local connectivity's

o o, o o 0 0 0 -
o@ 01 3 3 2 0
Q) 0 e 1 0 2 2 1 @/\. 0
N\ —_— > N\
3 2[0 1 1
. e 3 21 0 1 0
0 <2 1/1 1 0 O

Other methods include use of clustering coefficients, or specialized graph
clustering algorithms

What do cliques represent ? (complexes, pathways, ‘functional’ modules)

Who are the main players connecting cliques ?



Concurrency in Biochemical Networks

Biochemical networks are also concurrent communicating systems. Pathways consist of
sequences of interactions which sometimes affect other parallel pathways. As an
example, consider two pathways involved in cell division. The Ras- Raf pathway which
triggers the cell division and the PI- 3K- Akt pathway which keeps the cell alive are both
triggered by the same growth factor. The sequences of interactions in both pathways run
concurrently with some interaction i. e. Akt inhibits Raf.

Growth factor receptor

Cell cycle pr&gression Survival

\. J/
Y

Proliferation successful: cell divides




Cancer Cell Network

Anti-growth factors
(e.9. TGFg)

Growth Factors
(6.9.TGFa)




Information available

Data base of drugs approved and investigational,
their mode of action, targets, applications in
cancer

Biochemical pathways (identify where drugs
inhibit them)

List of “druggable targets”
Methods of modeling networks and pathways



Robustness of Biological Networks

We want to know how resilient these pathways are to
chemotherapy.

How does the inhibition of an interaction effect function
of the entire network?

Robustness is the measure of how well networks
function under random perturbation.

Network robustness can be quantified as entropy.

Barakat (March 2009) PHYS 699



Graph Theory and Entropy

. A graph is a collection of nodes and edges.

- In this case nodes represent proteins and genes
while edges represent interactions between
them.

. The degree of a node is a count of how many
edges lead to or from it.

. Pathways were converted into graphs using R
and KEGGgraph.

- The entropy of these graphs is then given by
H = -2 p(k)*In(p(k)), where p(k) is the probability
that a node has degree k.

Barakat (March 2009 )



KEGG Pathway Networks

Kyoto Encyclopedia of Genes and Genomes (KEGG)

www.genome.jp/kegg

A highly comprehensive pathway network for some cancers
derived from extensive literature, textbooks, other database
and expert knowledge.

An R program, KEGGgraph, extracts the protein-protein
interaction network for the relevant pathway, producing an
adjacency list.



Analysis of Pathways

. The next step was to calculate the entropy of
each pathway.

- This was done using both R and Excel.

. After that, to draw useful information from
these entropies.

- We hypothesized that there should be a
correlation between entropy and lethality.

. The most lethal cancers should be the most
robust.



State node symbols

Protein pro¥en_nema

Receptor
-
(closed)
lon channel O
(open)

Truncated
protain
Gene name
e N\
RNA
lon @
Simple
molacule
Unkrnown -
Prencyps
Homodimer !
N stacked
symbols

R e ‘
prosein : proen_nama

Arc symbols

(Transit node and edges)
Stata transition —
Krown transition
cmitted —
Unknown transition eescmesememe e =

Bidirectional transition -~

Trarsiccation

Associaion

Dissociation

Truncation

Promoie
transiion

Inhibit
transkion

Acd reactant

Add product

AND

OR

e
—e
—<
I
—.|.>
o
%
A

Reduced notation symbols

Category-| reduced notation

Degradation ©—> ¢

Transcription

:..._.._.,D

T lat e e |
T

Module

Category-ll reduced notation (viewer only)

Activaion/
inhibition/

maodification

Rasidue ia
modification

=)

Node structure

(%) phoepherylatsd
() acetylated

@ ubquiirated
() methylated
&) hydrowylated

andeading O Q@ e oy oy

ampty
don'tcaw
() unknown
Complex corpkX_rams
state e
node @
ca
c4
Ce
Promctor
structure
for pene
Exon stuciure
for RNA

gena_name



General cancer pathway

PATHWAYS IN CANCER
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Acute myeloid leukemia

| acuTE MvELOID LEUKEMIA |
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Basal cell carcinoma

BASAL CELL CARCINOMA
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Bladder cancer
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Chronic myeloid leukemia
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olorectal cancer
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Endometrial cancer

| ENDOMETRIAL caNCER]

+p .
Hypermethylation— — weO—< [ MLH1
P . DNa
[ BAD | — —— M Cell survival O— —p IMicrosatellite
+p DNA instability
Fkhill

| +
P +r +p
I [ eF }—»[ cFR Givz | Sos | Ras |- Rar |w[ MEK | ERK |—— [ Emc1 | O— —# Cell growth & proliferation
I P DNa&
K-Ras MAPK signaling
I Cytokine-cytokine pathway
|
| [ axin | apc
v - -
R A e e T R
i junction DNa
™ i
. 1Y - p-ceexin}— — — — — — — — — /
Free [-catenin DN& Impaired G1 and G2 arrest
. Wit signaling ——Mm| 153 O——» Reduced apoptosis
Type 1 - endometrioid pathway damage DN& Genomic instability
(high grade)
Normal Endometrium
endometium
| Cell cycle
| [Hexziney] ErbB signaling
| (ErbB2) pathway
b4
Endometrial Impaired G1 and G2 arrest
intraepithelial dD NAe — —P O——m Reduced apoptosis
CarcInoma Genetic alterations amag DNa& Genomic instability
I Oncogenes : K-Ras, [i-Catenin, Her2ineu
+ Tumor suppressors : PTEN, pS3
Type II - serous
adenocarcinoma

05213 1/26/09
{c) Kanehisa Laboratories




melanoma

MELANOMA
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Non-small cell lung cancer
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Pancreatic cancer

| pancrEaTIc cancer |
Pancreatic ductal cell
Chromosome Unstable (CIN) pathway > Cyoskeleton
Normal duct - remodeling
| RacGEF)
= O — — — P Anti-apoptotic genes
|
| DHN&
|
: PKBl&kY Bad || [ Belxl |— % Cell survival
* —Apopwsis
I ® tic C&SP9 — — M Suppressed apoptosis
ancreal
| intraepithelial
neoplacia) +
! [oiex |
i — — - Proliferative genes
1
PanIN-1B |
| |
|
| Ral |
| [
I |
| —_— _/[
|
| PIPz Bcl-xl — = Inhibition of apoptosis O— — —p Anti-apoptotic genes
| < PBK —»O PKBIAK DNA&
| —»[ EGFR |~ ™~ VEGF siznling
I - IS pathway
Jakl
| . .
v ErbE signaling = O—— — — — —= Angiogenesis
PanIN-2 pathway JalSTAT signaling DN&
pathway
|
| Cell cycle
: CDKaw| *P
CyxlinD1
+ Genetic alterations -
PanIN-3 Oncogenes: K-Ras, HER2Mneu = ' . —— ¥ G1/S progression
I Tumor suppressors: plé, pS3, Smadd,
| BRCAZ D53 signaling DN& O ——p Karyotypic instability
| pathway damage "- 7w Impaired G1 cycle arrest
| DNa Reduced apoptosis
|
| ;lTGFﬁRIl L g - Loss of growth inhibito:
: TGFf > [Torpe| > Smad23 o ettects of TGER
TGF-[3 signaling -B RCAZ
| Smadd partsthway Radst
| OoO———m Fau}ed repair
v DNA of genes
Adenocarcinoma (dsDNA bresks)

0sz1z 23109
{c) Kanehisa Laboratories




Prostate cancer

| PROSTATE cancer |

Normal prostate epithelivm
|

Proliferative inflammatory

Prostatic epithelial cell

Genetic alterations
Oncogenes : AR
Tumor suppressors : CDKN1B,NKX3.1, PTEN

Hypermethylation — — mO
DN&

O — — P Genomic damage

DN&
p2?
Apoptosis S&i DKz | +p
~ g "L ]
1\_ — JR—— DN&
BAD ———p LR EZF O— —M G118 progression
— inhibition
PTEN - ‘
—_— Cell cycle 1 P53 signaling
»* pmgrez:ion [ Celleyrle ] ( pathway

atrophy
|
|
|
|
|
| O
| Carcinogens
|

Prostatic intraepithelial

neoplasia
|
|
|

Localized prostate
cancer
[or 1+

GFR

Impaired G1 and G2 arrest

52 f-»o——»

DN&

Reduced apoptosis
Genomic instability

]

1

2
P

O — — Cell proliferation
DN&
Testosterone
Androgen and estrogen | *P [ e |
T Bholiom SRDSA2 M 9 [ Res |—m[ Raf |—»[ MEK | e o .
| =L \ DN&
+ Dihydrotestosterone | . | ER{( | \ | mTOR l— — — —= Tumor growth
Metastatic N 74y
prostate cancer \\ ¥ —
B, | o S s ~o—p o cotpmitonin
i T target
and dihydrotestosterone) | Other ligands HSP DN& mrég
Androgen-independent

cancer

05215 1126109
{c) Kanehisa Laboratories




Renal cell carcinoma

| RENAL CELL carcmnoma |

———» Gz
Epithelial cell of proximal renal tubule baooicer] port ;
Proximal renal tabule P Gell ol proz. renal Tl 14 — Incressed nutrdents
| VEGF |~ oxyaen
- - »=O—p . .
I Hypoxia, Psevdohypoxia DN& TGF-[3 I - Angiogenesis VEGF signaling
pathway
[mFe}—< é FDGF ;
I | Normoxia A‘-"‘D‘.‘mw‘; .
~— N i - wrth - -
| Se » Degradation [ToFo] » 2o stimulation TGF-[ signsling
| +u | pathway
O — -
| O2 VHL Rbx1 | Ubiguitin mediated |
+ m = proteolysis
Eonginc | cuLz | v
Conventional {clear-cell) 5 iq witin L b )
renal-cell carcinoma EongiiB | E3 u?:loqnglpnlre\’g.\.gase Cell proliferation
Proximal renal tubule Epithelial cell of proximal renal tubule
I +D | GAB1 L > PI3K f=———— [ &kt | — & Survival
| T —
| ck —» csc —»[ Rap-1 |~ _ ———
HGF |—[ MET T — ——
I | | SHP2Z T — __ __ T Cell-junction
| TT— —— Migration
3 (o] __ > e

' Grbz2 |—»[ 508 |— [ Res Raf I—»[ MEK |—>.| ERK |—> () __
| S~

v

Papillary renal-cell
carcinoma {Type 1)

Proximal renal Renal collecting
tbule duct
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| ¥
r Collecting-duct

Papillary renal-cell carcinoma

carcinoma {Type 2)

Intercalated cell of
renal collecting duct
| |

| |

Oncocytoma Chromophobe
renal carcinoma

05211 1/26/09
{c) Kanehisa Laboratories

[ Ract ]

polaxi
! _..-_ > actin cymskelen:vn
ity

Cdc42

MAPK signaling
pathwray

Epithelial cell of proximal renal tubule

Epithelial cell of renal collecting duct PE0CEP)

ro—» (FESF}-
pra - [mEE}—

Hypoxia, Pseuvdohypoxia

-
— — —>¢— — g~ Degradation —
O +u
Fumnarate Oz [wHL | Rbx1 |
Eonginc| cuLz |
c le .
Malate itcate "y':
Mitochondrion

— —W 2rowth stmulation

A proliferation
Cell-cycle progression

(G ] — —» Sleose

Increased nutrents
— and oxygen

Angiogenesis VEGF signaling
pathway
Antocrine
TGF-[3 signaling
pathway
|
|

Cell proliferation

Intercalated cell of renal collecting duct epithelivm Genetic alterations

Oncogenes : MET

BHD ———»?

Tumor suppressors : YHL,FH,BHD




Thyroid cancer

| tHvrROID cancer |

Thyroid follicular epithelial cell

Normal thyrocyte
|
| .
|I 2 Res I—HBRAF}\*i +p Proliferati
—— ——m roliferation
| TRE_| [mEK —»[ ERK |- ———»O— — —p- PrOliferat
| BRAF +p DN&
¥
¢ — — — Papillary carcinoma
| MAPK signaling
| pathway
|
yroid fo epi ce
Thyroid follicular epithelial cell
| Normal thyrocyte
+P +p 5 .
I | Res | —»[ BRaF}—»[ MEK |—»[ ERK -—————— +O— — — - Proliferation
| DN&
: Follicular adenoma
| |
| |
| ionali .
I | PP!}E ai%anahngy Ligands O— —m= Proliferation
| ¥ DN&
| Follicular carcinoma
l |
|
| I Genetic alterations
I | Oncogenes : RET!PTC1,RETIPTCS,
| TRK (TRM3/NTRK1),
| | TRK-T1, T2 (TPRINTRK1)},
| | TREK-T3 (TFG/INTRK1),
N — BRAF, Ras i
v PPFP (PAXSIPPARY), f-Catenin DS3 signaling
: | pathwray
i : Tumor suppressors : pS3 DA . Gem&'nglinsnalgﬂity
— -74»— — mpaire cycle arrest
I : damage L DNA Reduced apoptosis
[
I : _-Dowmregulaton
d
e
I ECAD & ; [F-cateran] =:}—>mo—> — — % Proliferation
DN&  [CyclinD1
I | Ta
v i Incressed invesion | “dherens junction ey -
and cell motlity
Undifferentiated carcinoma

05216 1/26/09
{c) Kanehisa Laboratories




Small ce

Il lung

cancer

| sMaLL cELL LunG cancer |

Neuroendocring
epithelial cells

|
|
|
|
|
|
|
|
|
I
|
|
|
|
|

¥

Primary small cell
carcinoma

|
|
|
|
|
|
|
|
{
|
|
|
|

v

Metastatic
small cell carcinoma

05222 1126109
(c) Kanehisa Laboratories

Degradation

A

PIP3 P +p |
:@—»Mm.mml;ﬂ IKK | IxBo. |-~
g

Focal adhesion PTEN

/v -

DN&

Pulmonary nevroendocrine
epithelial cell RARD
O > R:XR #O— ——p  Tumour progression
FHIT 72— —p _Reduced apoptosis Retinoic scid DN&
: Cell-cycle progression
igrnaling Impaired G1 and G2 arrest
psg;t}igway dme——* O——-»  Reduced apoptosis
Qverexpression DN& Genomic instability
\>«
e B
p15 CDK46
Apoptpsis CyelinD i \\
s
-
Mitochondrion — ——w| CytC | FraR ey ;:p Cell eyele
CASPY pNAO L ; M ]
&paf-1 | CyclinE| 4p
| DN&
S Inhibition of EZF O— = G113 progression
apoptosis
Genetic alterations
Oncogene : Myc O pNa
Tumor suppressors : RAR[, FHIT, pS3, RE, PTEN
Myc
Max

——D' Proliferation

Resistance 10
apoptosis signal

COX

— — P Angiogenesis




glioma

De Novo pathway
Glial progenitor cell

Cytokine-cytokine
receptor interaction

e

Primary GBM
{Glioblastoma multiforme)

Secondary pathway
Glial progenitor cell
|

v

Low-grade glioma
(WHO Grade 1I)

v

Anaplastic astrocytoma
(WHO Grade 111}
|

Secondary GBIM
(WHO Giade I1V)

05214 1126/09
(c) Kanehisa Laboratories

Glisl progenitor cell
2
Pz Ca
Oo——| [Calciux?h signaling j [ MAPK signaling
pathway pathway
PLCy CAMEK

O—»[ pkc kk———f———————— —= Cell migration & mitosis
DAG \

DN&

v
she [ oz [ sos |—>| Ras | —m| Raf |—>| MEK }—>| ERK |— %O — — — 3= Cell growth & proliferation
PIP: =
PI3K_|—»O—] pKB.‘Am}—>| MTOR |— —= Cell survival

ErbB signaling -p 753

pathway N N
mTOR signaling
3 DN& Cell cycle

PTEN pathway
21
—
Oncogenes: EGFR,MDM2

DNa&

Glial progenitor cell PS3 signaling
pathway
Pz Ca’*
O— —= Calcium signaling MAPK signaling
( pathway pathway dD NAe —— O— — Reduced apoptosis
[camMK] A a0mag a a3 o
DN&
———————————— —= Cell migration & mitosis
I—W—ﬂ Raf }—>| MEK |—>| ERK | —————— —» O — — — M Cell growth & proliferation

DHNa&

Ce].l cycle

mTOR signaling
pathway

Genetic alterations DN&

Oncogenes: PDGF,PDGFR,CDK4

Tumor suppressors: pS3, Rb, PTEN

' o
Tumor suppressors: PTEN, IKN4a/ARF Sl
THNK44
D16 m QO — —® G183 progression

Impaired G1 and G2 arrest

enomic instability

CD Kaie
O— — #= G1/8 progression




Glioma Carcinoma Protein-Protein
Interaction Network

attribute
1956 EGFR both
4193 MDM2
1019 CDK4

3480 IGF1R
3265 HRAS
4893 NRAS
3845 KRAS

5159 PDGFRB




Calculating Degree Entropy

The second network topology metric we explored, for which we did find correlation
with 5-year survival probability, was network entropy, specifically degree-entropy,
which is simply stated as:

H == p(k)log p(k)
g 2)

where N is the total number of nodes in the network and p(k) is the degree (number
of incident lines) of node k (Wang, et al. 2006). In words, the degree-entropy
provides a measure of the network’s heterogeneity and complexity.



Calculating Betweenness-Centrality

Betweenness centrality, or just betweenness, is a network topological metric and a
measure of the centrality of a node, v,. Specifically, it is the sum of the fractions of

shortest paths that pass through v, . The relation is given by

cy)= 3 L) (1)

S#EV#L st

where o, is the number of shortest paths between two nodes (s,7) and o, (v) is the
number of those paths passing through v, (Newman, 2010). In other words,

betweenness centrality is a measure of the extent that a node lays on the paths
between other nodes. This is important because it may indicate the influence within
the network that this node plays in controlling information transfer between other
nodes.



cancer SEER nodes edges degree Bl B2 B3

AML 23.6 2.0998 60 170 5.533 2322 6688 3728
CML 55.2 2.1607 73 185 5.041 2885 4193 9846
colorectal 63.6 1.7994 62 104 3.3548 3845 5900 1499
glioma 33.4 2.2646 65 189 5.8154 1956 3480 5159
melanoma 91.2 1.6761 71 281 7.4648 4893 5604 5595
NSCL 18 2.3584 54 124 4.6481 3845 11186 595
renal 69.5 1.7691 70 109 3.1143 2549 5981 5594
SCL 6.2 2.212 84 219 5.2262 4792 5747 595
thyroid 97.2 1.4798 29 49 3.379 3265 4893 3845
bladder 78.1 1.668 42 46 2.1905 5605 5604 5595
endometral 68.6 1.8352 52 87 3.2308 2885 105 5170
basal 91.4 1.8768 55 310 11.273 2932 1499 2735
pancreatic 5.5 2.0501 70 137 3.9143 3845 10928 3716
prostate 99.4 2.4025 89 295 6.6292 2885 2932 207

Table 1. Cancer, survival probability, network statistics. Here,

H stands for degree-entropy; nodes for the number of nodes;

edges for the number of edges; degree for the average degree.
The symbols B1, B2, B3 indicate the Entrez ID’s for the top

three betweenness centrality nodes, respectively.
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Main Result:

Pathway Network Degree Entropy vs. Survival
(correlation R? = 0.702)
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Preliminary Work in Progress:
Metabolic Entroov and Others
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Entropy

Change in Entropy of the Prostate Pathway due to Random Removal of
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Change in Entropy of AML Pathway due to Random Edge Removal
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Change in Entropy of CML Patway due to Random Edge Removal
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A possible correlation between entropy and lethality is seen.

These survival rates however, take into account all methods of
treatment.

To improve both the reliability and clarity of this correlation a
few things are being done:

Survival statistics of patients who refused treatment and
those that only received chemotherapy will be used.

Check how the random deletion of edges affects the entropy
of each pathway.



Drugged Pathways

Went through each of the pathways and altered them depending on the
drugs that inhibited certain interactions.

Inhibition was represented as the removal of certain parts of the graph
that could only be reached by the inhibited interaction.

The results were less than extraordinary, only a few pathways were altered
by more than about AH=0.4
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Examples of combinations

POMP (prednisone, methotrexate, 6-
mercaptopurine, vincristine)

MOPP (nitrogen mustard, vincristine,
procarbazine, prednisone)

FAC (5-fluorouracil, doxorubicin, cyclophosphade)
TAC (docetaxel, doxorubicin, cyclophosphamide)

CMF (cyclophosphamide, methotrexate,
fluoruracil)

AC (doxorubicin, cyclophosphamide)
FOLFOX (5-fluoruracil, leucovorin, oxaliplatin)



Table 1. Cancer survival probabilities and network statistics for 14 cancer types. The columns B1, B2, and B3 give the HGNC gene
symbols' for the top three betweenness centrality nodes. Table reproduced from Breitkreutz et al'”.

Cancer Type Bl B2 B3

Acute myeloid leukemia FLT3 SPI1 JUP
Basal cell carcinoma GSK3B CTNNBI  GLII
Bladder cancer MAP2K2 MAP2K1I MAPK3
Chronic myeloid leukemia ~ GRB2 MDM2 GAB2
Colorectal cancer KRAS RALGDS CTNNBI
Endometrial cancer GRB2 ADARB2 PDPKI
Glioma EGFR IGFIR PDGFRB
Melanoma NRAS MAP2K1 MAPK3
Non small-cell lung cancer ~ KRAS RASSF1  CCNDI
Pancreatic cancer KRAS RALBP1 JAKI
Prostate cancer GRB2 GSK3B AKTI
Renal cell carcinoma GABI1 RFCI MAPK1
Small cell lung cancer NFKBIA  PTK2 CCNDI
Thyroid cancer HRAS NRAS KRAS
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Implications for Chemotherapy

Three main avenues of application:

The standard chemotherapeutic treatments can be
investigated.

Important nodes of the graphs may be ideal targets for new
drugs.

An accurate model of drug inhibition would allow for the
development of new synergistic chemotherapy regimens.



Conclusion

* Entropy looks like a promising quantitative measure
of the robustness of biological networks.

* The next step will be to see how our current arsenal
of cancer drugs affects these pathways.

* |t may eventually be possible to use these pathways
to create new synergistic chemotherapy regimens.



Table 2. Summary of the epidemiological data for the key neurodegenerative diseases

Disease Prevalence

Parkingon’s Disease 0.3% of peaple in industrialized naions”
Amyotrophic Lateral Sclerosts  Aftects I (or 2) per 100 thousand people22
Huntington’s Disease 3-10 cases per 100 thousand persons23

Alzheimer’s Disease 45 million US ciizens”™



Table 4. The top three betweenness centrality values for each NDD, along with the names of the associated protein with that value.

First (B1) Second (B2) Third (B2)
Parkinson’s 0.00775 0.00258 0.00074
(Cytochrome C) (Caspase 9) (Ubiquitin B)
Huntington’s 0.00714 0.00070 0.00045
(Huntingtin) (Guanine Nucleotide Binding (Glutamate Receptor, NMDA-
Protein) 1)
Alzheimer’s 0.00051 0.00051 0.00043

ALS

(Cyclin-dependent Kinase 5, reg.

subunit 1 (p35))

0.34392
(Superoxide dismutase, Cu-Zn
Family)

(Microtubule assoc. protein tau)

0.23048
(Neural Filament Light Protein)

(Guanine Nucleotide Binding
Protein)

0.14824
(Apoptosis Regulator BCL-2)
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Results of the analysis of SMR as a function of network entropy
for directed NDD networks with no nodes removed. The line is a

linear fit with R? = 0.96447
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Future Projects:

build a mathematical model with the presence
of both bio-molecules and their inhibitors

simulate the action of individual drugs as well
as their combinations by setting coupled ODE’s
with respect to time (find parameter values!)

show why some drug combinations are not
effective in stopping cancer due to parallel

pathways anc

redundancies

predict the o

otimum efficacy of drug

combinations as a function of scheduling and

amplitudes



