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Systems Biology



The whole is greater than the sum of the parts.

O+ — O

Aristotle

Systems Science



What is Systems Biology?

NEW INSIGHTS

NEW BIOLOGY
HYPOTHESES ' :

3 NEW

f. BIOLOGICAL
NEW ' QUESTIONS
SOFTWARE

COMPUTATION
NEW _ NEW TECHMNOLOGIES

© Institute for DATA

Systems Biology



How Big are the Systems in
Systems Biology?
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Analysis of Metabolic Networks
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A toy metabolic network




Stoichiometric Coefficients
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Reaction fluxes at steady state conditions

_ dCa __
Vi = Vo~ 8 =



A metaphor!




Flux distribution (= Flux vector)

N3
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Flux Balance

4 A
1T 7 2
H\f/. >
\. J
The rate of increase in C4 can be computed as: % — Vi —

This network has the following stoichiometric matrix: S = (+1 — 1)

Here, any flux distribution is a 2-dimentional vector: v = (E)

Therefore, % — S - v. This equation is true for all networks.



Linear Constraints on Fluxes

@ Typically, it is assumed that the internal metabolites are not produced
or consumed when the cells grow.

@ Constant concentration of each metabolite means that the system is
in steady-state conditions.

@ This can be written as the following set of “linear” constraints:
% =S .7 =0. These are the “stoichiometric constraints’.

e Additionally, the set of irreversible reactions, Irr, is known. This

implies that we have a set of linear “thermodynamic constraints’:
vi > 0 for all j € Irr.



Basic Concepts: Linear Programming

k f_ max 1.1x+y
6 subject to: 3x + 2y < 25
x+y <10

x,y =0




Basic Concepts: Linear Programming

Convex Bounded convex
polyhedral cone polyhedral cone

Stoichiometry irraversibility Capacity

17



Basic Concepts: Flux Balance Analysis (FBA)

FBA »

Step 1 (S—v[»\gf}ﬂ#

Reconstruct
metabolic network O\,\gz_/‘,l—‘"o

Step 2 S.v=0
. v=0
Impose constramts» C=
“‘. = "'max

1l}J‘.f,ll'lil'l < n < "m.max

Step 3

Y

Calculate optimal max L=w-v,
flux distribution subj ectto C

max: objective function

) i » a feasible flux distribution
subject to: constraints

18



Flux Balance Analysis (FBA)

Max c'v
Vs Pobjective Subject to: Sv=0 ‘ - | |
function 0<vy for any irreversible reaction 7
mEwsg foricl, ....»

>



Flux Balance Analysis (FBA)
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Example: Modeling E. coli growth

0.35
0.3 _ y=0.022x-0.034

0.25 -
0.2 -
0.1 -

0.05

y=0.0229x- 0.0531
R?=0.8666

Growth rate

8 10 12 14 16 18

Acetate uptake rate

Edwards et al., 2001, Nature Biotechnology, 19:125-130.



Application: Finding Drug Targets

A
LMETACYC
: M =170 000 Chemical compounds
!rans EOHDB from Korea Chemical Bank
Genome annotation data
Databases B Model validation, drug targeting
s and expetimental validation
= | Simulation-gssistad
—— s - 3% selection
. % |
! P e
o | | S
= (ﬁ; \ 352 Chemical analogs selected
- ( j frem essential metabolites
JE—— /\‘—‘ \*_—
Literature
. Whole-call screaning
Metabolic network ..
of Vibrio vulnificus—
VvuMBEL943
identification and characterization
Pathway N Erfh:ur Gane name Reaction Enzyme name of hit compounds
Glycolysis 12442 VVI114iOR G3F + Pl + NAD == Glyceraldehyde 3-phosphate
Gluconeogenesis Gkl V¥iaide NADH+13PD3 dehydrogenase
V10758 AND
TCAcycla 1.2.00.1 W;;;ﬁﬁ ::;Eﬁz"‘"’" FUM  giccinate dahydrogenase
VVID961

Kim et al., 2011, Molecular Systems Biology, 7:460.



Recombinant Protein Production



In silico prediction of gene manipulations

e “MOMA” for knock-out (Segre et al., Proc. Natl. Acad. Sci., 2002)

e “FSEOF” for over expression (Choi et al., Appl. Environ. Microbiol.,
2010)



FBA answer
for knockout
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Modeling Stem Cell Metabolism



Mesenchymal Stem Cells

THE MESENGENIC PROCESS
Mesenchymal Stem Cell (MSC)
oitoration S i @ (Pericyte) |
4'/7 mﬁmipogmesis

Osteogenesis Chondrogenesis Hyogenesis Marrow SI:’!:»maug amentogenesis

Transitory Transitory Transitory Tranaltnry

Osteoblast  Chondrocyte Myob!ast stromnl Cell broblast
Lineage S

Progression
Chond rocytn ‘ *
Myoblast Fusion

Differentiation 'j < ‘
\\ Unique
Micro-niche
"ammﬂon ' — ﬁ .:"T:’-"_"j:--._.:l_ :
steocyte Hypertrophic Stromal ™ G, S
o Chondrocyte My Cells Fibroblast

TENDON/ ADIPOSE CONNECTIVE

BONE CARTILAGE MUSCLE MARROW ||~ ENT TISSUE

Dermal and
Adlpocste Other Cells

TISSUE

Bone Marrow/Periosteum

Mesenchymal Tissue



Stem Cell Metabolic Network

Figure 1.
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Speed up cell division
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Modeling Kidney Metabolism



FSGS

Normal Glomerulus FSGS

Marmal
Glomerulus

Sear impairs

Blood with impurities
Is filtered ereating urine kidney functien



Modeling Infertility Metabolism



Sperm metabolism

Converting to

Retrieving proteomic
data

Literature sources

Amino sugar
& nucleotide
sugar
metabolism

*PGM3
* NAGK

Purine
metabolism

*ENTPD4

DLVED

DAVID functional
annotation

O-glycan
biosynthesis

* GCNT1

Metabolic
network
reconstruction

Cobra Toolbox

Predicted genes

Single knockout

in single
knockout analysis

Galactose
related
pathways

Solute carrier
family

Fatty acid
metabolism

* NAGA * HADHA =SLC25A1
= GALT * HADHB = SLC25A3
*GLB1 *CPT2 = SLC25A20
=CTSA = SLC35A2
=S5LC35D2

V-type
ATPase

*V-type
ATPase

Asghari et al. (2017) Syst. Biol. Reproduct. Med. 63: 1.

=DLD

= DLST
*FH
*|DH
oS
*SUCLG1
* IDH

* OGDH

OXPHOS

= Cytochrome c¢ reductase
= Cytochrome ¢ oxidase

* ATP synthase

= PPA2



Modeling Cancer Metabolism



Introduction: Importance of Cancer

* Cancer is the uncontrolled growth and
spread of cells.

* Its global burden has risen to 14.1
million new cases and 8.2 million deaths
In per year.




Head and neck cancer

Mealanoma

SO I | d Tu mors Glioblastoma

Pancreatic cancer
Coloractal cancer

Cholanglocarcinoma
SCLC

SOLID TUMORS

Mesothslioma Hepatocsllular cancer

Esophageal cancer Breast cancer

Prostate cancer Gastric cancer

NSCLC



Solid Tumor Growth
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Hallmarks of Cancer

Induction of Evasion of immune
angiogenesis destruction

Activation of invasion Resistance to
cell death

and metastasis

4

Tumor-promoting :1 Hrlic Metabolic
inflammation &) F reprogramrming
Ability of replicative ‘ _
immartality ey Capability to sustain

proliferative signaling

Genome instability Evasion of growth
and mutation supression

*Hanahan and Weinberg (2011) Cell 144: 646-674.
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Modeling Solid Tumors

Necrotic Core

* The goal of modeling is to:
* model tumor growth rate
* model composition of tumor
 predict the effect of drugs
* (predict other phenotypes)

Quiescent inner
layer

Proliferating Outer
layer

200pm

44



Continuous vs. Discrete Models




Continuous Models

* Describe the numerical changes of the variables that represent the system

Exponential-linear

@v_o, .
ac ~ WV ST W_ 1_(3)
dv dt K

a t2T V(t = 0) = 1 mm3
V(e =0) =V,

dt

V(t =0)=1mm’

dv
— = qe Pty
Gompertz model

Give information about the overall tumor morphology
Neglect the influences of individual cells in the environment 10° |
Employ classical differential equations-based models
Shortcoming in simulating emergent behavior
Assume homogeneity of system components

Spheroid size (cells)

10! 102 10°

Generalized logistic Titme (b)

V) = VoK

1
(V& + (K& — V@)e~aat)a

v(t) = e8¢

11



Example of Discrete models: Adaptive Lattice

Kansal, A., et al. (2000) Journal of Theoretical Biology, 203:367-382.

12



Example of Hybrid models: Inclusion of Metabolism

* Intracellular and extracellular pH (H* production) and
lactate concentration and their effects on cells

* Incorporation of NHE and MCT transporters

dHi(x,1)  2®GI(VE - V(x.1))
dt N Hi(x,1)+ b

+d +¢(x, 1)

OHE(X, 1)
ot

dL;(x,1) 2®51(VE —V(x.1))
dt - Hi(x,1)+b

OLE(X, 1)
at

= DHVEHE(X, f} — Qb{x. f)’

+dy —asLj(x, 1) —0(X, 1)

= D V2Lp(x,t) +0(x,1)

Al-Husari et al. (2014) Journal of Mathematical Biology 69: 839-873.



Metabolic Network Models of Cancer

. ';E A Clonal evolution of mutants 32 o
s | 08 g
¥ 4 2 .5;3 within a tumor ‘&%' -]
. = L (’%}; g
0 w2
] Mutatlon} - g
% x
n 2 1392 breast cancer tumors (MPA)
> 3 E Uerby,2012)
% 4epG2 cells (IMAT)
%. é& ein, 2013)
% B .
A g

" (Resendis-Antonio, 2010) . (MCADRE) (Wang, 2012)

\ J\. I\ B
Normal metabolism . . .
i human metabolic Generic core Generic genome-scale Tumor and cell line
network (Duarte, 2007; metabolism metabolic models specific models
Ma, 2007; Thiele, 2013) , )
]

Conceptual evolution of cancer metabolic models

Lewis and Abdel-Haleem (2013) Front Physiol 4: 237.
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Generic Cancer Metabolic Model

Entire recanstruction  Tailored reconstruction

MBA Algorithm [Jebry et al., Mol. Syst. Biol. 6 (2010) 401]

Folger et al. (2011) Mol. Syst. Biol. 7: 501.

20



Predictions of the Generic Cancer Metabolic Model

A B Transport,
lysosomal
Chondroltin
sultate i L
degradation . .
r Glycolysis! gluconeogenesis Aminos
: e S
o
o
Heparan sulfate Hyaluronan
degradation
Pyrimidine o
catabolism
0.90-1.00
20 CoaA O
o blosynthesis
cycle/aming p-atanine)
group Fatty acid &
elongation
J Tetrahydroblopterin (O
Citric acid c
Glutamate )
7I'II'I.IWI'£ E )
Oxidative extracellular
phosphorylation o
Arginine and O
proline

21



Another Generic Cancer Metabolic model

* Developed by blockade of tumor suppressor genes of Reconl

* Includes 3788 reactions, 2766 metabolites, 404 uptake reactions

>
Molecular "m
BioSystems

View Article Online

View Journal | View Issue

Reconstruction of a generic metabolic network
model of cancer cells}

Cite this: Mal. BioSyst., 2014,

4074018 Mahdieh Hadi and Sayed-Amir Marashi*

Hadi and Marashi (2014) Molecular BioSystems 10: 3014-3021.



Percentage

Comparing the Two Generic Models

Number of datasets

70 4
60 -
50 -
a0 4 375
30
20
10 4
0
o
&
)
O
06
O
b@
(\
o{”
[}

Percentage ot true prediction

Hadi and Marashi (2014) Molecular BioSystems 10: 3014-3021.



Our New Approach for Modeling
Solid Tumors

Constraint-based model of cancer integrated in cellular automata model




The Hybrid Model for Simulating Tumor

Start: one single
cancer cell

Agents (cells)
Metabolites

Metabolic diffusion

network

i Objective Function:

biomass production
updates

uptake constraint \

. Accessible
Survival metabolites

-

decision

55



Modeling Characteristics

e 3D lattice

 Compartment attributes:
* Occupation state
* Necrosis state
* Metabolites concentrations

» Agents (cancer cells) attributes:
* Biomass value
* Position
 State (proliferation vs. quiescence)

56



Growth Medium in Flux Balance Analysis

* Major metabolites: Oxygen and D-glucose

* all uptake reactions blocked except:

The only 17 open uptake reactions

vitamin D3 adenine L-lysine *
L-arginine phosphate L-valine *
L-histidine * L-tryptophan * L-methionine *
L-leucine * L-threonine * o,
D-glucose L-aspartate Sphinganine 1-p
L-phenylalanine * L-isoleucine *

(* = essential amino acid) (bold = critical for biomass production by FBA)



The Link between Boundary Flux and External Concentration

* Inward flux constraints (lower/upper bounds):

* for O, and glucose: Relating
1) Maximum uptake capability =) metabolite
2) Extracellular metabolite concentration concentration to
uptake flux
Q Q(?fﬂr( ,;.w.-_rv'f?hr{' COhStraint
Hhee transmembrane — -
ol tramsmme e Ku:.(ﬁm- + CGlue
Q _ QO.\'.H!{M"{‘OI
f}.\'JJ'HH.EHH’Hl’l‘J!'in'l" K”L[:j“- + (’()T

* for other nutrients:
* A bound reasonable according to their blood concentration and cellular uptake capacity



Diffusion / Metabolic fluxes

* Boundary condition: constant O, and glucose concentration

* PDE solving for diffusion: Fick’s equation

aC %, aC d aC d aC
o a(ﬂua) " a(ﬂﬂa—}r) * E(D“E)

at
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Results: In silico and In vitro

Modeling tumor growth for 20 days
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Development of Spheroids by Hanging Drop Method




In vitro (Wet-Lab) Results




Agreement between in silico and in vitro results
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Advantage of our Model: Metabolites profiles

Cxygen cocentration (normalized)
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Advantage of our Model: Gene Expression Profiles

J Flux in necrotic core=0

e 78 reactions were found: T

Flux in surface cells >0

=300 b oo

=150 -

Example: phosphoglycerate dehydrogenase
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Advantage of our Model: Cell-to-Cell Variability

Cell-to-cell variability at day 16 (when all cells are ‘proliferative’)
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Next Steps

* Validating tumor growth rate
* Validating the number of proliferative, quiescent and necrotic cells
* Validating gene expression profiles of important oncogenes

* Investigating the source of cell-to-cell variability



Partial Digestion of Spheroids
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Validation of Gene Expression Profiles

Gene selection

Primer design

validation

v

A

Real-time PCR

In silico results Selective di‘ssociation

Partial digestion
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